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Foreward 

Welcome to the CSCE 2022, 4th Conference on Sustainability in Civil Engineering (CSCE’22) was 
held by Department of Civil Engineering, Capital University of Science and Technology, Islamabad, 
Pakistan. The main focus of CSCE’22 was to highlight sustainability related to the field of civil 
engineering. It aimed to provide a platform for civil engineers from academia as well as industry to 
share their practical experience and different research findings in their relevant specializations. We 
hope all the participants experienced a remarkable opportunity for the academic and industrial 
communities to address new challenges, share solutions and discuss future research directions. The 
conference accommodated several parallel sessions of different specialties, where the researchers and 
engineers interacted and enhanced their understanding of sustainability in the civil engineering 
dynamics.   

This year, we had six wonderful and renowned keynote speakers for this edition of CSCE. We had 
received 225 manuscripts from different countries around the world including UK, Ireland, Cyprus, 
Chine, Egypt, Malaysia, KSA, and Pakistan. All papers have under gone a comprehensive and critical 
double-blind review process. The review committee was comprised of 51 PhDs serving in industry 
and academia of UK, USA, Australia, New Zealand, Hong Kong, Poland, Italy, Thailand, Chile, 
Malaysia, China, Turkey, Oman, KSA, and Pakistan. After the screening and review process, 66 
papers are compiled in this proceeding book.   

We are grateful to all the reviewers and keynote speakers who have dedicated their precious time to 
share their expertise and experience. With this opportunity, we would also like to express our gratitude 
to everyone, especially all the faculty and staff at the Capital University of Science and Technology 
for their great support and participation.  In this regard, the participation and cooperation of all authors, 
presenters and participants are also acknowledged, without whom this conference would not have been 
possible. Last but not least, an appreciation to our advising and organizing committees whose hard 
work and dedication has made this day possible. 
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PHYSICAL, MECHANICAL, AND NON-
DESTRUCTIVE EVALUATION OF GRIT IRON 

SCALE HEAVY-DENSITY CONCRETE 
a M. Shoaib, aAazib Sardar, a M. Abad qayyum, a M. Nasir Ayaz Khan* 

a: Civil Engineering Department, HITEC University 
* Corresponding author: Email ID: nasir.ayaz@hitecuni.edu.pk

Abstract- - In this study, heavy density grit iron scale aggregate is composed of concrete 
to assess its physical and mechanical properties. Grit iron scale aggregate was utilized in 
25%, 50%, 75%, and 100% as coarse aggregate by replacing normal weight aggregate. 
Moreover, a control mix for comparison purposes was also developed. It was found that 
increasing the content of the grit scale tends to increase density and slump. The 
Compressive strength in rebound hammer was found maximum for concrete mix having 
a 50% grit scale. At the same time, ultra-sonic pulse velocity (UPV) tends to decrease by 
increasing the content of the grit scale. This study will help assess heavy-density concrete 
as a biological shield. 

    Keywords- Heavy density, grit scale, density, compressive strength. 

1 Introduction 
Concrete is primarily used as structural and protective material against harmful and ionizing radiation [1]. Concrete as a 
biological shield has been used from the very beginning due to its low cost, versatile nature, and ease of molding techniques 
[2]. Gamma rays, on the other hand, are used for food preservations, archeological sites, cancer therapy hospitals, and 
Nuclear Power Plants (NPP). These rays harm living cells due to their high penetration power and shorter wavelength. 
Therefore, the shielding of these harmful rays is evitable. For the same purpose, heavy-density concrete made from heavy-
weight aggregates is primarily used as a biological shield against harmful gamma rays in NPP and related constructs such 
as nuclear waste storage compounds [3]. However, the radiation shield mainly and strongly depends upon materials' 
composition and density, especially aggregates. Therefore, heavy-density aggregates play a vital role as a biological shield 
in heavy-density concrete [4], [5].  

Heavy Weight concrete is defined as a density greater than 2600 kg/m³ [6]. To achieve this density, need's special aggregate 
called heavyweight aggregate. For instance, magnetite, barite, limonite, steel slag, steel punching, and steel shots were 
used to achieve high-density concrete. Using magnetite aggregate, a concrete density of more than 3500 kg/m³ could be 
achieved [7]. In the contemporary study, barite, steel slag, and steel shots could yield concrete with densities of 3400 
kg/m³, 5500 kg/m³, and 6500 kg/m³, respectively [8], [9]. ACI 304-3R91 (2004) and ASTM C637- 14(2019) describe the 
density and composition of aggregate for radiation shielding [10], [11].   

A study recommends using magnetite aggregate to attenuate gamma rays more efficiently compared to normal weight 
aggregates [12]. Whereas Non-destructive testing (NTD) are widely used techniques to assess the quality of concrete, 
especially for post-construction. For example, the compressive strength and porosity of concrete have been assessed with 
a rebound hammer and ultrasonic pulse velocity (UPV) [13], [14]. 

Page 1 of 465
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In this experimental study, heavy density grit Iron scale aggregates are utilized in concrete to assess its physical and 
mechanical properties. This study will help study nuclear shields against gamma rays.  

2 Research Methodology  
ASTM Type-1 Ordinary Portland Cement (OPC) has been utilized in this study. Fine aggregate collected from a local 
vendor (Lawrancepur origin) with Fineness modules 2.6 was used. Normal weight Coarse Aggregate (NCA) from Margalla 
has been collected and utilized. The Heavyweight Grit iron Scale (HWGS) density of 3912.26 kg/m3 was collected from 
the foundry section of Heavy Mechanical Complex (HMC), Taxila, Pakistan. The physical and chemical properties of 
NCA and HWGS are given in table 1. The HWGS aggregate was a mix of both smooth and rough texture aggregates. 

Table 1 Physical and chemical properties of HWGS and NCA 

Physical properties Chemical properties (%)

Aggregate Type NCA HWGS NCA HWG
S 

Density (kg/m3) 1550 3912.26 Fe 0.43 96

Hardness  7 9 Si 44.2
7 

1.02 

Color    Off white 
   (limestone) 

dark grey Mn 0.03 1.2

Shape   angular angular C - 1.2
Water 

absorption (%) 
1.30 1.2 Cu 0.03 0.2 

- - Ni 0.06 0.15 

For the compressive strength test, cubical molds of the control mix (having no Heavy Weight Grit iron Scale (HWGS) 
aggregates) and Heavy density Concrete were cast under controlled laboratory conditions. The Normal weight Coarse 
Aggregate (NCA) was replaced with 25%, 50%, 75%, and 100% HWGS designated as HDC1, HDC2, HDC3, and HDC4, 
respectively. After demolding, the concrete cubes were cured for 28 days in water under controlled laboratory conditions. 
After curing, the cubes were tested for compression in Compression Testing Machine (CTM) as per specifications laid by 
ASTM C 39/C 39M – 03. The workability of fresh concrete was also assessed in terms of Slump values ASTM as per the 
specification mentioned in C 143/C 143M – 03. The experimental program is shown in figure 1. 

Figure 1: Experimental program 

Page 2 of 465
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Chemrite SP3O3 superplasticizers were used to control the workability. For the HDC mixes, NCA was replaced 
with HWGS by volume method with constant water to cement ratio of 0.4. Moreover, for non-destructive evaluation, 
a rebound hammer and ultrasonic plus velocity tests were also carried out on concrete cubes. For each mix, the 
density at the 28 days of curing was also noted.  The results of the density of concrete are shown in figure 2. 

3 Results and discussion 
3.1 Slump 
The variations of slump value concerning grit scale content are shown in figure 3. The slump value for the control 
mix was 50 mm, whereas HDCI, HDC2, HDC3, and HDC4 showed Slump of 53 mm, 62.5 mm, 70 mm, and 87.5 
mm, respectively. The slump is decreasing by increasing the content of HWGS. The slump variations may be 
explained due to the irregular and angular structure of grit scale aggregates which offers more interlocking effect 
and intra-particle friction and results in a harsh mix. Irregular aggregates find it difficult to move smoothly in a mix.  

Figure 2: Density of concrete Figure 3: slump variations 

3.2 Compressive Strength 
Figure 4 shows the variations of the compressive strength concerning the content of HWGS. The compressive 
strength observed for CM was found to be 20.5 MPa. Whereas HDC1, HDC2, HDC3, and HDC4, showed a 
maximum compressive strength of 20.8, 25.6, 22.5, and 19.7 MPa, respectively. The results show that up to 50% 
replacement of NCA with HWGS tends to increase the strength, whereas it decreases by increasing the HWGS 
content beyond this replacement. This is because the grit scale aggregate tends to make stronger bonds due to its 
irregular and angular texture. However, increasing the content of HWGS lacks an interlocking effect due to the 
abundance of aggregates, resulting in low strength.  

Page 3 of 465
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3.3 Rebound hammer 

The rebound hammer results indicate that the maximum value was obtained for HDC2 having 50%. HWGS was 
found to be 33 and lies in the "Good Layer" of the concrete quality. The lowest was noted for HDC4, which was 
found to be 22 and lies in the “poor Concrete” category. The rebound hammer result is shown in figure 5. As 
mentioned in section 3.2, compressive strength was found maximum for HDC2 mix due to good interlocking effect 
and irregular aggregates shape. The same criteria and engineering knowledge could be applied to the rebound 
hammer. Due to its compact and dense structure, the mix showed good rebound values due to the hardness of the 
mix.  

3.4 Ultra-sonic plus velocity (UPV) 
The UPV test shows opposite results compare to the compressive strength and rebound hammer. The lowest UPV 
value was found for CM, and the largest was for HDC4. This is because grit scale aggregates are composed of heavy 
and dense structures with high atomic weight. The pulses of UPV are easily attenuated by the dense atomic structure 
of the concrete due to the inclusion of grit scale aggregate, resulting in more value. The grit scale has a density of 
more than 3.9 g/cm3, meaning the aggregates are densely packed with atoms. Therefore, UPV rays find it difficult 
to pass through such densely packed structures. Therefore, a linear trend in UPV increment could be observed for 
concrete by increasing the content of HWGS as shown in figure 6. 

Figure 5: Rebound hammer results Figure 6: Ultrasonic Pulse Velocity test variations 

4 Practical implementation 

This study deals with developing heavy-density concrete by incorporating heavy-density grit iron scale aggregates. This 
study could be efficiently implemented in gamma irradiation facilities. The gamma irradiation facilities include nuclear 
power plants, cancer therapy rooms, nuclear waste storage facilities and research laboratories. Heavy-density concrete is 
made from aggregates that possess more atoms per unit area. Thus, such concrete can efficiently attenuate gamma rays 
compared to normal weight concrete. Moreover, heavy-weight concrete could also be utilized in underwater structures 
where more weight is required to sink the concrete at the bottom of a water body. Also, heavy-density concrete could also 
be used for counterweights such as overhead cranes working on site.  

5 Conclusion 

In  this  study,  heavyweight  grit iron scale aggregates were  incorporated into the concrete to study its  physical  and 
mechanical properties. The following conclusion could be made: 
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 HDCI, HDC2, HDC3, and HDC4 showed slumps of 53 mm, 62.5 mm, 70 mm, and 87.5 mm, respectively.
The slump decreased by increasing grit scale aggregates due to irregular and dense structure.

 HDC2 mix showed 25.6 MPa compressive strength as maximum among mixes. This is because an excellent
interlocking effect was observed in grit scale, and compacted concrete structure was formed.

 Rebound hammer for HDC2 mix was found more due to the dense and compact structure of the mix.

 Ultrasonic pulse velocity was found to be minimum for the control mix (3400 m/sec) while the maximum
for the HDC4 mix (980 m/sec). The UPV rays travel difficult in dense atomic structures; hence increasing
the grit iron scale tends to show a good result for UPV.
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Abstract- Concrete with cement as main ingredient has a high demand in construction 
industry. Due to its increasing demand, new materials in combination with cement are 
used for improving its properties. A concrete needs higher paste volume when using 
cement alone, which may lead to greater heat of hydration with excessive shrinkage and 
increased cost. It is reported that cement is one of the largest source of CO2 emission on 
the planet. Now-a-days serious efforts are being made for finding a suitable substitution 
of cement. In this research, cement was partially replaced by steel slag (steel slag). 
Preliminary tests like strength activity index and XRF indicated its chances to use as a 
partial substitute of OPC. Control specimens with varying cementitious contents of 
220kg, 310kg and 400kg were prepared. In modified specimens, cement was replaced by 
steel slag (30% by mass of cement). The mechanical strengths (compressive, tensile and 
bending) were examined at 7 and 28 days. The outputs show an increase in strength with 
steel slag. It is also observed that the strength increment is more pronounced at higher 
binder content.  

Keywords- Concrete, steel furnace slag, cement, sustainability, mechanical strength. 

1 Introduction 
In the construction industry concrete is being used plenteously. The demand of concrete is increasing with every passing 
day and so are the expectations from the concrete vis-a-vis its performance. New techniques and materials are being 
furnished to produce concrete having enhanced properties. In its composition, concrete chiefly consists of cement (binder), 
sand and coarse aggregate. Despite being the most important material in any concrete mix, the production of cement comes 
at a very high economic and environmental cost, depleting natural resources on the one hand and polluting the environment 
on the other. From the extraction and transportation of raw material from quarry site to the factories of cement, all this 
process involves the release of hazardous gases which are serious threat to our environment [1], [2]. The raw materials 
used for the cement production are limited. In addition to these, manufacturing cement requires a great amount of energy 
and labor that is also a serious health hazard. These factors call for finding a binder material that is both economic and 
eco-friendly, yet does not compromise on the properties that cement brings to the concrete. In this regard, the utilization 
of steel slag has emerged as a viable replacement for the cement because it reduces the demand of cement and make the 
otherwise appropriate disposal of this waste much easier without any compromise on the properties of concrete. Different 
researchers have explored the useful effects of steel slag using different cementitious materials. 

Samad et al. investigated the effect of partial substitution of cement by steel slag. They used replacement levels as 30%, 
40% and 50%. They have concluded that concrete having 50% substitution of cement with a water to binder ratio of  0.35 
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gains more strength than ordinary Portland cement [3]. Gholampour et al. utilized high early strength cement in 
combination with steel slag. They substituted cement in different percentages and found steel slag effective for imparting 
better workability and absorption. They indicated optimum percentage of steel slag as 50% by mass of cement [4]. El-
Gamal et al. used slag for producing geo-polymer concrete in the presence of alkali activators. They also examined the 
impact of substituting slag with 5 and 10 percent of waste from clay-bricks. They concluded that 5and 10% brick waste 
substitution efficiently improves compressive strength, enhances microstructural properties and creates dense geo-polymer 
structures [5]. Vinai et al. used pulverized fuel ash and steel slag for producing a cement free concrete. They used Na2SO3 
and NaOH solutions as activator. They investigated the compressive strengths at different ages and found that for the given 
composition, a water to binder ratio of more than 0.41 results in considerable strength reduction  [6]. Nazari et al. focused 
on the use of steel slag as a partial replacement of cement in concrete. The substitution proportions were kept as 0%. 15%, 
30% and 45%. Various hardened properties were evaluated. They found that concrete with slag up to 45% had enhanced 
properties of absorption and split tensile strength [7]. Dai et al. used et-grinding steel slag as partial replacement of cement 
in cement pastes. They have highlighted that 10% partial replacement results in the highest compressive strength under 
constraint conditions [8]. Lai et al. used steel slag aggregates as partial as well as full replacement of natural aggregates in 
concrete. They found that the slump of the mix decreases due to porous nature of the steel aggregates, however the 
compressive strength was enhanced. The slag also promoted denser packing, which reduced the chloride permeability in 
the concrete [9]. Low heat cement is highly desirable in mass concrete. Zhang et al. developed a novel low heat cement by 
using a combination of steel slag and nano silica. The results revealed that the novel mix met the standard requirements 
for low-heat cement and there was increase in the early strength as compared to the control specimens [10].  

Pakistan has a vast steel industry, producing thousands of tons of waste, which is dumped in land spaces. There is need to 
convert this waste to wealth in accordance with the Sustainable Development Goals (SDGs). In this Research the main 
objective was to study the likelihood/feasibility of making good quality concrete by partially replacing varying amounts 
of cement with local steel slag, which is otherwise an important environmental burden. The control specimens with 
different cementitious contents of 220kg, 310kg and 400kg were prepared along with the specimens with 30% replacement 
of cement by steel slag. Different mechanical parameters evaluation techniques were performed and the results of control 
and modified specimen were compared. 

Figure 1. Research methodology 
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2 Materials and Methods 
The cylindrical samples were prepared for evaluation of compressive and split tensile strength, whereas, beams were 
prepared for flexural strength test. Specimens were casted by replacing cement with 30% of steel slag and then results 
were compared with the set of controlled specimens. The cement content taken in this study relates to the minimum 
required cement content for conventional concrete mixes of 1:1.5:3, 1:2:4, 1:4:8 [11]. The research methodology is 
described in the flow chart given in Figure 1.  

2.1 Raw materials. 

The Ordinary Portland Cement (53 Grade) Type-I conforming ASTM C-150 is used in this research program [12]. Table 
1 presents the oxides composition of the cement. Table 2 shows the physical characteristics of the cement. Lawrencepur 
sand and Margalla crush were applied as fine and coarse aggregates fractions. Their physical and mechanical properties 
are well-documented [1].  

Table 1 Chemical composition of cement and steel slag (%) 

Sr. No. Oxides Cement steel slag 
1. CaO 64.19 40.04 
2. SiO2 21.45 34.88 
3. Al2O3 5.20 12.04 
4. Fe2O3 3.25 1.16 
5. SO3 2.70 0.59 
6. MgO 1.90 7.14 
7. K2O 1.0 0.544 
8. L.O.I 1.88 0.53 
9. Na2O 0.25 0.121 

Table 2 Physical and mechanical properties of cement and steel slag 

Sr. No. Tests Cement steel slag 
1 Compressive Strength (28 days) 63.84 MPa - 

2 
Initial Setting Time 90 min - 
Final Setting Time 247 min - 

3 Specific Surface Area 322 𝑚ଶ/kg 587 m2/kg 

4 Specific Gravity 3.15 2.89 

5 Soundness 1.00 mm - 

6 Passing >90% (sieve #200) >85% (sieve #325) 

The pozzolanic activity of the steel slag was confirmed through strength activity index in accordance with the ASTM C618 
[13]. The strength activity indices are mentioned in Table 3. 

Table 3 Strength activity index 

Sr No. Tests Result Recommended 

1 7 Days (Percentage of Control) 102.6 % 95% 

2 28 Days (Percentage of Control) 118.3 % 115% 
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The chemical admixture (water reducer and super plasticizer) used was based on polycarboxylate ether at 1.2% by mass 
of cement in each mix designs [14]. It has a specific gravity of 1.180. 

2.2 Casting of specimens. 

The concrete mix design is shown in Table 4. For each test, a set of three samples was casted. Four sets of cylinders of 
control specimens for each mix design, while other four sets comprise of samples with 30% cement by mass replaced by 
steel slag. For performing flexural test, a set of three beams were casted. Two sets of beams for control and modified 
samples were prepared. Overall 72 cylindrical specimens and 36 beams were casted for this research. The casting and 
curing procedure was in accordance to ASTM C31 [15].  

Table 4 Mix designs 

Quantity per m3 

Designation 
Cement

(Kg) 

STEEL 
SLAG 
(Kg) 

Sand 
(Kg) 

Course 
Aggregate 

(Kg) 

Water 
(l) 

w/c Superplasticizer (l) 

A1 400 0 732 1083 169 0.42 4.80 
A2 280 120 724 1083 169 0.42 4.80 
A3 310 0 811 1083 169 0.54 3.72 
A4 217 93 803 1083 169 0.54 3.72 
A5 220 0 889 1083 169 0.77 2.64 
A6 154 66 883 1083 169 0.77 2.64 

2.3 Methods. 

The samples were tested against slump, compressive strength, split tensile strength and flexural strength tests; The tests 
were performed in accordance with ASTM C143/143M [16], ASTM C-39/C39M [17], ASTM C-496/C-496M [18] and 
ASTM C-78 [19] standard methods respectively.  

3 Results and discussion 

3.1 Workability. 

The workability was determined by slump test and the test setup is shown in Figure 2. The results are shown in Table 5. 

Figure 2 Slump setup 

The results given in Table 5 highlight that the workability increases if cement is replaced by steel slag (30% by mass of 
cement).  
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Table 5 Effect of steel slag on slump 

The factors affecting the workability are water content, cement content, the properties of fine and coarse aggregate particles 
such as size, shape, grading, mix design and the admixture [20]. In all the samples, admixture was added @ 1.2 % by mass 
of binder. As such, the only difference was the cement replacement by steel slag. The steel slag particles have higher 
specific area than that of the cement; as such the concrete having steel slag should have lower workability values. 
Contrarily, there is increase in workability. There are two possible reasons. Firstly, the steel slag has lower bulk specific 
gravity. The specific gravity values depend upon the voids inside the material. More voids lead to higher workability and 
vice versa [21]. Secondly, steel slag has lesser lime content (40%) than cement (60%), and as such its primary hydration 
is lower than that of the cement during the very early age of the cementitious mix.  Therefore, more water is available in 
fresh state for a material having steel slag as compared to the control specimen having 100% cement. This unreacted water 
in fresh state increases the workability of the concrete [22].   

3.2 Compressive strength. 

The cylinders having dimension of 150mm x 300mm were casted. The samples were test at loading rate of 4400N/s in the 
direction of depth of cylinder, as shown in Figure 3.  

Figure 3 Compressive strength setup 

The compressive strength results are the average of three tested specimens and are presented in Figure 4. While 
the 7 and 28 days’ strength of the specimens are compared in Figure 5. Figure 4 shows that the compressive 
strength of concrete increases with replacement of cement by steel slag. The steel slag has much finer particles than those 
of cement. The pozzolanic activity strongly depends on the fineness of the particles. The presence of SiO2, Al2O3, Fe2O3 
along with CaO imparts significant cementing and pozzolanic characteristics to the slag particles, that combined with a 
fine size ultimately enhances the compressive strength. When slag is added to the cementitious composites, it chemically 
reacts with portlandite (CH phase) and form additional Calcium Silicate Hydrate gel: This in turn provides additional 

S. No. Mix Designation Slump (mm) 

1 A1 134 
2 A2 142 
3 A3 109 
4 A4 115 
5 A5 80 
6 A6 83 
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density and the strength is enhanced [23]. The higher cement content samples exhibit greater compressive strength 
development as compared to their control ones. 

Figure 4 Effect of steel slag replacement on compressive strength 

Figure 5 Comparison of 7 and 28 days compressive strength of all specimens 

For sample A2, compressive strength increases by 5.33% of control sample A1, at 28 days. The strength increase for 
specimen A4 is 3.36% as compared to its control A3 on 28th day. While for sample A6, compressive strength increases 
by 3.24% of its control counterpart.  

 Normally, higher compressive strength is associated with a lower workability. Here, in this case, higher strength is 
accompanied with higher workability. Workability is associated with fresh state, whereas, strength is associated with 
hardened state. The unreacted water content is utilized while performing the pozzolanic activity, which ultimately enhances 
the strength. 
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3.3 Split tensile strength. 

The split tensile strength was measured using the test setup presented in Figure 6. The test results (average of three) are 
shown in Figure 7. While the 7 and 28 days’ strength of the specimens are compared in Figure 8.  

Figure 6 Split tensile strength test setup 

Figure 7 Effect of steel slag replacement on split tensile strength 

Figure 7 and Figure 8 depict that split tensile strength of concrete increases with replacement of cement by steel slag. 
For higher binder content of 400 kg, specimen exhibit greater split tensile strength development as compared to their 
control specimen while for lower binder content of 220kg, sample exhibit lower increase in split tensile strength. For 
sample A2, split tensile strength increases by 7.99% of control sample A1 at 28 days. 

The strength for specimen A4 increases by 5.30% as compared to its control specimen A3. While for sample A6, split 
tensile strength increases by 1.87% of its control sample. Increase in strength with steel slag confirms its pozzolanic and 
cementitious characteristics and the fine size of the steel slag adds to the strength of the material. 
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Figure 8 Comparison of 7 and 28 days split tensile strength of all specimens 

3.4 Flexural strength. 

The flexural strength test was performed using the setup shown in Figure 9. The results (average of three) are presented in 
Figure 10. While the 7 and 28 days’ strength of the specimens are compared in Figure 11.  

Figure 9 Flexural strength test setup 

A1 A2 A3 A4 A5 A6

7 Days 2.986 3.084 2.398 2.431 1.053 1.065

28 Days 3.328 3.594 3.114 3.279 1.545 1.574

2.986 3.084

2.398 2.431

1.053 1.065

3.328
3.594

3.114
3.279

1.545 1.574

0

1

2

3

4

Sp
lit
 T
e
n
si
le
 S
tr
e
n
gt
h
 f
t 
M
P
a

7 Days 28 Days

Page 13 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-130 

Figure 10 Effect of steel slag replacement on flexural strength 

Figure 11 Comparison of 7 and 28 days flexural strength of all specimens 

Figure 10 and Figure 11 highlight that the flexural strength of concrete increases with replacement of cement by steel slag. 
For sample A2, flexural strength increases by 3.25% to that of control sample A1, at 28 days. The flexural strength 
increases by 2.71% for specimen A4 as compared to its control A3. While for specimen A6, the strength increases by 
1.80% of its control counterpart.   

This happens because there is more volume occupation by steel slag in comparison to that of the OPC. So the paste volume 
also increases along with an increase in binding properties towards aggregates. According to Dai et al., the ultrafine slag 
particles, which initially do not participate in hydration reaction because of its pozolannic property spread evenly in the 
pores and improve the pore structure and compactness of the samples [24]. 
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3.5 Relationship between different strength results. 

The relationship between different strength results of concrete is shown in Table 6. 

Table 6 Ratio of split tensile and flexural strengths to compressive strength 

Table 6 demonstrates that the ratio of split tensile to compressive strength and that of flexural to compressive strength 
does not change appreciably if cement is partially replaced by 30% steel slag. Fapohunda et al. experimentally investigated 
the ratios of split tensile and flexural strength of the concrete containing different grades of cement [25]. As per their 
findings, the ratio of t/c at a water to cement ratio of 0.5 decreases from 0.126 at 7 days to 0.09 at 28 days. It has been 
reported that the split tensile strength is approximately 8-12% of the compressive strength for conventional concrete [26]. 
According to Lee et al., the ratio f/c varies from 10% to 20% for normal concrete [27]. Hence, the given results are in 
agreement with those of normal concrete.  

The local steel slag used in this experiment is a pozzolanic material. Its pozzolanic activity enhances with increase in 
cement content. The use of steel slag offers many environmental and cost-effective benefits; It saves energy as regard 
lesser use of cement and, more performing products, being a partial cement replacement. Therefore, its substitution in 
concrete helps in sustainable development.  

4 Conclusion 
. Following conclusions can be drawn from the conducted study: 

1 The workability of concrete increases as much water is available in fresh state for a material having steel slag as 
compared to the control specimen. This unreacted water in fresh state increases the workability of the concrete. 

2 The 28 days’ compressive strength increases from 3.24% to 5.79% of the control specimen for 220 kg to 400kg binder 
content with 30% replacement. 

3 The 28 day split tensile strength of concrete increases for all mixes. This increase in strength is as much as 7.99% for 
higher binder content (400kg/m3) to that of its control specimen while 1.87% for lower binder content (220kg/m3) 
specimen.  

4 The Flexural strength also increases for every concrete mix. 
5 It is concluded that the steel slag can be utilized as a partial replacement material of cement, and 30% replacement 

of cement with steel slag gives better result in compression, tensile and flexural strength as compared to the normal 
concrete. 
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Abstract- Fire hazard is the most common hazard and causes a significant reduction in 
physical and mechanical properties. Under high temperatures, the structural integrity of 
conventional cement mortar decreases drastically. Along with that, the dependency of the 
construction industry on cement should be reduced and alternatives must be considered 
as the production of cement requires a high rate of fuel consumption with excessive CO₂ 
emissions. Geopolymer is an emerging alternative binder to cement as it is more 
sustainable. In addition, it has superior fire resistive properties due to its in-organic 
polymeric nature. In this paper, cement-sand and geopolymer mortar was prepared and a 
comparative analysis was performed by observing the residual physio-mechanical 
properties after exposure at elevated temperatures. It was observed after performing 
various tests that the physical and mechanical strength of cement-sand mortar specimens 
were found to be extremely affected in contrast to geopolymer mortar. This study focused 
on the fire-resistive approach of geopolymer composite as compared to cement 
composites, in order to consider it as a surrogate to conventional cement in the future. 

Keywords- Cement mortar, Fire hazard, Geopolymer mortar, Residual Strength. 

1 Introduction 
Fire incidents can be due to various reasons. It has an impact on human life and also damages the physical structure of the 
buildings. The intensity of the fire blazes affects the structure accordingly. In conventional cement structures, fire causes 
damage due to the difference in thermal characteristics between aggregate, cement, and steel, which results in the 
development of pore pressure and thermal stresses with the decomposition of cement hydration products as well. Cracking 
and spalling start at 300°C and 1200°C respectively. At sufficiently high temperatures, hydration products started to 
decompose and cause a reduction in materials' mechanical strength [1]. To increase the sustainability of our structure 
against fire, we need to integrate such materials that have significant fire-resistive properties and can enhance the residual 
strength of the structure as compared to cement composites. Secondly, there is also a need to reduce the dependency of our 
industry on cement composites because of its high fuel consumption for its production. Cement production contributes 
about 7% of total CO₂ production worldwide. One ton of cement produces almost one ton of CO₂ emission during its 
synthesis [2].  
Precursors involved in the synthesis of geopolymer are mostly raw materials like calcinated clays, coal ashes, and slag. 
Fly ash (FA) is a waste or by-product of coal and in accordance with ASTM C618-19, a low calcium compound containing 
FA (Class F) can be used for the preparation of alkaline activated geopolymer. Recent studies have also shown that 
potassium hydroxide (KOH) containing composites have better fire-resisting properties than NaOH [4]. Alkaline activators 
are considered to be binders in geopolymer and will be the reason for the reaction between the precursors and activators 
resulting in achieving material strength. Alkaline-activated geopolymers have better fire resisting properties and are more 
stable than conventional ceramic composites. At high temperatures, the strength of the geopolymer increases because of 
the geopolymerization process i.e., the geopolymer matrix stabilizes due to a further increase in the temperature or heat 
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because it is accelerating the reaction [3]. Geopolymers are in-combustible because of their inorganic polymeric nature, 
and they have high endothermic properties because of the presence of physically and chemically bonded water. That is 
why they are capable of absorbing heat. Thermal conductivity varies between 0.1-0.3 W/m-K which is less compared to 
other materials hence it can work as a flux barrier. The thermal resistance value of geopolymer is comparable to fire-
resistive materials [1]. 
Through this background, our goal is to introduce geopolymer mortar as a surrogate for conventional cement mortar 
because it possesses superior fire-resistive properties with high residual strength. This work is designed to observe the 
comparative performance of geopolymer mortar as compared to cement-sand mortar at elevated temperatures.  

2 Experimental Procedures 
Cube molds of dimension 70mm x 70mm x 70mm were taken and considered to be the desired shape for the given 
experiment. Molds were cleaned and oiled properly a day before the sample casting. Geopolymer and cement-sand 
mixtures were prepared according to the defined ratios and then samples were cast, by placing the mixtures in the oiled 
mold specimens. The detailed experimental procedure is explained below: 

2.1 Material 
Low calcium containing Class F FA, according to ASTM C618-19 is used as the main precursor for the preparation of 
geopolymer, as shown in Table 1. FA contains rich alumina-silica compounds, which play a role in achieving better 
strength because the more the alumina-silica compounds, the more the alkaline reaction takes place. Lawrencepur sand is 
used as a filler in geopolymer mortar preparation. Alkaline activators used are; 14 molar KOH solution and sodium silicate 
(Na2SiO3) solution. Whereas DG cement and Lawrencepur sand were used for the preparation of conventional cement 
mortar.  

Table 1: Specifications of Class F FA according to ASTM C618-19 

Properties FA Classes  
Class F Class C 

Silicon Dioxide (SiO2) + Aluminum Oxide (Al2O3) + 
Iron Oxide (Fe2O3), min % 70.0 50.5 

Sulphur Trioxide (SO3), min % 5.0 5.0 
Moisture Content, min % 3.0 3.0 
Loss on ignition 6.0 6.0 

2.2 Mortar Synthesis 
Geopolymer and cement-sand mortar were prepared according to the mix design ratios as described in Table 2. For the 
preparation of geopolymer mortar, alkaline activators were used in liquid form so, a solution of 14M KOH was prepared 
a day prior to the mortar synthesis. Firstly, FA and sand were taken according to given ratios and dry mixed together. After 
that, both liquids were mixed and added slowly into the dry mix. Gently mixed with an electrical mixer while adding liquids 
to the dry materials evenly, to form a uniform paste. Similarly, in the case of cement-sand mortar, the required amount of 
cement, sand, and water was taken according to the defined ratios (Table 2). Water was added to the dry mix to form a 
uniform paste. The mix design ratio for geopolymer and cement-sand mortar preparations is shown in Table 2. 

Table 2: Mix design ratios for the preparation of mortars 

Geopolymer Mortar Ratios Cement-sand Mortar Ratios 
Alkaline 

activator/Precursor 
1:3 

C/S 
1:3 

FA/Sand 1:1 W/C 1:2 

KOH/Na2SiO3 2.5
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2.3 Specimen Casting 
Cube specimens (70 mm) were cast by placing the prepared mixtures of both geopolymer and cement-sand mortar in the 
oiled molds. Molds were cleaned and oiled properly a day before the sample casting. In the case of cement-sand mortar, 
the prepared mix was poured in three different layers into the cube mold. While pouring into the molds, each layer was 
tampered with a tamping rod 25 times each time to remove the voids. After that, molds were placed on a vibration table for 
further compaction. Similarly, in the case of geopolymer mortar, the prepared mix was immediately placed into the molds 
as the setting time of geopolymer is very quick. 

Curing conditions plays an important role to achieve the strength of the casted specimens. For cement-sand mortar, samples 
were cured at room temperature for 27 days while the geopolymer specimens were placed in an oven at 90  110℃ for 24 
hours as geopolymer mortar gains strength at high temperature because the rate of initial alkaline reaction increases at high 
temperature. After oven curing, samples were placed at room temperature to gain further strength. 

2.4 Exposure conditions and testing 
Mortar specimens were prepared and cured for 28 days, according to their condition. Cured specimens were then placed 
in a furnace over for 120 minutes at elevated temperatures (400℃, 600℃, and 800℃). A number of specimens of both 
mortars at each temperature are shown in Table 3. Experimental tests were then performed on cooled specimens, by placing 
them under different tests for the comparative analysis of fire-resistive properties. Both mechanical and physical tests 
including compressive strength, crack pattern, and crack width were performed, and observations were made in order to 
observe the damage or the effect of high temperature on residual strength properties of specimens. 

Table 3: Exposure conditions for both geopolymer and cement-sand mortar 

Sr # Temperature (°C) Time Duration 
(minutes) 

Number of specimens 

1 20 120 3 

2 400 120 3 

3 600 120 3 

4 800 120 3 

3 Research Methodology  
In order to introduce a material having better fire-resisting properties and can be used as an alternative to cement, 
experimental research is important. In order to do the comparison, twelve cube specimens of both geopolymer and cement-
sand mortar were cast according to the fixed ratios. Samples were then cured according to their required conditions in 
order to achieve full material strength.  

When reached their 27-day strength, samples were then placed in an oven for thermal exposure, at elevated temperatures 
(400℃, 600℃, and 800℃) for two hours. After thermal treatment, cube specimens are allowed to cool down properly. 
Experimental tests were then performed on cooled specimens, by placing them under different tests for the comparative 
analysis of fire-resistive properties. Both mechanical and physical tests including compressive strength, crack pattern, and 
crack width were performed and observations were made in order to observe the damage or the effect of high temperature 
on residual strength properties of specimens. 

4 Results 
Mechanical and physical properties of both geopolymer and cement-sand mortar were observed by performing different 
experimental tests including residual compressive strength test, maximum crack width, and crack pattern as well. Samples 
were placed under observation when they properly cooled down after the thermal exposure in the furnace for the required 
time. Three specimens of both mortars were placed at each temperature for 120 minutes. Following is a detailed discussion 
on experimental observations.  
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4.1 Compressive Strength 
Average residual compressive strength of both geopolymer and cement-sand mortars were taken and then the 
representative graphs were made to show the comparison properties of the effect of thermal exposure on compressive 
strength. Figure 1 shows that cement specimens have maximum strength at room temperature and then show a decreasing 
trend from 24.3MPa to 2.7MPa, with the increase in temperature. But in the case of geopolymer mortar, there is a slight 
difference in compressive strength of geopolymer at room temperature and after thermal exposure at 400 ℃.  This shows 
that geopolymer mortar has maximum strength at 400 ℃ because with the increase in temperature, the rate of 
geopolymerization increases. After 400 ℃, there is a bit decreases in compressive strength after the initial stability. At 
800℃, compressive strength further decreases to 24.9MPa as shown in Figure 1. 

Figure 1: Influence of temperature on compressive strength of geopolymer and cement-sand mortar 

4.2 Cracking Pattern 

The cracking pattern of each cube specimen was visually observed from the specimen after exposure to the 
conditions.To observe the effect of thermal treatment on the physical properties of OCM specimens, crack pattern of 
samples at each temperature was drawn simply by visualizing without using any equipment. To enhance the crack 
pattern, the J-image effect of every specimen on each temperature was made. From the enhanced image, the crack 
pattern was drawn to create a schematic diagram by using Autodesk AutoCAD 2018. 

(a) 20 °C (b) 400°C (c)  600°C (d) 800°C 

  Figure 2: Schematic image representing influence of temperature on crack pattern of cement-sand mortar 

Crack pattern of cement mortar specimens at each temperature are shown in Figure 2. Schematic diagram 
shows that with the increase in temperature, the number of cracks in cement mortar specimen increases. Cracks 
in cement mortar is mainly due to thermal expansion and pore pressure build-up. At        100°C, free water starts 
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evaporating causing weight loss, after 100°C up to 300 °C,      dehydration of chemically bounded water occurs 
resulting into increase in number of cracks [1]. And further increase in temperature also damages the strength, 
as a result at 800 ℃, the corners of cement specimens were also damaged (Figure 3). But in case of geopolymer 
specimens at 600 °C having less cracks as compared to specimens at 400 °C. This is because at 400 °C, 
excessive shrinkage occurred due to the evaporation of chemically and physically bounded water. And at 600 
°C, the geopolymer gel started melting and filling the gaps [5, 6]. But further increase in temperature from 700 
°C, crack pattern in geopolymer increases. 

(a) 20 °C (b) 400°C (c) 600°C (d) 800°C 

Figure. 3: Schematic image representing influence of temperature on crack pattern of geopolymer mortar 

3.3 Maximum Crack Width 

Cube specimens prepared from both mortars were placed under a microscope to observe the maximum crack 
width. Three samples at each temperature were taken and the lens was adjusted on the scale as well as 
on the crack of maximum width. The crack width of all the specimens was taken in mm. And graph was made 
by taking an average of two nearby values of maximum crack width as shown in Figure 4. No cracks were 
found in both mortars at room temperature but with the temperature increasing from 400℃ to 800℃, the 
maximum crack width in cement-sand mortar also increased. Maximum crack width shows an increasing trend 
and the maximum crack width value in the case of cement-sand mortar is 800℃. But in geopolymer mortar, 
crack width even at 200℃ was greater in comparison to cement-sand mortar. It is evident from the graph that 
its value shows a drastic increase at 600℃ and the maximum value is recorded at 600℃ which is 0.06mm 
because there is more drying shrinkage as more chemically bound and physically attached water with the 
hydroxyl group as well is present in geopolymer mortar as compared to cement mortar [1]. This value is greater 
than the maximum crack width at 800℃. It is shown in Figure 4 that the further increase in temperature from 
600℃ causes a decrease in maximum crack width. This is because, all water evaporates at 600℃, and after 
that geopolymer gel starts melting and filling the cracks [5, 6]. This is the reason at high temperatures or under 
fire, the maximum crack widths in the case of geopolymer are less as compared to cement-sand mortar. 

(a) Geopolymer Mortar (b) Cement-sand Mortar 
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 Figure 4: Influence of temperature on maximum crack width of  geopolymer and cement mortar 

5 Practical Implementation 
As geopolymer mortar has better fire resistance and high residual thermal properties as compared to cement-sand mortar. 
To enhance the sustainability and lifespan of our structures, we should integrate geopolymer mortar in areas that are more 
sensitive to catching fire. Ceramic composites should be replaced with geopolymer mortar in those areas which are more 
vulnerable to fire hazards. In order to avoid direct damage to the structural integrity of buildings, geopolymer mortar lining 
should be applied in areas like (tunnels, basements parking, kitchen areas, compacted apartments, etc.) as passive 
protection.  

6 Conclusion 
Experimental analysis of this research concludes that the specimen prepared from geopolymer mortar has high residual 
compressive strength, less porosity, and crack width as compared to conventional cement-sand mortar even at elevated 
temperatures. The crack width of geopolymer mortar started to decrease with the increase in temperature, as the 
polymeric gel filled the gap and strengthen the mortar specimen. Edges of cement-sand cube specimens started to 
damage from 600℃ while geopolymer specimens remain un-damaged even at 800℃. 
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Abstract- In the whole world tons of hair are wasted annually, which creates many health 
problems by damaging our ecosystem. Thus, it is very fruitful for us to use concrete and 
increase its properties of concrete and save the environment from future crises. The 
construction industry needs a lot of natural assets like limestone, aggregate, sand etc. to 
make concrete. These resources are finite and have to consume/expand someday, so an 
alternative must be adopted to overcome the needs. This paper presents the mechanical 
properties of concrete when human hair fiber is used as a fiber. A detailed experiment 
was carried out on three types of concrete specimens i.e. cube, beam and cylinder having 
different percentages of human hair fiber such as 0%, 1%, 2% and 3 % by weight of 
cement. In addition in research different lengths of human hair fiber which varied from 
20mm to 60mm were used. All the specimens were cast at two different concrete mix 
proportions i.e 1:2:4 and 1:1.5:3 with a 0.50 water-cement ratio. Furthermore, specimens 
were tested in Universal Testing Machine at 28 days curing period, for compressive 
strength, splitting tensile strength and UPV test and flexural strength of concrete. The 
conclusion from the experiments shows that there is a reduction in the workability of fresh 
concrete besides that there is an increment found in density and water absorption. 
Moreover, with increasing the percentage of the human hair fiber, mechanical properties 
were enhanced. 

Keywords- Workability, human hair, compressive strength, ultrasonic pulse velocity, flexural and split tensile strength. 

1 Introduction 
Concrete is the most ubiquitous material used after water. Same as water, it is also the need of every person. Because of 
its high durability, ingredients are easily available, resistant to water and wind, it can be cast in any desired shape and is 
also economical material and has a low maintenance cost. Nevertheless, it possesses low tensile strength, less ductility and 
micro cracks. [1] For improving the strength and different properties, in this project,  hair fiber is used as fiber in concrete. 
The purpose of using human hair fiber is to increase tensile strength and it increases the physical and mechanical properties 
of concrete. Concrete is a brittle material, it is weak in tension and after hardening, it has micro-cracks, which decrease the 
life span of the concrete structure. [2] Hair is non-degradable material, it causes environmental pollution, which directly 
affects humans and animals as well. Hence, sometimes using human hair as a fiber in the concrete can increase the 
properties of concrete. Human hair is used for increasing its strength in tension and reducing the micro-cracks helps, to 
increase the life period of the structure [3] It is defining characteristic of mammals. Human fiber has recently become eye-
catching to researchers, scientists, and engineers as a replacement or with reinforcement in fiber-reinforced concrete 
composites Human hair is a non-degradable material and is present in a very amount. The cost of Human fiber is almost 
zero or very cheap cost. [4] Thus, most developing countries also face the same problems as poor countries regarding their 
disposal and handling. Recent research exposed that the growth speed of hair is 1.25 per month. In a year it is 15cm or 6 
inches. By weighting, it is approximate 80 to 100gm per year (Shankar Lal Meghwar2016) [5]. Now consider that annually 
every Pakistani cuts 80gm hair and the population of Pakistan is 22 million’s, its mean production of hair is 17600 tons 
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annually and annually the whole world produces 6.4x10^6 tons and now think about those who already dumped in past 
years. And same as in past, in future the amount of hair will increase by enhancing in population for controlling this 
pollution, the researcher took initiative and did research about to how to control earl dangerous evil and then in 1963 
human hair invented as a natural fiber and after 2012s it is the part of the construction industry on the specific area. 
Hair is added to concrete to increase its mechanical properties of concrete. [6] Recent research revealed that if the 
proportion of hair and concrete ingredients is correct as well as the method of distribution of hair fiber into concrete is 
correct then the mechanical and physical properties of concrete are easily enhanced. These properties of concrete are 
changed after adding hair to plain cement concrete [7]. Some countries are working on that used hair in medicine and 
agricultural industries but the amount of hair is too high. Thus, the remaining part affects our environment. Many types of 
fibers are used in concrete as fiber but the problem is, that they are all not renewable. Human hair is waste material in most 
of the world. Some countries are working on that used hair in medicine and agricultural industries. Therefore, it directly 
damages to people in future Therefore, it directly damages people in future. That’s why the global wise now trend changed 
toward hair, as fiber in concrete. [8] This study was checked the effect of hair Fibers on the mechanical properties of 
concrete. Environmentally friendly, sustainable & economic concrete. For improving the strength and different properties, 
in this project, human hair is used as fiber in concrete. The purpose of using human hair fiber increases the mechanical 
properties of concrete. This study is found that by using human hair not just mechanical properties are increased same as 
physical properties. This study is of interest to clients, concrete manufacturers, concrete additive manufacturers and 
designers’ specifiers who need to know what effect human hair as fiber additives have upon the final compressive strength, 
split tensile strength and flexural strength. 

2 Experimental Procedures 
The experimental work was performed in the laboratory. In this experimental work two categories of tests are performed 
by “ASTM” procedures. First for fresh concrete and second for hardened concrete. Moreover, the complete detail of each 
material used in the whole project is also explained. The concrete laboratory of UET TAXILA is used for all experiments 
work. [9] Ordinary Portland cement was used as the main binding material followed by ASTM C150 Properties of Ordinary 
Portland cement are shown in table 1 properties of inert material in table 2 and properties of human hair fiber in table 3.  

Table 1 Properties of OPC 

Chemicals SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O3 LOI 
Ordinary 
Portland cement 

17.4 - 10.2 3.6 - 1.8 62.3 0.9 1.4 0.9

Table 2 Properties of inert materials 

Properties  Fine aggregate (F.A) Coarse aggregate (C.A)
Specific gravity  2.7 2.65 

Water Absorption (% age) 1.2 0.54 

Fineness modulus 2.99 - 

 Table 3 Properties of the human hair fiber 

Properties   Ranges 
Hair length 20mm to 60mm 

Hair Diameter 80 to 150 μm 

Tensile Strength of 
human hair fiber  

359 Mpa
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3 Research Methodology  

3.1 Specimen preparation 

In this extensive research work, all specimens are made and cured. The materials used during casting were also the same 
as ASTM standards. The purpose of this code is to cast the specimen’s accurate control of the material and gain high 
strength This standardized requirement provides the way how to prepare the sample, mixing of concrete and the curing of 
concrete test specimens under laboratory condition. All specification is done then the stipulated strength is achieved. The 
treatment of human hair is essential for gaining the required properties. [10] Most of the time hair is oily. This oil can be 
effective during bonding between materials of the concrete and not good for bonding. Besides, same as wastage and dust 
are also affected by it. Hair was collected from different barbershops and parlous. While collecting many wastages (tissue 
paper, blade and paper) were present [11] Thus, it is a very important step to clear all hair from these wastages and just 
used hair during mixing time as a file in concrete. The sorting method is very important for concrete. Grouping is done on 
the base of the cooler, length and diameter of the hair. Color and diameter are checked randomly done by eyes but the 
length is checked according to the required length by scale. In this project, the required length is 20mm to 60mm. By 
giving a lot of time hair was categorized accurately in length. Scaling and groping of human hair fiber are shown in Figure 
1.  

a)    b)  

Figure 1: human hair treatment, a. Scaling of hair, and b. Groping the human hair 

a)    b)  

Figure 2: human hair treatment, a. washing of human hair, and b. drying the human hair 

The third step of the hair treatment is washing. In which head & shoulder shampoo is used. The intention of using this 
chemical it gives very good results for hair to remove all types of impurities. After the washing hair is dry in the oven and 
sunlight. Washing of hair and drying of hair are shown in Figure 2.  
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Casting Procedure in this work, the casting of cylinders and beams and cubes was done. But it depends on proportion to 
proportion and conventional concrete samples and human hair fiber samples were cast for 28 days are the curing span. The 
different concrete mixes ratio 1:2:4 proportion and 1:1.5:3 proportion with the water /cement ratio is 0.50 with the 
percentage of human hair fiber was 1%, 2% and 3%. used. Casting and testing of beams are shown in Figure 3, Casting 
and testing of cylinders are shown in Figure 4, and Casting and testing of cubes are shown in Figure 5. 

a)    b)  

Figure 3: Beam, a. casting of the beam, and b. testing of beam 

a)    b)  

Figure 4: Cylinders, a. casting of Cylinders, and b. testing of cylinder 

a)    b)  

Figure 5: Cubes, a. casting of cubes, and b. testing of cube 
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4 Results 
The practical work was done in the laboratory for checking the mechanical properties of the concrete. The experiment 
results show the strength of the concrete is increased. Not just the mechanical properties, but the physical is also enhanced. 
The results of all tests show, that the optimum value of hair is 2%. The maximum values of all tests are noted on the point 
of 2% hair. And all values are compared with conventional concrete and the value of human hair use in concrete is more 
as compared to normal concrete. The workability of the concrete is decreased by increasing the percentages of the hair. 
For workability slump test is conducted as the hair increase, workability decreases and the balling effect is also increased 
while mixing. During filling the cone of the slump, hair makes more voids than the hammer is used for good compaction. 
Different types of tests and properties investigate workability, density, Modulus of elasticity, compressive strength, 
splitting tensile strength and UPV test and flexural strength of concrete and the result is given below. 

4.1 Workability  

The workability of concrete in the terms of the slump test was investigated. Results showed a decrease in the slump values 
with an increase’s percentage of the human hair fibre. The value of Slump is noted as higher and lower at 1:1.5:3 mix 
proportion of 90mm and 30mm than 1:2:4 mix proportion of 50mm and 9mm at 0% of human hair and 3% of human hair 
fiber respectively. Graph show comparison between both mix respectively increases the percentage of hair a), and reduction 
of slump value increases the percentage of hair b) are shown in figure 6. 

a)                                                                        b)  

Figure 6: Slump value of concrete, a. graphically comparison between both mix, and b Reduction of slump value by increasing hair  

This experiment results of both mixes proportions 1:2:4 mix proportion and 1:1.5:3 mix proportion respectively are shown 
in table 4. 

Table 4 Result of Slump cone test 

Mix percentage of hair  Slump value (mm) 1:2:4 Mix    Slump Value (mm)1:1.5:3 Mix 
0 % of hair 50 90 

1 % of hair 30 60 

2% of hair 18 49 

3% of hair  9 30 

4.2 Density of concrete 

The density of the concrete is measured at each percentage of the human hair fiber to know the relationship between the 
strength and density of concrete. The maximum density is noted at 0% of the human hair fiber, while the minimum at 3% 
of human hair fiber both mix proportions 1:2:4 and 1:1.5:3 respectively. Results showed the decrease in the density values 
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with an increase’s percentage of the human hair fiber. Graph show comparison between both mix respectively increases 
the percentage of hair a), and reduction of density value increases the percentage of hair b) are shown in figure 7. 

a)      b)  

Figure 7: Density of concrete, a. graphically comparison between both mix, and b reduction of density value by increasing hair  

This experiment results of both mixes proportions 1:2:4 mix proportion and 1:1.5:3 mix proportion respectively are shown 
in table 5. 

Table 5 Result of density of concrete 

Mix percentage of hair  Density (kg/m3) 1:2:4 Mix   Density (kg/m3) 1:1.5:3 Mix 
0 % of hair 2311 2301 

1 % of hair 2302 2210 

2% of hair  2293 2185 

3% of hair 2285 2138 

4.3 Compressive strength of Concrete 

The  test was performed on cubes of size 150mmX150mmX150mm to check the compressive strength of concrete by using 
human hair fibre. The compressive strength of concrete is investigated during 28 days curing period. The compressive 
strength of concrete is determined by the following ASTM C39/C 39M – 03. The standard cube specimens were placed in 
the Universal Testing Machine and the load applied all specimens at each proportion of human hair fiber was tested and 
then the average is taken. The compressive strength increases gradually with an increase in the percentage of Human hair 
fiber in both concrete mix proportions as compared to plain concrete, till it increases the compressive strength by increasing 
the human hair fiber and maximum value achieved at 2% of human hair fiber in both Mix ratio 1:2:4 and 1:1.5:3 
respectively. After that increasing the compressive strength to 5.84% at 1 % human hair fiber and 9.59 % at 2% human 
hair fiber and 3.13% at 3% human hair fiber by using a concrete proportion 1:2:4 mix and 5.96 % at 1% human hair fiber 
and 8.15% at 2 % human hair fiber and 3.58% at 3% human hair fiber by using 1:1.5:3 mix ratio respectively. Results 
showed an increase in the compressive strength with an increase’s percentage of the human hair fibre. Graph show 
comparison between both mix respectively increases the percentage of hair a), and increment of compressive strength 
increases the percentage of hair b) are shown in figure 8. 
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a)  b)  

Figure 8: Compressive strength, a. graphically comparison between both mix, and b Increment of compressive strength by increasing 
hair  

This experiment results of both mix proportion 1:2:4 mix proportion and 1:1.5:3 mix proportion respectively are shown in 
table 6. 

Table 6 Result of compressive strength 

Mix percentage of hair 
 % 

   Compressive strength (Mpa) 
       1:2:4 Mix 

    Compressive strength (Mpa)   
         1:1.5:3 Mix 

0 % of hair 21.37 22.31 

1 % of hair 22.62 23.64 

2% of hair 23.42 24.13 

3% of hair 22.04 23.11 

4.4 Splitting tensile strength of Concrete 

The Splitting tensile strength of the concrete is indirectly to tensile strength of concrete. This test was performed on the 
concrete cylinders. The maximum tensile strength value has been noted at 2% of hair and code by following the ASTM 
code C-496. After that increasing the Splitting tensile strength to 16.58 % at 1 % hair and 19.9 % at 2% hair and 9.95% at 
3% hair by using a 1:2:4 mix ratio and 3.47 % at 1% hair and 6.56 % at 2 % hair and 1.58% at 3% hair by using 1:1.5:3 
mix ratio respectively.  

As compared to both mix ratios percentage of increase in Splitting tensile strength in mix ratio 1:2:4 is more than compared 
mix ratio 1:1.5:3 respectively. Results showed an increase in the Splitting tensile strength with an increase’s percentage of 
the human hair fibre. Graph show comparison between both mix respectively increases the percentage of hair a), and 
increment of Splitting tensile strength increases the percentage of hair b) are shown in figure 9. 
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a)  b)  

Figure 9: Splitting tensile strength, a. graphically comparison between both mix, and b Increment of Splitting tensile strength by 
increasing hair  

This experiment results of both mixes proportions 1:2:4 mix proportion and 1:1.5:3 mix proportion respectively are shown 
in table 7. 

Table 7 Result of Splitting tensile strength  

Mix percentage of hair 
 % 

   Splitting tensile strength (Mpa) 
 1:2:4 Mix 

 Splitting tensile strength (Mpa)   
   1:1.5:3 Mix 

0 % of hair 2.11 2.59 

1 % of hair 2.46 2.68 

2% of hair 2.53 2.76 

3% of hair 2.32 2.62 

4.5 Flexural Strength of Concrete 

The flexural strength of the concrete test is performed on the beam. By using the center point loading method. This method 
also gives the indirectly tensile strength of the concrete. The ratios of hair were used 0%, 1%, 2% and 3% and the curing 
span were 28 days. After that increasing the flexural strength by 15.9% % at 1 % hair and 21.1 % at 2% hair and 10.3% at 
3% hair by using a 1:1.5:3 mix ratio and 11.98 % at 1% hair and 17.8 % at 2 % hair and 9.93 % at 3% hair by using 1:2:4 
mix ratio respectively.  The optimum value is 2% of human hair. Results showed an increase in the flexural strength with 
an increase’s percentage of the human hair fiber. Graph show comparison between both mix respectively increases the 
percentage of hair a), and increment of Flexural strength increases the percentage of hair b) are shown in figure 10. 
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a)  b)  

Figure 10: Flexural strength, a. graphically comparison between both mix, and b Increment of Flexural strength by increasing hair  

This experiment results of both mixes proportions 1:2:4 mix proportion and 1:1.5:3 mix proportion respectively are shown 
in table 8. 

Table 8 Result of Flexural strength  

Mix percentage of hair 
 % 

   Flexural strength (Mpa) 
 1:2:4 Mix 

    Flexural strength (Mpa) 
   1:1.5:3 Mix 

0 % of hair 2.92 3.27 

1 % of hair 3.27 3.79 

2% of hair 3.44 3.96 

3% of hair 3.21 3.61 

4.6 Ultrasonic Pulse Velocity (UPV) Test of Concrete 

The quality of concrete was determined by a non-destructive UPV test by using directly the method. Results Shown an 
increase in the UPV value with an increase’s percentage of the human hair fiber. Graph show comparison between both 
mix respectively increases the percentage of hair a), and increment of Ultrasonic Pulse Velocity increases the percentage 
of hair b) are shown in figure 11. 

a)  b)  

Figure 11: Ultrasonic Pulse Velocity, a. graphically comparison between both mix, and b Increment of Ultrasonic Pulse Velocity by 
increasing hair  
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This experiment results of both mixes proportion 1:2:4 mix proportion and 1:1.5:3 mix proportion respectively are shown 
in table 9. 

Table 9 Result of Ultrasonic Pulse Velocity 

Mix percentage of hair 
 % 

   Ultrasonic Pulse Velocity 
 1:2:4 Mix 

    Ultrasonic Pulse Velocity 
   1:1.5:3 Mix 

0 % of hair 3620 4024 

1 % of hair 3850 4238 

2% of hair  3930 4320 

3% of hair 3805 4240 

4.7 Modulus of elasticity of Concrete 

The Modulus of Elasticity is checked concrete resistance and elastic deformation and elasticity module defines stiffness 
higher elasticity modulus of the material, The optimum value at 2% of human hair. Results Showed the increase  Modulus 
of elasticity with an increase’s percentage of the human hair fiber. Graph show comparison between both mix respectively 
increases the percentage of hair a), and increment Modulus of elasticity increases the percentage of hair b) are shown in 
figure 12. 

a)  b)  

Figure 12: Modulus of elasticity, a. graphically comparison between both mix, and b Increment of Modulus of elasticity by increasing 
hair  

This experiment results of both mixes proportion 1:2:4 mix proportion and 1:1.5:3 mix proportion respectively are shown 
in table 10. 

Table 10 Result of Modulus of elasticity 

Mix percentage of hair 
 % 

 Modulus of elasticity 
       1:2:4 Mix 

   Modulus of elasticity 
   1:1.5:3 Mix 

ss0 % of hair 23.11 23.61 

1 % of hair 23.78 24.64 

2% of hair 24.19 24.56 

3% of hair 23.47 24.03 
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4.8 Water Absorption of Concrete 

The concrete samples were tested water absorption of concrete and  water absorption property was increased with 
increasing the percentage of human hair, addition to the water absorption in concrete may be human hair absorbs more 
water as compared to the control mix of concrete. Graph show comparison between both mix respectively increases the 
percentage of hair a), and increment water Absorption increases the percentage of hair b) are shown in figure 13. 

a)  b)  

Figure 13: Water Absorption, a. graphically comparison between both mix, and b Increment of Water Absorption by increasing hair  

This experiment results of both mixes proportion 1:2:4 mix proportion and 1:1.5:3 mix proportion respectively are shown 
in table 11. 

Table 11 Result of compressive strength 

Mix percentage of hair 
 % 

  Water Absorption (%) 
 1:2:4 Mix 

   Water Absorption (%) 
         1:1.5:3 Mix 

0 % of hair 2.50 2.70 

1 % of hair 2.70 2.85 

2% of hair 2.86 2.99 

3% of hair 3.05 3.14 

5 DISCUSSION 
The practical work was done in the laboratory for checking the mechanical properties of the concrete. The experiment 
results show the strength of the concrete is increased. Not just the mechanical properties, but the physical is also enhanced. 
The results of all tests show, that the optimum value of hair is 2%. The maximum values of all tests are noted on the point 
of 2% hair. And all values are compared with conventional concrete and the value of human hair use in concrete is more 
as compared to normal concrete. The workability of the concrete is decreased by increasing the percentages of the hair. 
For workability slump test is conducted as the hair increase, workability decreases and the balling effect is also increased 
while mixing. During filling the cone of the slump, hair makes more voids than the hammer is used for good compaction. 

6 Conclusion 
These are the following conclusions are shown at the end of this comprehensive research work: 

1 Workability in terms of slump value decreases with an increase in the percentage of human hair fiber a lower value 
is recorded at 3% of the human hair fiber. Comparatively, a higher slump value is noted at 1:1.5:3 mix proportion. 
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2 The density of concrete decreases as the percentage of human hair fibers increases. Reduction in density is 1.12% 
and 7.15% at 1:2:4 and 1:1.5:3 mix proportion respectively. 

3 The compressive strength increases to 9.59 % and 8.15% in 1:2:4 and 1:1.5:3 mix proportion respectively at 2% 
addition of human hair fiber and it decreases at other percentages of hair fibers and the same as Modulus of Elasticity 
of concrete is maximum noted at 2 % addition of human hair fiber. 

4 The splitting tensile strength of concrete increases to 19.9 % and 6.56% in 1:2:4 and 1:1.5:3 mix proportion 
respectively at 2% addition of human hair fiber and it decreases at other percentages of hair fibers. 

5 The flexural strength of concrete by using human hair fiber in concrete increases to 17.8% and 21.1% in 1:2:4 and 
1:1.5:3 mix proportion respectively at 2% addition of hair fibers. It decreases at other percentages of human hair 
fibers. 

6 The UPV value of concrete by using human hair fiber in concrete increases to 8.5% and 7.3% in 1:2:4 and 1:1.5:3 
mix proportion respectively at 2% addition of hair fibers. 

7 The concrete samples were checked the water absorption of concrete and maximum water absorption was noted 16.29 
% at 3% of hair mix ratio 1:1.5:3 and 21.99 % at 3% of hair mix ratio 1:2:4 respectively, and minimum water 
absorption was noted by at 0% of hair after 28 days. After that increasing the water absorption to 8 % at 1 % human 
hair fiber and 14.34 % at 2% human hair fiber and 21.99% at 3% human hair fiber by using a concrete proportion 
1:2:4 mix and 5.55 % at 1% human hair fiber and 10.74% at 2 % human hair fiber and 16.29% at 3% human hair 
fiber by using 1:1.5:3 mix ratio respectively.  

8 Comparatively, a higher value in both strengths was recorded at a 1:2:4 mix proportion rather than a 1:1.5:3 mix 
proportion at the same water/cement ratio. 
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Abstract- The aim of this research is to utilize the paper waste in mortar mixtures 
as a cement replacement in form of Wastepaper Sludge Ash (WPSA) to make 
them more efficient and enhance their required properties such as water 
resistance, permeability, sorptivity. Mixture was then investigated to understand 
its chemical, mechanical and physical properties. Depletion of natural resource 
can be reduced by using WPSA as cement replacement. Carbon dioxide (CO2) 
and Sulphur dioxide (SO2) emissions can be reduced as well because of less usage 
of cement proportions. The physical and chemical properties of WPSA was 
compared with the cement. As the result of testing, WPSA showed similar 
cementitious properties and at 25% cement replacement by weight with the 
WPSA, it showed favorable ultimate strength of 19.05 MPa. Also by using 
WPSA, water absorption was reduced approximately up to 60% hence it increases 
water resistivity and decreases permeability and sorptivity thus making the 
structure more durable. 

Keywords- Ecofriendly, mortar, wastepaper sludge ash, water absorption. 

1   Introduction 
The Global Population massively increases with time which puts increased pressure on urban construction including 
residential, commercial, and industrial buildings. This led to increase in the need for cement use worldwide [1,2]. 
Cement is a basic construction material that has many applications [3,4]. Nevertheless, the cement industry is 
identified by a high energy consumption [5,6] and high greenhouse gases emissions [7–9]. Cement industries emits 
about 7% of Carbon dioxide (CO2) worldwide. [9,10]. Hence, there is an urgent need to explore a feasible replacement 
for cement to reduce this environmental impact [11]. The reutilization of waste products rather than disposal in 
landfills is an economical and viable solution to these issues [12,13]. A huge amount of paper waste is produced at 
daily basis in Pakistan. It is produced in every part of the country and it constitutes a huge proportion of total wastes 
produced. Waste paper sludge is produced in paper production industries and especially newspaper printing industries 
which is then incinerated and then disposed of to landfills which have harmful effects on soil properties. During the 
production of Paper and Pulp/Paper sludge, chlorine based bleaches are used. These are toxic materials or additives 
so when the paper waste is dumped in soil or released in the water (rivers, seas or oceans) it causes hazardous pollution. 
Also when the paper rots it emits methane gas which is 25 times more toxic than CO2 emission.  

These current disposal methods are not environmentally helpful rather causes more pollution. Increasing rate of 
population is increasing the rate of production of paper waste, it is also increasing because paper is taking place of 
plastic products worldwide such as paper bags and cardboards. Apart from all that use of cement is increasing day by 
day as well which is decreasing the natural resources for its production. Also it requires a huge portion of budget to 
treat these wastes that is ultimately effecting the economy of the country. In order to overcome all of these problems 
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a proper solution is needed to reduce the depletion of natural resources and reutilizing the waste materials that will be 
beneficial for both environment and economy. Therefore, a search for alternative methods to efficiently reuse WPSA 
is initiated and the most appropriate way to recycle the wastepaper sludge is in mortars, concrete or bricks 
manufacturing. This will alleviate the costs needed to dispose the WPSA and it will preserve the soil properties as 
well. Also by partially replacing WPSA with cement it will shrink the cement production rate and will eventually 
decrease the depletion of natural resources that will help the environment. By fulfilling the 3R concept, reuse, 
recycling and recovery of WPSA as an alternate method in construction, it is helping the environment and ecosystem 
in a positive manner. Replacement of cement with other ashes has been done and investigated by many researchers 
within last few decades. [14-16]. The research on WPSA is very limited. As per Scopus website data, only few 
documents were found related to WPSA in different fields like Veterinary, decision sciences, mathematics etc. 
however more research is carried out in engineering fields as given in Fig 1. 

Figure 1: Publications of WPSA in different study fields. 

In this research work WPSA is used as a partial replacement of Cement in the Mortar mix of 1:2.75 (binder/sand ratio). 
WPSA binds the Sand particles together similar to Cement. To produce waste paper sludge ash, paper sludge is 
combusted at 700-750 °C. As it contains a high proportion of organic matter, in form of cellulose and some inorganic 
compounds such as clays and calcium carbonate [17]. At 700 °C temperature, combustion of paper sludge transforms 
the clay minerals such as kaolinite into metakaolinite [17] and thus WPSA will behave as pozzolanic material [18,19]. 
Although composition of WPSA varies, it commonly contains a sufficient amount of Lime (CaO), Silica (SiO2) and 
Alumina (Al2O3) and because of this reason it is being used as a supplementary cementitious material (SCM) [18,19]. 
The main objective of this research is to make green technology material. Also physical and chemical properties are 
not effected at a larger scale of material.  

Thus durability of a structure is not compromised. It also does not affect the compressive strength and water absorption 
is decreased. Researches have been done by replacing Cement with WPSA in concrete and bricks but our aim is to 
make mortar usage ecofriendly and efficient because it is a key material used for grey structure finishing and for other 
masonry purposes during the construction of projects. Mortar is also used to repair joints and cracks. By replacing 
25% of cement by WPSA in mortar mix we can obtain such efficient mortar [17]. 
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2   Materials and Methodology 

2.1  Materials. 
In this test Ordinary Portland cement (OPC) and waste paper sludge ash (WPSA) was used as a cementitious material. 
Waste paper sludge was collected from Private schools and universities of Abbottabad. It was then sun dried for 10 to 
15 days and then burnt in electric furnace at 700°C for 2 hours. WPSA used in this test is shown in Fig 2. 

Figure 2: Wastepaper sludge Ash (125g). 

The Conventional chemical composition of OPC and WPSA is similar as given in the Table 1. [20,21]. Concentration 
of SiO2, Al2O3 and CaO is greater in both of Cementitious materials. These oxides are present in similar quantities in 
both Cement and WPSA. Table 1 is showing detailed comparison of oxides present in Ordinary Portland Cement and 
WPSA. Sand used in this test was passed through 3.35mm IS sieve for better gradation as used in [9]. Ground water 
was used for mixing of materials. 

Table 1  Chemical composition of OPC and WPSA 

Empirical formula OPC (% w/w) WPSA (% w/w) 
SiO2 21.3 23.3 

Al2O3 5.6 5.3 
Fe2O3 3.4 0.8 
TiO2 0.1 0.5 
MgO 2.1 2.5 
CaO 64.6 62.4 

Na2O 0.1 0.4 
K2O 0.2 0.4 
P2O 0.1 0.5 
MnO 0.1 0.5 
SO3 2.1 0.6 

2.2   Mix Proportion. 
Mortar samples were prepared with 25% replacement with WPSA. Mixing proportion details are given in the Table 2 
where M0 denotes samples with zero percent WPSA and M25 is named for samples having 25 percent WPSA as a 
cement replacement. Sand to binder ratio was taken as 1:2.75 and water to cement ratio used for mixing was restricted 
to 0.48. 
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Table 2  Mix proportion of WPSA and OPC. 

Mix ID Ordinary Portland cement (OPC) Waste paper sludge Ash (WPSA) Sand Water 

M0 500 g 0 g 1375 g 242 g 

M25 375 g 125 g 1375 g 242 g 

2.3   Preparation of Samples. 
Specimens were prepared according to ASTM C109/C109M. Materials (OPC, PSA and sand) in dry form were firstly 
mixed in an Automatic Programmable Mortar mixer UTCM-0085 for 2 min. Water is added to the mixture and then 
blended for 5 more min in a mixture machine. Then wet mix was casted in (50x50x50) mm cube moulds shown in Fig 
3. Samples were taken out of moulds after 24h and then placed in water container for curing at room temperature
(20°C to 25°C). Samples were ready for testing after ultimate strength was achieved as shown in Fig 4. 

Figure 3: Mortar mix Casted in Moulds. 

Figure 4: WPSA (25%) Mortar Samples. 

2.4   Water Absorption. 
Mixes with 0% and 25% WPSA were tested for water absorption using ASTM C642-97. Samples were firstly dried 
in oven for 24h at 100°C to 110°C temperature and then allowed to cool down in air at room temperature. Saturated 
mass was then determined after immersion of samples for 48h in a water container. Specimens were then boiled for 
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5h and after boiling, their saturated mass was determined. After that immersed apparent weights of specimens were 
examined. Water absorption percentage was then calculated using these weights. 

3   Results and Discussion 

3.1  Compressive strength. 

The impact of curing period and replacement of Ordinary Portland Cement (OPC) with 25% Waste Paper Sludge Ash 
(WPSA) is tested. Increase in curing time increased the compressive strength of mortar mix while an addition of 
WPSA has decreased the compressive strength. At early ages of curing both samples were having same compressive 
strength. Similar results were obtained by other researchers [9,22]. Mortar cubes with 0% WPSA showed Compressive 
strength of 16.47 and 24.17 MPa after 7 and 28 days of curing and cubes with 25% WPSA gave compressive strength 
of 14.9 and 19.05 MPa as mentioned in Table 3. Therefore, at 25% cement replacement by weight with WPSA showed 
favourable ultimate strength of 19.05 MPa, thus it can be adopted for environmental friendly and economical 
construction.  

Table 3  Compressive strength at 7, 14, 21, 28 days. 

Curing days Compressive strength (MPa) 
0 % WPSA 25% WPSA 

7 16.47 14.9 
14 21.73 17.21 
21 23.1 18.95 
28 24.173 19.05 

3.2  Water Absorption. 

Addition of 25% WPSA reduced water absorption up to 55%, 57%, 60% after 7, 14 and 28 days of curing respectively 
as given in Table 4. Mortar samples with 0% WPSA has water absorption of 10.49 and 9.79 percent after 7 and 28 
days of curing while samples having 25% WPSA has water absorption of 4.8 and 3.9 percent as shown in Table 4. 
Replacement of 100% cement with WPSA increases water absorption as mentioned in [23]. However, using 25% 
WPSA with cement increased water resistivity, reduced pores, decreased permeability and water absorption. Hence 
using WPSA can make structure more durable. 

Table 4   Water Absorption at 7, 14, 28 days. 

Curing days  Water Absorption (%) 
0 % WPSA 25% WPSA 

7 10.49 4.8 
14 10.20 4.4 
28 9.79 3.9 

As waste paper sludge ash is lighter in weight as compared to cement particles, it occupies more volume when we 
replace 25% of it by weight. By excessive volume it decreases internal voids that decreases the water absorption. And 
also WPSA provides an adequate amount of compressive strength by binding the aggregate. 

4   Conclusion 
By obtaining all the favourable results we can conclude many significances and can predict the usages of WPSA 
mortar. From experimental data following conclusions are made: 

1. Chemical and physical properties of WPSA showed similar behaviour as that of cement.
2. WPSA reduces the emission of CO2 and SO2 causing less environmental damages and is ecofriendly.
3. Replacement of 25% WPSA with cement showed favourable ultimate compressive strength of 19.05 MPa.
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4. By usage of WPSA, water absorption reduced to approximately 60% which indicated less permeability.
5. The technique developed in this study can be used in runoff structures, sewage pipes, canal surfaces and

wall plastering.
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Abstract. Recently many researchers have introduced the concept of using waste 
plastic in concrete to save natural resources and control environmental pollution. 
Because the strength of concrete decreases when plastic is used to partially substitute 
coarse aggregates, such concrete cannot be used for structural purposes. The goal of 
this research is to see how silica fume, stainless steel fibers, and polypropylene fibers 
affect the mechanical properties of plastic waste concrete to improve its strength and 
durability. Normal control mix was prepared for the comparison of results with 
plastic waste concrete In plastic concrete, the proportion of coarse aggregates 
replaced by plastic aggregates was kept constant (20 %). Cement was replaced with 
silica fume by weight and fibers (steel and polypropylene) were added by volume of 
concrete. The addition of silica fume and fibers in mixes was optimum based on the 
literature review. When compared to the control mix, the split tensile, compressive, 
and flexural strength of plastic concrete with 20% replacement decreased by 50%, 
16.29 %, and 33.25 %, respectively. By incorporating silica fume and steel fibers 
split tensile, compressive, and flexural strength of plastic concrete was reduced only 
by 4.72%, 4.56 %, and 1.376 %, respectively. Polypropylene fibers and silica fume 
improved the tensile, compressive, and flexural strength of plastic concrete by 
86.18%, 69.75%, and 97.93% respectively. The mechanical properties were 
enhanced with the inclusion of steel fibers, polypropylene fibers, and silica fume. 
Hence, it is concluded that plastic concrete can be used for structural elements by 
adding some additional constituents to it.  

Keywords- Mechanical properties, Plastic concrete, Polypropylene, Steel fiber 

1 Introduction 
The use of various types of plastics is a challenge to protect the environment. Currently, different types of plastic are 
used worldwide. However, the advantages of using plastic are outweighed by its negative environmental impact. In 
developing countries, improper disposal of plastic waste can be a chief cause of health problems and pollution. The 
reuse of plastic waste in concrete manufacturing is a feasible way to control its bad impacts on the environment. Many 
researchers have utilized plastic waste in their studies as a replacement material for coarse aggregate. 
Zeeshan Ullah [1] has researched concrete containing plastic waste up to replacement ratios of 15% and 20% with 
conventional aggregate concrete. The results revealed that with the inclusion of plastic waste aggregates in concrete 
there is a significant decrease in mechanical properties due to poor interlocking. The tensile and compressive strength 
was reduced by 32.4% – 23.5% at a 20% replacement ratio. Prasanna et al [2] has investigated the effect of using broken 
E-waste as a coarse aggregate substitute on concrete strength. It was determined that using more than a 20% 
replacement ratio of E-waste as coarse aggregate would be unsuitable because it would reduce the compressive strength 
of concrete by 33.7 %. Khawar Ali  [3] has evaluated the mechanical properties of plastic waste concrete containing 
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silica fume and observed the thermal behavior against elevated temperatures. The Optimum result was obtained with 
20% sand replacement and cement with plastic fine aggregate (PFA) and silica fume respectively. The compressive 
and tensile strengths were improved by incorporating silica fume in PFA concrete. Manjunath [4] has replaced both 
coarse and fine aggregates with waste particles. 

 At 20% replacement of coarse and fine aggregates split tensile, compressive, and flexural strength decreased by 
22.44%, 52.98%, and 42.52% respectively. Zeeshan Ahmad [5] has utilized shredded electronic waste along with 
micro-synthetic fibers with a 30  % replacement ratio of coarse aggregates in concrete. The inclusion of 0.75 % fibrous 
material raised the compressive and tensile strengths by 30% and 75%, respectively. 

Adewumi john [6] reviewed the engineering properties of recycled plastic waste. There was a reduction in strength by 
using plastic waste in concrete but still can be used in many engineering applications like temporary structures, concrete 
pavements, etc., Ramadevi [7] prepared concrete by using grounded PET bottle flakes for fine aggregates with the 
replacement of 1%,,2%,4%, and 6%. The compressive and tensile strengths were increased and it was concluded that 
PET bottle fibers can be used to substitute fine aggregates up to an extent of 2%. Liliana Ávila Córdoba [8]casted 
concrete specimens containing PET particles.  

The PET bottles were recycled to obtain PET flakes and were used in the ratio of 1, 2.5, and, 5% by volume and in 
three different sizes 0.5, 1.5, and 3mm. It was observed that with the increase in the size of PET particles, Young’s 
modulus decreases whereas the smaller size of PET particles and lower concentration improve compressive strength 
and strain. 

According to the above literature review, the use of plastic waste aggregates in concrete results in a decrease in strength 
properties. As a result, additives may be required to achieve good strength properties when using plastic concrete. The 
current study aims to improve the mechanical properties of plastic-containing concrete by using silica fume as a partial 
substitute for cement and different types of fibers 

2 Methodology 
The current study's goal is to enhance the mechanical strengths of concrete that contains waste plastic using silica 
fume, steel, and polypropylene fibers. For this purpose, four types of mixes are prepared with mix IDS M1, M2, M3, 
and M4. The M1 mix represents natural coarse aggregate (NCA) concrete which acts as a control mix for comparison 
of results. The M2 mix represents plastic concrete in which natural coarse aggregates are partially replaced by plastic 
coarse aggregates (PCA).  

The M3 represents a plastic concrete mix in which cement and NCA are partially replaced by silica fume (SF) and 
PCA respectively along with the inclusion of stainless-steel fibers (SSF). M4 mix contains polypropylene fiber (PPF) 
by volume, SF, and PCA as a partial replacement of cement and NCA respectively.  A total of 24 cylindrical specimens 
(150 mm x 300 mm) six for each mix type are prepared for split tensile and compressive strength determination. 
Similarly, for modulus of rupture, 12 beam specimens (100mmx100mmx400mm) are prepared, three for each mix. 
All the samples are tested in a compression testing machine having a capacity of 3000KN. 

3 Experimental program 

3.1 Constituents 

As adhesives in this study, silica fume and Portland cement (OPC) are used. The coarse aggregates are taken from 
Margallah quarries. The river bed sand from Lawrancepur having a maximum size of 4.75mm is used as fine aggregates. 
The plastic aggregates are mainly prepared from a scrap of TV, LCD, computer monitors, computer keyboards, etc. 
For the present study, plastic waste was obtained from the local market in processed form with a maximum size of 20 
mm. The maximum size of natural coarse aggregate is kept as 20mm.  

Gradation curves for both fine and coarse aggregates are shown in Figure 1 . Potable water is used to mix all ingredients. 
The steel and polypropylene fibers are used to enhance strength properties. The properties of natural coarse aggregates 
(NCA), Plastic coarse aggregates (PCA), and fine aggregates are enlisted in Table 1. Figure 2 shows plastic aggregates, 
silica fume, and fiber types. 
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. 

Table 1: Aggregate properties 

Properties NCA PCA SAND 

Max aggregate size(mm) 20 19 4.75 

Min aggregate size(mm) 4.75 4.75 - 

Specific gravity 2.68 1.06 2.64 

          

3.2 Mix design 

 The concrete mix is designed in a 1:1.68:3.20 ratio. The four mix types are prepared. Table 2 depicts the details of 
ingredients for mixes. The optimum values of PCA, silica fume, and steel and polypropylene fibers are taken from the 
previous studies. Therefore,  the coarse aggregates were replaced with plastic aggregates at 20% [4, 9, 10], silica fume 
(SF)  was replaced at 20% with OPC [3]; while steel and polypropylene fibers are used in the ranges of 0.75% and 
0.5% respectively [11-13][12, 14, 15] by volume of concrete to enhance strength properties.  
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Figure 1: a) Gradation curve for sand b) Gradation curve for NCA and PCA 

Figure 2: a) Plastic aggregate and silica fume b) Steel and polypropylene fibers 
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Table 2: Details of mix types and their proportions 

Mix 
ID 

Fiber 
type 

PCA (%) Fiber 
(%) 

Silica 
Fume (%) 

OPC 
kg/m3 

Sand 
kg/m3 

NCA 
kg/m3 

PCA 
kg/m3 

Silica 
Fume 
kg/m3 

Fiber 
kg/m3 

Water 
kg/m3 

Plasticizer 
kg/m3 

M1 - - - - 392 661 1256 0 0 0 176 4.6 

M2 - 20% - - 392 661 1004.8 62.88 0 0 176 4.1 

M3 SSF 20% 0.75% 20% 313.6 661 1004.8 62.88 55.25 58.95 176 4.9 

M4 PPF 20% 0.5% 20% 313.6 661 1004.8 62.88 55.25 4.55 176 4.9 

3.3 Mix preparation and casting 

A concrete mixer of capacity 0.15m3 is used to prepare all mixes. In the first step, all dry concrete ingredients (sand, 
cement, NCA, PCA, and SF) are placed in a mixer and half of the required water is added to mix it for 3 to 4 minutes 
to produce a homogeneous mixture. After that, fibers are added to the addition of remaining water and allowed to mix 
for another five minutes. Super plasticizerzer is added to achieve slump within 100-120 mm range mm. After concrete 
preparation, following proper compaction, cylinders (150 mm x 300 mm) and beams (100mmx100mmx400mm) were 
casted for compressive, tensile, and flexural strengths. 

3.4 Curing and testing 

After 24 hours of casting, all samples are de-molded and placed in a water tank to cure for 28 days at room temperature. 
When the testing age is reached, the samples are air-dried and prepared for testing. The compressive and tensile 
strengths of cylindrical concrete specimens are determined using a compression testing machine for each mix type 
conforming to ASTMC39 [16] and ASTMC496 [17] respectively. For flexural strength/modulus of rupture, beams are 
tested by central point loading confirming to ASTM C293 [18].See Figure 3 failure modes in compression, flexural 
and tension for all mixes. 

 

M1 

a) 
b) 

Figure 3:a)Failure modes in compression b)Failure modes in flexural c)Failure modes in tension 

c) 

M2 M3 M4

M1 M2 

M3 M3
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4  Results and Discussions 

4.1 Compressive strength 

 Three cylindrical samples for each mix type were tested for average compressive strength determination. Figure 4 
shows the variation of compressive strength for each mix type (M1, M2, M3, and M4). For controlled mix M1, 
compressive strength of 2715 psi is obtained. With the partial substitution of coarse aggregates with plastic waste 
aggregates in mix type M2, the compressive strength was reduced by 16.293%. Plastic aggregate’s smooth texture 
causes poor adhesion with cement paste, resulting in a decrease in strength. For mix type M3 in which cement is 
partially replaced by silica fume and steel fibers are added by volume along with the incorporation of plastic aggregates, 
the compressive strength was decreased by 4.56% as compared to the control mix. Similarly for mix M4 in which 
polypropylene fibers are induced instead of steel fibers, the compressive strength was decreased by 4.9% to the control 
mix. The packing and pozzolanic action of silica fume, as well as the bridging and interlocking effect of steel and 
polypropylene fibers, are the primary causes of the increase in compressive strength. 

Figure 4: The Comparison of compressive strength results 

4.2 Splitting tensile strength 

Twelve cylindrical specimens, three for each mix type, were tested in a compression testing machine to determine the 
average splitting tensile strength. For the control mix, the tensile strength comes out to be 275psi. Tensile strength for 
Mix type M2 is 50% less as compared to control mix M1. This decrease in tensile strength is brought on by the flimsy 
adhesiveness or bond among cementitious material and plastic aggregates. With the inclusion of silica fume and steel 
fibers, the strength of plastic concrete improves by 90.54% (i.e. M3 mix). However, it was increased by 86.18% with 
the incorporation of, silica fume, and polypropylene fibers (i.e. M4 mix). Figure 5 shows the tensile strengths of all 
mixes. The ability of fibers to reduce small cracks in the concrete matrix accounts for the majority of the increase in 
tensile strength. When the splitting occurred and continued, the load was gradually supported by the fibers by acting as 
a conduit for stress transfer from the matrix to the fibers. The stress transfer caused the tensile capacity to rise. 
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4.3 Modulus of rupture 

The casted prisms were subjected to central point loading for each mix type. The flexural strength was decreased with 
the addition of plastic waste (M2 mix) due to PCA's smooth surface texture and the cement paste's poor interfacial 
binding, or adhesiveness; however, it improved with the incorporation of silica fume, steel, and polypropylene fibers 
(i.e. M3 and M4 mixes). For control mix M1, the flexural strength is 436psi. For mix M2 it decreased by 33.25%. Mix 
M3 and M4 improved the flexural strength of plastic concrete by 95.86% and 97.93% respectively. Figure 6 shows 
flexural strength results. The improved fiber-matrix bond may be responsible for the increase in flexural strength. The 
main reason for the increase could be the fibers that cross the crack in the tension half of the reinforced beam. 

Figure 6: The comparison of flexural strength test results 

5 Conclusions 
The current study leads to the following conclusions: 
1 When plastic waste is mixed into concrete, the compressive, tensile, and flexural strength decrease by 16.29 %, 

50 %, and 33.25 %, respectively because the of hydrophobic nature of plastic aggregates and poor bonding 
between cement matrix and PCA. 

2 By adding silica fume the compactness of the matrix increased due to the pozzolanic and filling effects of SF as 
a result the mechanical properties of plastic concrete increased significantly. 

3 The SSF and PPF fibers significantly enhanced the tensile and flexural strength due to crack arrest ability and 
the crack bridging mechanism.  
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Abstract- The mechanical characteristics of fiber reinforced self compacting concrete in 
the hardened condition are investigated in this study. The goal of this experiment is to see 
what impact polypropylene fibers (PPF) have at different doses, such as 0%, 0.50%, 1%, 
and 1.50% and to estimate the maximum amount of polypropylene fibers (PPF) that can 
be added safely. Furthermore, Silica fume was used to displace up to 10% of the cement, 
which was consistent across all blends. The replacement of fine aggregate was carried out 
with 10% fly ash for blends (M1, M2, M3 and M4). Then percentage increased up to 20% 
for mixtures (M5, M6, M7 and M8). The purpose of the experimental study programme 
was to look at split tensile strength after 14 and 28 days of curing. The mix containing 
varied amounts of polypropylene fibers was then compared to conventional concrete. 
Tensile strength was improved by adding polypropylene fibers to the mix. At 1% 
polypropylene fiber insertion, the tensile strength reaches its maximum. 

Keywords- Polypropylene fibers (PPF), split tensile strength, self-compacting concrete (SSC) 

1 Introduction 
Self-consolidating concrete is another name for self-compacting concrete. By its own weight, this form of concrete can be 
placed or modified in any location. It may be conveniently installed in busy reinforcing areas. There is no need to use 
mechanical vibrators to compact the SCC during installation.  

In this experiment, seven PPF-containing mixtures and one control blend were used to test SCC tensile strength. All 
mixtures had a predetermined substitution of cement with silica fume and fine aggregate with fly ash. Fibers were gradually 
added to all combinations at a rate of 0.5 percent. The percentages of replacement were 0 percent, 0.5 percent, 1 percent, 
and 1.5 percent. All mixtures used a fixed 0.33 water-cement ratio, and using super plasticizer increased the workability 
of SCC while maintaining the water content. The goal of this research effort was to determine the mechanical 
characteristics of concrete, including compression, split tensile and flexural strength. All of the polypropylene fiber 
mixtures were compared to the control mix. It was discovered that adding fibers to SCC increased tensile strength of 
concrete [1]. Four different amounts of polypropylene fibers were used in the concrete mixes to determine the tensile 
strength. The amounts of fibers were 0.10, 0.20, 0.30, and 0.40 percent by the weight of cement. Four different blends 
were created for this purpose. At 28 days, the tensile strength was assessed. Polypropylene fibers were found to enhance 
the tensile strength of self-compacting concrete. [2].The properties of SCC in fresh and hardened states were assessed 
using an experimental method. Polypropylene fibers were added in various amounts of 0 percent, 0.50, 0.75 and 1 percent, 
together with steel fibers, for this purpose. The greatest tensile strength was reached with the addition of 1% PPF [3]. 
Polypropylene fibers in the numbers of 1, 2, and 3 kg/m3 were used in this study. High-performance PPF was used in this 
study. At temperatures of 250 0C, 1000 0C, 2000 0C, and 3000 0C, mechanical properties such as tensile, compressive, and 
flexural strengths were investigated. When 1 kg of fibers were added to concrete, the compression strength enhanced by 
14.0 percent, the split tensile strength improved by 17.0 percent, and the flexural strength increased by 8.50 percent [4]. 
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The damage evolution rule, compressive strength, and damage performance of PPF concrete were all tested experimentally. 
The ordinary concrete was used as a comparison for the results. The results showed that adding PPF to concrete increased 
its split tensile strength [5]. The 28-day mechanical properties of PP fibers increases at low values, but decreases by 3% - 
5% at higher concentrations [6]. The split tensile strength of fibers reinforced concrete was related to the fibers length 
used. With longer fibers, the split tensile increases [7].Flexural, split tensile, and modulus of rupture were all significantly 
increased when compared to conventional concrete [8].The purpose of this experimental program was to study the effect 
of PPF on SCC modified with fly ash. Moreover, to find the optimum content of PPF for SCC modified with fly ash for 
mechanical property like tensile strength of SCC. 

2        Experimental Procedures 

The first of all the selection of materials used in the mixes was carried out. The selection of aggregate quarries was 
influenced by the petrography of the rock resources. The Margalla, Rohi, Sargodha, and Gari Habib Ullah quarries, for 
example, yield calcium carbonate, dolomite, limestone, and granite minerals. At this point, the project's ingredients 
included cementitious materials, fly ash, Portland cement, and polypropylene fibers. Then typical mix designs were created 
in the. The ACI-211 requirements were followed with a one-to-one mix ratio (1:1.4:1.6).  

PPF was used at the following concentrations: 0%, 0.50%, 1%, and 1.5. The mixes were made with 0.33 w/c ratio to 
investigate the impact of PPF on concrete properties. The researcher used PPF dosages of 0, 0.5, 1, and 1.5 percent. Figure 
1 shows the quantities and identities of cement (C), fine aggregate, coarse aggregate, silica fume (SF), fly ash (FA), 
admixture, and polypropylene fibres (PPF) in self compacting concrete mixtures. First and foremost, all aggregates were 
combined in a drum type concrete mixer for about one minute in a dry state. After that, PPF was applied, and the missing 
was completed for another minute in a dry environment. At the beginning, 2/3 of the water was utilised, and the mixture 
was mixed for another minute. The last 1/3 of the water and the super plasticizer were added at this point. The fresh 
properties like slump flow, flow ability and passing ability were determined. The mix proportions used for experimental 
program are given below. Sample 1:1.4:1.6 mix was used for all the batches. It was because, in Pakistan most commonly 
used concrete mix as shown in Figure 1. 

Mix 
No 

Mixture 
ID 

W/B Water C SF FA Fine 
Agg 

Coarse 
Agg 

PPF 
Fraction 

Admixture 

- -  Kg/m3 Kg/m3 % Kg/m3 % Kg/m3 Kg/m3 Kg/m3 % Kg/m3 Kg/m3 
1 Control 0.32 142 444 - - - - 690 769 5.3 
2 M1 0.32 128 400 10 44 10 69 621 769 0 0.0 4.8 
3 M2 0.32 127 397 10 44 10 69 621 769 0.5 2.2 4.8 
4 M3 0.32 126 395 10 44 10 69 621 769 1 4.4 4.7 
5 M4 0.32 126 393 10 44 10 69 621 769 1.5 6.7 4.7 
6 M5 0.32 128 400 10 44 20 138 552 769 0 0.0 4.8 
7 M6 0.32 127 397 10 44 20 138 552 769 0.5 2.2 4.8 
8 M7 0.32 126 395 10 44 20 138 552 769 1 4.4 4.7 
9 M8 0.32 126 393 10 44 20 138 552 769 1.5 6.7 4.7 

Figure 1: Polypropylene fibers 

1.1 Materials 

The Naturally available sand of Lawrence pur quarry was used as a fine aggregate (FA) & coarse aggregate (CA) of crushed 
Margalla Hills was used. The addition of silica fume & polypropylene fiber (PPF) reduces the workability of concrete, to 
get desirable slump value superplasticizer was used. In this research, an Ultra high range water reducing admixture 
viscocrete 3110 was used. 

1.2 Polypropylene fibre 

The monomer C3H6 is used to make polypropylene fibres. These fibres are chemically resistant. Figure 2 shows the white 
polypropylene fibres with a diameter of 12 mm that were employed in the research for the experimental programme. 
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Figure 2: Polypropylene fibers 

2 Research Methodology  
Splitting tests on cemented concrete may be used to assess tensile strength. Moreover, direct tension test and the flexural 
test can be used to find the tensile strength of concrete. Crack size and depth in constructed settings are directly related to 
the tensile strength of concrete. Because of this, concrete is very brittle and hence extremely weak under strain. 
Furthermore, the concrete is extremely weak under tension due to its brittle character. As a result, direct tension is unlikely 
to be tolerated. Cracks emerge when tensile forces exceed the concrete's tensile strength. The maximum load bearing 
capacity of concrete components was determined by determining its strength. It's also possible to assess the tensile strength 
of concrete by breaking it in half. According to ASTM C496 standards. As a last step, we'll go through the various aspects 
of the split cylinder’s test for concrete samples. The tensile strength of SCC in the hardened condition was tested at 14 and 
28 days after curing to see how PPF affected its performance. 

The tensile strength of SCC was determined by applying stress to cylindrical samples having 150 mm diameter and 300 
mm height. According to ASTM C39, compression testing machine was used to determine the split tensile strength. For 
this purpose, the specimen was placed on a flat surface with the vertical and centered lines drawn on the ends. Laid another 
plywood strip over the specimen and lowered it until it touched the plywood strip. Determined the breaking load. By using 
that load, tensile strength was determined. The calculated tensile strength is shown in Figure 3. The average of three 
samples were used as a final result. 

Figure 3: Polypropylene fibers 

3 Results 
The split tensile strength was determined according to ASTM C496. The tensile strength of SCC with different 

proportions of PPF and proposed contents of silica fume and fly ash are shown in the Figure 4. 

Page 53 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-139 

Figure 4: Polypropylene fibers 

Figure 3 shows the tensile strength of SCC with various PPF percent and proposed silica fume and fly ash contents. The 
improvement in mixes containing 10% fly ash for M1 to M4 and 20% for M5 to M8, 10% silica fume for mixes and 
proposed contents of PPF are shown in the graph. The effect of PPF in increasing split tensile strength was more than that 
of compression test & get the improvement in the results up to 1% PPF. The mix containing 0%, 0.5%, 1% and 1.5% PPF 
increased the strength by 8%, 10%, 17% and 7% respectively at 28 days for M1 to M4 for mixes M5 to M8 the strength 
improved by 10%, 14%, 21% and 8%  respectively at 28 days of curing. Since PPF and cement paste were interlocked 
during testing, this failure pattern differed from that of plain concrete mixtures, the failure pattern was unique as shown in 
Figure 5. 

Figure 5: Polypropylene fibers 

4 Conclusion 

The main purpose of the study was to evaluate the beneficial effect of polypropylene fibers in contents like 0%, 
0.5%, 1% and 1.5% on self compacting. SCC behavior was also studied under the influence of fly ash and silica 
fume. From the research, the following findings can be drawn: 

1 In case of tensile strength, the addition of PPF increased the tensile strength of SCC. The addition of PPF reduced 
the brittleness nature of concrete. As a result tensile strength increased. 
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2 The maximum strength was obtained at 1% addition of PPF. The failure pattern was different than the plain concrete 
mixes, after testing the two parts were not separated from each other due to the interlocking of PPF in the cement 
paste. 

3 As a result of the entire experimental study, it is possible to use polypropylene fibers in the creation of SCC up to a 
maximum of 1%. Further addition of PPF causes the reduction of tensile strength of SCC. 
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1 Introduction 
Construction is a very old human practice. Human beings are involved in construction since ancient times. With time the 
structures become more durable and stronger. For more than 2000 years LWC has been used as a building material [1].  In 
this study, the main focus is on concrete. As cement is the major constituent of concrete, there are many side effects of 
excess cement production such as environmental degradation [2]. Chromium in it that can cause allergy. Crystalline silica 
is not good for lungs and skin, lime and other alkaline compounds are highly corrosive to human tissues [3]. The solution 
is to use as minimum cement as possible. One of the ways is to replace this with another material that needs to have the 
same properties or even better properties than cement. We have to reduce the use of cement in concrete by replacing it 
with another material that is pozzolanic or simply known as pozzolan [4]. Pumice stone being embossed volcanic rock, 
comes into form when lava with a very high content of gases and water is squeezed out of volcanic action. Pumice is a 
lightweight stone that floats on the surface of the water [5]. The main objective of this study is to find a combination of 
cement and pumice that should not affect the properties of concrete.  

Nowadays we need a type of concrete that will be LWC to decrease the weight of the building, which leads to economical 
and safe building construction. The novelty of this research is that pumice stone being lightweight when used as a partial 

Abstract- Lightweight concrete structures are being built by human beings since ancient 
time for shelter and other purposes. These structures are composed of different materials 
like concrete, wood, glass, steel, stones and mud. But in the modern world, the use of 
lightweight concrete is increasing. After water, concrete is the most widely used material 
on our planet. Due to its relatively low cost, it is commonly used building material. The 
major binding material of concrete is cement. This leads to the production of cement in 
very large amount. The excess use and production of cement leads to environmental 
problems and concrete structure disintegration. We can reduce the production of cement 
by adding different types of pozzolanic materials as partial replacement of cement which 
will also decrease the dead load of the building. In this study we will evaluate the results 
of adding different proportions of Pozzolana as partial replacement of cement. The type 
of pozzolanic material used in this study is pumice. Pumice is available naturally in the 
form of stones. The pumice stone is always easily available everywhere and having low 
density then all the other aggregates used in the concrete mortar. The light weight mortar 
cubes are prepared by partially replacing the cement with powdered pumice aggregate 
by 12, 24, and 36%. The mix design and all the respective percentages are prepared by 
mixing it with water. After proper curing the mechanical and the durability properties of 
conventional control mix and the partially replaced mortar cubes are compared by 
conducting compressive strength and porosity tests for specific replacement of the 
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replacement for cement will decrease the weight of the concrete, which decreases the weight of the structure and hence 
will lead to less cement production and economical building construction. In this study, different percentages of pumice 
were used to obtain such a percentage of pumice as a replacement for cement to improve its properties. 

2    Research Methodology 

2.1    Material Collection 

The following is the material collected for the research as shown in Table 1. 

2.2    Percentage of Pumice Stone as Partial Cement Replacement 

Different percentages of pumice stone were used as a replacement for cement to find out the required percentage of a 
pumice stone to achieve high-performance quality. In this study 12, 24, 36% of pumice stone was used as a partial 
replacement for cement, and properties were evaluated. 

S. NO  Material  Description Image 

1 Pumice Stone In this study, the pumice stone was collected from Lahore 
and then brought to Peshawar. Pumice stones were then 
ground at 100 ˚C and 700 ˚C temperatures in PCSIR 
Laboratory located on Nasir Bagh Road, Peshawar. Then it 
was passed through sieve no 200, in this way the desired 
fine form of pumice stone was obtained. 

2 Sand In this study, different samples of sand were collected from 
different locations, in search of sand having a modulus of 
about 2.5. The fineness modulus of all the collected samples 
was evaluated and the sand with a fineness modulus of 2.5 
was selected for the study. The selected sample was 
obtained from Uzair Material Stock Forest Bazar Peshawar. 

3 Cement The type of cement used in this study was ordinary Portland 
cement conforming to ASTM C204-18e1., from a company 
called Kohat Cement. An admixture of Sika-viscocrete was 
also added to reduce shrinkage and creep in the concrete. 

4 Water Looking into different parameters such as alkalinity, 
turbidity, oxygen saturation, temperature, conductivity, and 
freshwater conforms IS 456-2000 were used for the 
preparation of concrete. 

Table 1: Material collection
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2.3    Quantity of Specimens  

The number of specimens prepared and tested in this study is given in Table 2. 

2.4    Mixing Procedure 

The mixing procedure of cement mortar was followed by ASTM C-305 to get a uniform mix, having plastic consistency 
and adequate workability to be placed easily in the mould. 

2.4    Specimen Preparation 

In this study, the standard cubes of size (25.4 x 25.4 x 25.4) mm were prepared in the cube moulds. For compression, the 
9 specimens will be cast for each age and each percentage. The casting of partially replace pumice mortar is similar to 
that of conventional control mix design, before grinding the pumice it should be uniformly pre-wet to get its total 
saturation, then allow to sit until the whole of the water drains out from it [8]. After the casting of concrete, the specimens 
were kept for 24 hours and then de-mould. After the demolding, all these will have immersed in the curing tank for curing, 
and then they should be extracted at their specific testing time. 

2.5    Laboratory Tests  
The following are the tests performed in this research as shown in Table 3. 

Percentages Ages 

No. of cubes for 
Compression test 

No. of cubes 
for Porosity 
test

Sum 

P-12 
7 9 6 15 

28 9 6 15 

P-24 
7 9 6 15 

28 9 6 15 

P-36 
7 9 6 15 

28 9 6 15 

S. 
No 

Test Standard Description Image of Assembly 

1 Compressive 
strength 

ASTM C109 It gives the determination 
behavior of the material under 
a load and the maximum 
stress that a material can 
sustain over a period under 
applied load. 

2 Porosity ASTM C1754 Porosity is the percentage of 
void spaces in mortar or 
concrete. It is the measure of 
the volume of voids in 
concrete. 

  Table 2: Calculation for Number of Samples

Table 3: Laboratory Tests
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3      Results and Discussion 

3.1    Compressive Strength 

The following are the results of compressive strength as shown in Table 4. 

S. No Compositions 

Compressive strength (Ksi) 

P-700 P-100 

7-days 28-days 7-days 28-days 

       1 Control 2.342 3.290 2.342 3.290 

2 P-12 2.623 3.417 2.299 3.053 

3 P-24 2.105 3.797 2.502 3.373 

4 P-36 2.194 4.321 2.001 3.549 

3.1.1    Compressive Strength Comparison 

It is clearly shown in Figure 1 below that P-36-700 at 28 days curing gives us maximum strength i.e 4.321 ksi. And P-

36-100 at 7 days curing gives us minimum strength i.e 2.105 ksi.  

3.2    Porosity  

To find porosity, we need the oven-dried weight (Wd), surface saturated weight (WssD), and submerge in water 
weight (Ww). The soaked and dry weights were founded for all the specimens of all ages and the average was taken 
for each set. Table 5 below shows the porosity of samples. 

S. 
N. 

Compositions 
P-700 P-100 

7 days 28 days 7 days 28 days 

Ww WssD Wd Ww WssD Wd Ww WssD Wd Ww WssD Wd

1 Control 167 294.2 277 164 292 274 167 294.2 277 164 292 274

2 P-12 162 293.3 267 160 290 263 161 296.3 276 159 289.5 268

3 P-24 163 297.5 270 162 294 268 159 296.7 275 162 300 282

4 P-36 164 299.7 289 165 296.7 280 160 292.5 270 162 300 282

  Table 5: Compressive strength 

 Figure 1: Compressive strength comparison chart 

Table 6: Porosity of samples 
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3.2.1    Porosity Comparison 

The following column chart as shown in Figure 2 below is showing the comparison of porosity for different pumice 
compositions for 7- and 28-days curing. It is clear from the chart that P-24-700 7 days curing has maximum porosity 
of 20.497% while P-36-700 7 days have a minimum porosity of 7.721%.  

From the results, it is clear that compressive strength increases with the increasing percent of pumice and curing 
period as shown in Figure 3. Generally, porosity is going to decrease when pumice stone percentage is going to 
increases as shown in Figure 3. 

3.3    Discussion 

From our research being lightweight, when pumice is used as a partial replacement for cement it will form LWC 
having the following benefits: 

1. It will decrease the production of cement and hence environmental degradation will decrease.

2. It will decrease the health risks associated with cement.

3. It will decrease the dead load of the building.

4. It will reduce transportation costs.

Figure 2: Porosity comparison chart

Figure 3: Compression & Porosity 
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Conclusion 

From the conducted study the following conclusions can be drawn: 

1. P-36-700 at 28 days curing give us maximum strength i.e 4.321 ksi. And 36-100 at 7 days curing gives us
minimum strength i.e 2.105 ksi.

2. P-24-700 7 days curing has maximum porosity of 20.497% while P-36-700 7 days have a minimum porosity
of 7.721%.

3. The best combination is P-36-700 (28 days) which gives compressive strength of 4.3 ksi and 12.7% porosity.

References 

[1]       (ACI 211.2-98) - Standard Practice for Selecting Proportions for Structural Lightweight Concrete. 
[2]     .K.Syamala Devi, V.Vijaya Lakshmi, and A.Alakanandana. (2017, November). IMPACTS OF CEMENT INDUSTRY 

ON.ENVIRONMENT – AN OVERVIEW. Asia Pacific Journal of Research, 1, 7. 
[3]    Hinson AV, Lawin H, Mikponhoué R, Adjobimey M, Ayélo P, & Péreira R. (2020, July 28). Environmental & Health Impacts 

of Cement Production Activity in Benin. Austin Environmental Sciences, 4. 
[4]            Dr. Ghassan K. Al-Chaar, & Dr. Mouin Alkadi. (2013, July). Natural Pozzolan as a Partial Substitute for Cement in Concrete. 

The Open Construction and Building Technology Journal, 11. doi:10.2174/1874836801307010033 
[5]     Pietro Lura Technical University of Mineral Information Institute, Pumice Aggregates For Internal Water Curing, 
…………Http://Www.Mii.Org (Accessed On 6th May 2009) 

………  

Page 61 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-142 

MECHANICAL PROPERTIES OF BAMBOO CORE 

SANDWICH PANELS 
a Vireen Limbachiya*, b Jayawardena Perera, c Rabee Shamass 

 a: Civil and Building Services Engineering, London South Bank University  limbachv@lsbu.ac.uk 
b: Civil and Building Services Engineering, London South Bank University  pereraj@lsbu.ac.uk 

c: Civil and Building Services Engineering, London South Bank University  shamassr@lsbu.ac.uk 
* Corresponding author: Email ID: limbachv@lsbu.ac.uk

Abstract- Bamboo is a material that has been used in construction for generations. One 
of the biggest disadvantages to this material is the natural variability, however, there is 
the potential for it to be used as core material in sandwich panels. Therefore, to maximise 
bamboo's potential for usage as a structural material and limit the impact of natural 
variability, bamboo core sandwich panels were developed. The experimental procedure 
was broken down into 3 stages. The first stage reviewed the impact of different core 
configurations on the modulus of rupture and compressive strength of sandwich panels 
produced with plywood as the outer skin and bamboo rings as the core. The second stage 
took the best configuration from stage 1 and produced a 2m beam to review the 
mechanical properties and was thereafter compared to a control beam with no bamboo 
rings. The final stage of the experimental procedure reviewed the compressive strength 
of the bamboo rings both parallel and perpendicular to the grain to validate the results 
obtained in stage 1 and 2. Results showed that the core configuration has a big impact on 
the modulus of ruptures and that there was a clear relationship between density and 
modulus of rupture. Stiffness of the beams and cubes tested increased as the cross-
sectional area of rings increased and allowed for a greater contact area. Finally, the testing 
of the bamboo rings aligned with results that were expected when testing parallel and 
perpendicular to the samples, with split bamboo rings producing good strengths in 
comparison to good rings. 

Keywords- Bamboo, Sandwich Panels, Mechanical properties. 

1 Introduction 
There are around 1000 different subspecies of bamboo in the world, and many of them are common in temperate, tropical, 
and subtropical climate zones. Bamboo has been a dependable building material for both temporary and permanent 
structures for generations, among its many other uses. One of the reasons that bamboo has been used for construction is 
because of its strength to weight ratio, mechanical properties, rate of growth and seismic performance [1].  Although, there 
have been comparisons to materials such as steel, studies have showed that the strength properties are similar to that of 
lumber, with certain species approaching strengths of high grade (D40) [2]. The allowable stresses for most species are 
found to be between 10 and 20 N/mm2 [3].  
Sandwich panels have been extensively employed in construction because of its inherent thermal, acoustic, and fire 
insulation capacities and where weight is a major consideration [4][5]. Currently, many of the available sandwich panels 
employ less dense materials as their core material, but this method is not the most effective when flexural pressures are 
involved. The core's function in flexural resistance is essential because it must transfer shear forces between the encasing 
skins. Therefore, the core must provide a stability in resisting shear deformations. A study evaluated how the bamboos 
core diameter and the type of adhesive used to connect the skin to the core affected the panels' equivalent density, flexural 
strength, and shear strength with a brand-new sandwich panel made of prepreg flax skins [6]. It was concluded that both 
the density and diameter of the bamboo rings had an impact on the characteristics of sandwich panels [6]. Both diameter 
and density were found to have an impact on the mechanical properties. As the diameter of the bamboo cores increased, 
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there was greater flexural strengths and as the diameter decreased there was an improvement in the core transverse shear 
modulus [6].  A separate study conducted a numerical analysis on the flexural behaviour of how the height of bamboo 
rings and the thickness of plywood skins affected the bending stiffness in comparison to cross-laminated timber (CLT) 
sections [7]. It was concluded that that the bending stiffnesses of the sandwich panels constructed from bamboo rings were 
similar to that of the CLT.  Therefore, showed that there is potential for more slender areas and much lighter components 
[7]. A similar review with bamboo cores with multiplex plywood skins was conducted to understand the impact of both 
core and skin thickness on the mechanical properties of sandwich panels [8]. With the use of a two-way ANOVA statistical 
analysis, it was concluded that individually altering the thickness of both elements impacted the results. However, 
increasing the thickness of both elements together, tended to not impact the bending strength of the panels [8]. It has also 
been reported that bamboo rings in a honeycomb configuration can improve flexural strength and impact resistance [9]. 
As well as configuration of bamboo rings, the adhesive plays a crucial role, as bamboo in comparison to wood has a higher 
density and starch, wax and silica content which impacts its bonding ability [10]. Overall, studies have shown the potential 
for bamboo to be used as a core in sandwich panels for structural application. The sustainable benefits could prove popular 
with the strategies that have been placed by many governments across the world. Therefore, the aim of the paper is to 
determine the structural capability of using bamboo cores in timber sandwich panels. With the purpose of determining if 
the mechanical properties bamboo sandwich panels have the potential to be used for structural application. 

2 Experimental Procedures 
To review the impact of bamboo sandwich panels, the experimental procedure was broken down into 3 stages. 

2.1 Stage 1 
In this stage, there were four beams (500mm x 165mm x 120mm) and two cubes (100*100*100) with different core 
configurations produced and one beam was produced with no cores as a control sample. Beams were tested for their flexural 
strength and the cubes were tested in compression. Table 1 provides the details of the specimen number, core configuration 
and number of cores used for the beam samples. For the cube samples, there were 3 and 4 cores in the two different samples 
produced. The cores used were 100mm in length and the plywood used for the outer casing had a thickness of 9mm. Figure 
1 provides an image of a cube sample that was prepared. The beams were tested under 4-point bending, with loading at a 
rate of 3kN/sec and two-point loads were applied at 300mm. 

   Table 1. Details of beam samples 

Specimen 
Number Core Configuration 

Number of 
Cores 

Plan View Elevation 

S1-01 
Control specimen with no 
bamboo   N/A None 

S1-02 

Longitudinal core 
configuration, 
with equivalent 
length of bamboo 
as S1-04 

S1-03 10 

S1-04 15 

S1-05 10 
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    Figure 1. Compression samples

2.2 Stage 2 
The second stage of the experimental procedure involved producing 2m sandwich panels and investigating the structural 
behaviour. A 2m control beam (S2-01-P) was compared to the 2m sandwich panel using the configuration of S1-03 (S2-
01-BP) in phase 1, as this has the greatest strength to weight ratio of any samples tested. The beams were tested under 4-
point bending, had dimensions of 2000 x 120 x 165 mm and an effective span of 1800mm. Figure 2 provides the setup of 
the 4-point bending tests and the location of the linear variable displacement transducer (LVDT) which was used to 
measure the deflection at mid span. The loading rate for the test was 0.15 mm/s 

Figure 2: Test setup for four-point loading on 2m beam 

2.3 Stage 3 
The final stage of the experimental procedure reviewed the compressive strength of the bamboo ring both parallel and 
perpendicular to the grain. Furthermore, in addition to testing the good quality bamboo rings, bamboo with defects and 
those rings that had failed in the sandwich panels were also investigated for their compressive strength in both directions. 
Table 2 provides details of the samples that were tested. 

Table 2: Compression test specimen details 

Specimen code Description 

PD-1 
Parallel to grain of damaged beams PD-2 

PPD1 
Perpendicular to grain of damaged beams PPD2 

PS-1 Parallel to grain of split bamboo 

PPS-2 Perpendicular to grain of split bamboo 

PP-1 
Perpendicular to grain off good bamboo PP-2 

P-1 
Parallel to grains of good bamboo P-2 
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3 Results 

3.1 Mechanical properties of the bamboo sandwich panel 

Figure 3 provides the Modulus of Rupture (MOR) vs density of the 5 beams produced in stage 1. Results show that there 
is a direct link between density and MOR, as density increases so does the MOR. The beam that produced the greatest 
MOR was S1-02 which had rings arranged longitudinally along the longitudinal axis of the beam. It assumed that this 
produced the greatest strength as the arrangement allowed for the loads to be distributed parallel to the grain, which has 
been stated to be its strongest direction [11]. S1-04 failed due bamboo rings being compressed. It is assumed that the higher 
shear stresses located around the support caused the rings to fail in compression in those areas.  From the results it can be 
noted that S1-04 which has a similar density to that of S1-05 and S1-03 produced a higher MOR value. The reason for this 
is due to the increase in bamboo rings that were used in S1-04. S1-04 had 33% more rings in comparison to S1-05 and S1-
03, which is assumed to have provided greater rigidity due to an increase in the contact area. Similar studies concluded 
that an increase in the number of rings will increase the MOR due to the rings having a greater contact area with the outer 
skins and therefore, increasing the rigidity and providing greater resistance [8]. Figure 4 provides an image of the failure 
mode of one of the beams and it was noted that all beams had similar modes of failure. It was noted that initially the top 
skin of beam failed and thereafter there was delamination from the core. Similar trends had been noted in other studies 
where it was observed that failure of top skin occurred in the initial phase of loading, followed by the complete separation 
of the specimen in the mid-span at failure [12].  
Table 3 provides the results of the cube samples that were tested for its compressive strength. Testing showed that S1-C1 
failed due to vertical cracks running along the longitudinal axis while S1-C2 failed due the punching of plywood skins. 
Although S1-C2 had more bamboo rings, the results show that there is a direct link between the cross-sectional area of the 
rings and the compressive strength. As the cross-section area increased, so did the compressive strength. S1-C1 is assumed 
to have produced greater strengths as its cross-sectional area was 43% greater than that of S1-C2. 

  Figure 3: MOR vs Density       Figure 4: Failure mode of beam 

Table 3: Test results and calculations of compressive specimens 

Specimen 
Number of 

bamboo 

cores 

Mass (Kg) 
Total cross-

sectional area 

of bamboo culms 

(mm2) 

Load at 

failure (kN) 

S1-C1 3 0.35 2490 124 
S1-C2 4 0.27 1740 92 

Cracking of vertical board 

Delamination  

Page 65 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-142 

3.2 Structural behaviour of the bamboo sandwich panel 
Figure 5 provides the load vs deflection of the 2m sandwich panels that were produced in stage 2. Figures 6 and 7 show 
the failure of S2-01-P and S2-01-BP, respectively. The trends for both control sample (S2-01-P) and sample with bamboo 
rings (S2-01-BP) are initially similar. However, S2-01-BP produces a slightly greater maximum load and withstands load 
for a greater period after the initial linear trend. At about 27mm of mid-span deflection, which corresponds to the vertical 
board of the beams cracking, the initial failure of both beams was visible. Following the initial failure, S2-01-P failed, 
however S2-01-BP had better capacity resistance by 0.2kN. The nonlinear behaviour that can be noted in S2-01-BP is 
assumed to be due to the incorporation of the bamboo rings, which is increasing the flexural stiffness of the panel. This in 
turn could be related to the hogging that was observed near the supports. When reviewing the Modulus of Elasticity (MOE), 
S2-01-BP had an MOE of 3.97 GPa. These results seem reasonable as they are similar to trends which were noted in other 
studies where the MOE ranged from 2.2 GPa to 4.2 GPa depending on the diameter and the type of adhesive used [4]. 
Although the range is similar, it must be noted that different materials were used for the outer skins of the sandwich panels, 
which would then have an impact on the mechanical properties of the panels. Overall, it may be seen that S2-01-BP gains 
more strength from the bamboo core as the weight is increased. Even though the beam's midspan has a consistent bending 
force during the four-point bending test, S2-01-BP fails under the right-side load point. This might be because the bamboo 
core's properties vary widely, distributing the load unevenly. 

 Figure 5: Load-deflection relationship of the beams 

Figure 6: Failure of S2-01-P                 Figure 7: Failure of S2-01-BP 

Cracking of vertical board 

Cracking of vertical board 

Delamination of the skins 
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3.3 Compressive strength of bamboo culms  
Table 4 provides the results of all sample tested in stage 3 of the experimental procedure. The stress at failure was only 
able to be determined for those samples tested parallel to the grain as those tested perpendicular to the grain were 
insignificant. 

 Table 4: Compression test results of bamboo cores 

Specimen n Code 

Max. 

Load 

(kN) 

Avg. Dia 
(mm) 

Thickness (mm) Stress at failure (N/mm2)

PD-1 34.4 43.7 4.7 60.2 

PD-2 45.1 45.2 4.4 80.5 

PPD1 5.7 45.6 6.4 - 

PPD2 7.6 39.7 3.9 - 

PS-1 65.7 43.8 6.4 87.4 

PPS-2 0.0 45.0 5.8 - 

PP-1 0.0 47.0 4.7 - 

PP-2 0.0 42.3 7.2 - 

P-1 71.9 40.3 7.6 91.9 

P-2 44.7 43.0 4.0 90.6 

The cross-sectional area has a significant impact on bamboo's compressive strength. The test findings show that the impact 
of a split bamboo ring on the final compressive strength is negligible. Every sample of bamboo examined perpendicular 
to grain failed with no discernible failure. The two specimens that were removed from the damaged beams were the only 
exceptions. It can be inferred that the only reason these samples could support some loads was because they included 
nodes, which served as a strong point to withstand the tensile strains created within the sample. Bamboo ring failure in the 
direction of the grains can be characterised by longitudinal splitting and bulging, with compressive stresses achieving the 
expected values.  These findings support the longitudinal configuration's failure mechanism that was put to the test in stage 
1. Even though the longitudinal direction of the bending stresses was aligned, the beam broke because of the compressive
force perpendicular to the grain, which caused the ring to fracture. 
When reviewing all results, the flexural strength values were high enough to consider using bamboo sandwich panels for 
a floor application. The use of bamboo core sandwich panels increases the depth of the structure compared to wood floors, 
but the increased joist spacing can reduce the overall weight of the floor. Apart from that, services may also accompany 
within structural zones, mitigating the effects of increasing structural depth. Overall, bamboo core sandwich panels have 
excellent mechanical properties and have been shown to somewhat minimize practical problems caused by bamboo's 
natural variability, making it a good candidate for secondary structural applications. 

4 Conclusion 
The following conclusions can be drawn from the conducted study: 

1. S1-04 provided the greatest strength to weight ratio due to the increase in contact area which increased the rigidity
and strength. 

2. Although S1-C2 contained a lower number of rings, the cross-sectional area of rings used allowed for a greater
contact area which in turn increased the compressive strength. 

3. the incorporation of bamboo rings in 2m sandwich panels increased the maximum load and stiffness.

Page 67 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-142 

4. testing of the bamboo rings aligned with results that were expected when testing parallel and perpendicular to the
samples.

The aim of the paper was to determine the structural capability of using bamboo cores in timber sandwich panels. From 
the results obtained in the stages of this study, it can be concluded that bamboo core sandwich panels have the potential to 
be used in construction due to the mechanical properties and minimised impact of variability that is expected due to it 
being a natural product.  
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Abstract- Bitumen is a strong hydrocarbon that is often used as a binding material in 
flexible pavement and is produced as a by-product of petroleum refineries. Bitumen is 
non-toxic at room temperature, although when heated between 165–200 C to cover all the 
aggregates, it generates a poisonous smoke which is extremely damaging to someone's 
health also environmental destruction, depletion of petroleum resources, and rising prices 
were among the consequences. Other binder sources for pavement structure will be 
investigated by researchers. This experiment will examine the impact of using wasted 
crumb rubber and engine oil to reduce emissions. The amount of bitumen used was a 
combination of crumbs rubber and wasted engine oil. Both Modifiers are manufactured 
from waste products, are easily accessible, and are low-cost. This technique of recycling 
these waste items reduces clutter and helps to keep the environment clean. AASHTO and 
ASTM standards were used to examine the rheological and physical properties of 
modified binders in the laboratory. To determine if the unique mixture might be utilized 
on an industrial level, the results will be compared to a sample group of neat bitumen. To 
determine the relationship between factors such as shear modulus and phase angle at 
different frequencies, master curves were produced. According to the study findings, 
bitumen could be replaced up to 12.5 percent as a sample of W5CR7.5, resulting in 
comparable or better performance based on rutting resistance, stability, and flow. This 
work directly makes a unique contribution to highway and transportation developments 
in the establishment of alternate materials for pavement structure by providing improved 
binder composition from waste resources. 

Keywords- Bitumen, Waste materials, Modified binder, Pavement material. 

1 Introduction 
At the end of its life, the asphaltic pavement has a significant amount of value [1]. Overlays of fresh concrete mixture 
layers can be used to repair degraded parts in which situation the underneath old asphalt can still provide significant 
structural strength. In places at which modifications in ending pavement level can impair storms water draining and bridge 
clearance, all or a section of the affected pavement is shaved away from the sections such that the overlay's elevation 
conforms to the pavement surface [2]. Pavement grinding is now so common that massive amounts of Recycled Asphalt 
Pavements (RAP) are produced each year.  

RAP would either be landfilled or preserved for use in future construction projects. To conserve natural resources and to 
save finances, the use of RAP in asphalt binders is becoming more popular as a rehabilitation alternative. RAP substance 
also has been commonly used as a granular base course content in Portland and asphalt cement concrete construction, 
while also integrated back into asphalt mixtures for innovative pavement construction [3].  
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With the advancement of the Superpave efficiency grading scale, a necessity for the formation of Superpave 
recommendations for using RAP in asphalt pavement has recently arisen [4]. Superpave is a key product of the Strategic 
Highway Research Program (SHRP), which is a framework of specified requirements, testing procedures, and engineering 
practices that allow for the adequate selection of material as well as mixture layout of hot mix asphalt to fulfill the 
atmospheric and traffic patterns of road surface pavement projects. Highway engineers and builders can utilize this 
methodology to produce pavement that lasts longer, needs less maintenance, and has a shorter life expense than pavement 
planned to use earlier engineering techniques [5]. Realizing the importance of flexibility of asphalt pavement recycling as 
well as its potential application in Pakistan, there is an urgent need to design and establish Superpave guidance to use RAP 
in asphalt pavement recycling and rehabilitative operations under severe climate and loading conditions. These standards 
must be founded on rigorous testing of materials to assess the predicted performance of various ingredients and their 
quantities in asphalt binder [6].   

This study examines the performance qualities of several mixes for existing grades 60-70 virgin and recovered asphalt 
binders from two tasks on N-5 (i.e., Mandra & Nowshera). To characterize the binder mixes according to the Superpave 
function graded system, extensive laboratory testing is performed (PG grades). This study only considers the low and high-
temperature characteristics of Rolling Thin Film Oven (RTFO) residues as evaluated by Dynamic Shear Rheometer (DSR) 
and Bending Beam Rheometer (BBR). Furthermore, the mixing charts and master curves are produced as guidelines for 
PG grade determination and prospective asphalt pavement recycling and rehabilitation operations in Pakistan.   

2 Experimental Procedures 
Bitumen Pen 60/70 was chosen to determine the physical properties of both the modified asphalt binder and make a 
comparison to the properties of the pure bitumen binder. Different types of physical tests such as the ductility test (ASTM 
D113), softening point test (ASTM D36-06), penetration test (IS:1203-1978), and viscosity test was carried out (IS 1206-
PART-2). The procedure of Preparation of some experimental samples is shown in Figure 1. The purpose of this study 
was to compare the effects of crumb rubber and waste motor oil on the rheological performance of asphalt binders. The 
AASHTO T315 Dynamic Shear Dynamometer test was carried out.  

Figure 1: Preparation of Sample 

The phase angle, viscous and elastic components termed loss modulus and storage modulus were all determined using a 
dynamic shear rheometer. The rheometer test is carried out to study the effect of bitumen aging at different temperatures 
on its performance at different frequencies in terms of Phase Angle versus Complex Modulus. 
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As shown in Table 1, test samples of various bitumen ratios were prepared with the replacement of waste engine oil and 
crumb rubber. 

Table 1 Mix Design Ratio of samples 

Sample ID Bitumen Type Binder % Waste Engine Oil % Crumb Rubber% 

Virgin (W0CR0) Pen 60/70 100 
0 0 

W5CR5 Pen 60/70 90 
5 5 

W5CR7.5 Pen 60/70 87.5 
5 7.5 

W5CR10 Pen 60/70 85 
5 10 

W7.5CR5 Pen 60/70 87.5 
7.5 5 

W7.5CR7.5 Pen 60/70 85 
7.5 7.5 

W7.5CR10 Pen 60/70 82.5 
7.5 10 

3 Research Methodology  
Before the start of experimental work detail, literature studies were performed. Experimental work involved sample 
preparation with two different materials including waste engine oil and crumb rubber. The raw material including waste 
engine oil and crumb rubber was collected from local workshops, Bitumen material of Pen 60/70 was also procured. After 
that test doses of 0,5%,7.5%, and 10% of waste engine oil and crumb rubber were given in replacement of neat bitumen 
as shown in Table 1.  

3.1 Selection of materials 

The most important aspect of developing a customized alternatives binder is material selection. Materials were chosen 
based on their availability and cost-effectiveness. The following materials were used to make samples. 

i. Bitumen 60/70 (Penetration grade)
ii. Waste Engine oil.

iii. Crumb Rubber.

3.2 Laboratory evaluation 

Laboratory tests were separated into two categories to assess the qualities of modified binder samples and compared them 
to the behavior and properties of neat sample bitumen 60/70. 

i. Physical test

The viscosity test, penetration, and softness point elasticity were used to determine physical attributes. Physical testing 
results supported the research by determining allowable combining ratios of crumb rubber and waste engine oil. Results 
of the physical test are shown in Figures 2,3,4 and 5. 

ii. Rheological test

In this study, a dynamic shear rheometer test was used to analyze the rheological properties of the sample to identify rutting 
requirements and fatigue. The viscoelastic properties of bitumen were determined using a Dynamic Shear Rheometer 
(DSR). DSR can measure the sample's phase angle (δ) and complex shear modulus (G*). 
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4 Results 

4.1 Physical test 

Physical test reviled that by replacing the Waste Oil and Crumb Rubber Content in greater content samples softening points 
were found decreasing and Penetration depth found in an increasing trend as shown in Figure 4 and Figure 2 respectively. 
Also, by increasing cooking oil waste the sample becomes less viscous and increasing the content of crumb rubber results 
in more viscose as shown in Figure 3 but overall, these additives enhance the working abilities of the binder. Figure 5 
shows that the sample’s ductility may vary with a change in the composition of both additives as by increasing the 
percentage of crumb rubber due to its elastic nature, the sample shows more ductile behavior but by increasing the 
percentage of waste engine oil the sample’s elastic limit may decrease up to certain limit. 

Figure 2: Penetration Test results Figure 3: Viscosity Test results 

Figure 4: Softening Point Test results Figure 5: Ductility Test results 
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4.2 Rheological test 

Results shown in Figure 6 indicated that under a specific loading frequency, the complex modulus decreases with an 
increase in temperature. In contrast, at a given temperature, it increases with an increase in frequency. This demonstrates 
that the viscoelastic properties of the elastic component decrease over the temperature range from 22°C to 74°C. The phase 
angle values of the binders were primarily in the 39° to 87° range.  

Figure 6a & 6b: comparison of virgin sample @ 34Oo and W5CR7.5 @ 34OC 

These values of phase angles for both asphalt binders and mixtures confirm the results of previous research and are in 
accordance with their limits. 
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The black diagram in Figure 7 of the Virgin sample vs W5CR7.5 indicates linear trends in results. We can see from this 
comparison shown in Figure 7 that by adding W5CR7.5 with bitumen, the value of complex modulus rises from a high 
value that indicates the improved performance of the binder sample. 

Figure 7a & 7b: comparison of black diagram of virgin sample and W5CR7.5 @ temperature ranges from 22o-76 o  

Master curves were created for the examination of the relationship between complex modulus and phase angle at different 
frequency levels using neat bitumen with engine oil and crumb rubber under various time and temperature circumstances 
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as shown in Figure 8. Results indicated that temperature and loading frequency had a significant impact on asphalt's 
physical behavior. 

Figure 8a & 8b: comparison of Master Curve of virgin sample and W5CR7.5 to find Predicted Complex Modulus G* 

5 Conclusion 

The research has led to the following conclusions: 

1. From a detailed study of the physical properties of the modified sample of engine oil and crumb rubber with neat
bitumen, it is revealed that by increasing cooking oil waste the sample becomes less viscous and increasing the
content of crumb rubber results in more viscose but overall, they enhance the abilities of the sample if added up
to some limit.

2. It is also concluded that by replacing the Waste oil and Crumb Rubber Content in greater content samples
Softening points were found decreasing and Penetration depth was found in increasing trend.

3. From the rheological properties study, it is also observed that the Complex Modulus which is resistant to
deformation for a mix of Waste Engine oil and crumb rubber has shown greater value up to 34° resulting in better
performance as compared to the virgin sample.

4. It is concluded from the black diagrams that by increasing additive as in the case of W5CR7.5 up to certain limits
black diagram has shown a linear trend indicating consistent behavior of binder which results in a good
performance.
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Finally, it is concluded that the replacement of engine oil and recycled crumb rubber with bitumen is a very useful technique 
to meet the industry requirement and utilizing this waste material will help a more significant cause to protect the 
environment.  
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Abstract- Rapid growth of the construction industry results in high demand for the 
aggregate. However, the aggressive consumption of aggregate significantly affects the 
environment when mining and quarry activities need to be carried out to supply the 
aggregate. This study was conducted to use agricultural waste, i.e., crushed coconut shells 
as an alternative to coarse aggregate in the concrete mix known as coconut shell concrete 
(CSC). A series of experiments were carried out to determine the compressive strength 
of CSC and to study the micro-morphologies of the CSC at 1, 7 and 28 days. The strength 
development of the CSC was observed and validated with the compressive strength of the 
samples at different ages. The use of crushed coconut shells as aggregates replacement 
does not change the micro-morphologies of normal concrete mix.   

Keywords- Agricultural wastes, Coconut Shell Concrete, Lightweight Aggregate Concrete, Sustainability. 

1 Introduction 
Concrete is widely used in building construction due to its properties and strength. The main constituents of the concrete 
are cement, sand, and aggregate which are mixed with water. Concrete production requires a significant number of natural 
resources such as rocks and sand since approximately three-quarters of the concrete volume is occupied by aggregate. The 
aggregates have a significant effect on the structural performance and durability of the concrete [1]. The high demand for 
concrete due to the rapid growth of the construction industry and aggressive consumption of non-renewable sources caused 
a shortage of the aggregate [2].  Recent studies have been carried out to develop alternative materials to substitute the use 
of aggregate in the concrete mixture including the utilization of agricultural wastes such as palm kernel shells (PKS) and 
coconut shells (CS) [3]–[9].  
The CS has great abrasion, high strength and toughness [10]. It is also can be classified as lightweight aggregate [11]. The 
physical characteristics of CS with smooth surface, angular shape and varies in size offer a good bond and workability for 
the concrete mix [12]. Table 1 shows physical properties of coconut shell and coarse aggregate [13]. Previous studies 
reported that the use of crushed coconut shells as aggregate replacement in conventional concrete reduced the density in 
the range of 1750 kg/m3 to 1900 kg/m3 [5], [14]. Comprehensive studies reported the potential of CSC as the alternative to 
aggregate substitution in the concrete mix with reliable mechanical properties and performance of the CSC as structural 
and non-structural application [5], [10], [15], [16]. Incorporation of pozzolana and fibres in the CSC also showed 
improvement in the ultimate moment capacity and flexural toughness up to 14% and 45% respectively [17] . However less 
reported on the micro-morphologies of the CSC.  
Strength development and micro-morphology of concrete is studied by observing the interior microstructure characteristics 
of the concrete. It provides understanding on the interaction between the CSC constituents since the microstructure of 
concrete changes with time due to ongoing hydration and environmental factors. Various methods are used to investigate 
the microstructure such as Scanning Electron Microscope (SEM) and X-Ray Diffraction (XRD). The SEM is used to reveal 
vast cross-sectional regions while XRD is common to determine the quantity of components of the samples in different 
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phases [18]. This study was carried out to examine the micro-morphologies of CSC at different ages of curing days. A 
comparison was made with the interior characteristics of normal concrete.    

Table 1 Physical properties of coconut shell and coarse aggregate [13] 

Properties Coarse 
aggregate 

Crushed 
coconut shell 

Fineness modulus 4.2 6.5 

Specific gravity 2.7 1.3 

Loose bulk density (kg/m3) 1480 510 

Dense bulk density (kg/m3) 1610 600 

Water absorption (%) 1 6 

Aggregate crushing value (%) 16.6 2.5 

Aggregate impact value (%) 11.0 4.2 

2 Experimental Procedures 

2.1  Sample preparation 

A total of 18 samples were prepared which consist of control samples (NC) and coconut shell concrete (CSC) with a design 
mix ratio of 1: 1.6: 0.7 (cement: sand: aggregate/CS). The cement contents and water-cement ratio were 480 kg/m3 and 
0.42 respectively. The design mix for 1 m3 samples is shown in Table 2.  

Table 2 Concrete mix design for 1 m3 sample 

Sample Cement Sand Water Coarse 
aggregate 

Crushed 
coconut shell

NC 480 770 200 340 - 

CSC 480 770 200 - 340 

* All units in kg

The concrete mix batches were mixed using a concrete mixer approximately for 3 minutes to ensure the constituents were 
mixed well. The CS was purchased from the wider of east coast of Malaysia and available in a crush form. The range size 
of CS (see Figure 1a) and coarse aggregate approximately 10 mm – 13 mm. Prior to the CSC mixing, the crushed coconut 
shells were immersed in the water for 24 hours to confirm that the condition of the crushed coconut shells was in a saturated 
surface dry (SSD) state. In the SSD state, all the pores in the CS are full and the water absorption during concrete mixing 
can be controlled. All the 18 samples were cast in cube moulds with dimensions of 150 mm x 150 mm x 150 mm and 
demoulded after 24 hours. The samples were covered with plastic sheet for curing purposes (Figure 1b). The plastic cover 
was used to keep the moisture of the samples for the cement hydration process.    

a)  b) 

Figure 1: (a) Crushed coconut shell (b) curing with plastic cover 
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2.2 Compression test setup 

A compression test was conducted to determine the compressive strength of samples in accordance with [19]. The 
compressive strength of the cube samples was measured at ages 1, 7 and 28 days of the samples using the Universal Testing 
Machine (UTM) as shown in Figure 2a. Figure 2b shows the compression test setup of the cube samples.  The compressive 
strength of the samples was calculated using equation (1) [19].  

𝑓 ൌ  
ி


   (1) 

where fc is the compressive strength (N/mm2), F is the maximum load at failure (N) and Ac is the cross-sectional area of 
the specimen on which the compressive force acts (mm2).  

2.3 Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) analysis 

In this study, the surface morphology observations of samples were performed using a ZEISS Gemini SEM 500 (Figure 
3) and EDS was used to determine composition of the samples which was measured in terms of weight percentage (wt.
%). Prior to the SEM and EDS analysis, the samples from post compression test at age 1-, 7- and 28 days were taken at 
the middle of the broken samples.  

a)        b)   

Figure 2: (a) Universal testing machine (b) compression test setup 

Figure 3: Gemini SEM 500 instrument  
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a) b) 

Figure 4: (a) Sample powder on aluminium stub (b) Sample coating with platinum  

3 Results and Discussion 

3.1 Compressive strength, fc 

Crushed coconut replacement with aggregate slightly reduced the compressive strength approximately 3.7% when 
compared to the NC. The compressive strength both type of the concrete samples increased with the increment of the 
curing age (see Figure 5). With the presence of water, the cement hydration process began when the silicates and luminates 
in cement produce hard mass called hardened cement paste [1]. Strength development of both concrete samples showed 
significant increment at the early age with the strength rate up to 180% when measured from day-1 to day-7 of the samples. 
However, at the later age, the increment rate showed slight reduction when the strength increment of the samples was only 
about 30% at the age of 28 days. At this phase the cement hydration process was almost complete, and the hard mass also 
occupied the concrete volume. The aggregate replacement with crushed coconut shell did not change the cement hydration 
process of the samples since the CSC also showed similar pattern with NC on the strength development from day-1 to day-
28. Similar finding also reported by [10], [20]. Concrete samples with coconut shell coarse aggregate showed compressive
strength up to 19.84 N/mm2, which satisfies the use of the CSC mix for structural lightweight concrete [21]. 

Figure 5: Compressive strength of the samples for 1-, 7-, and 28 days of curing 

3.2 SEM observations  

The micro-morphologies of the normal concrete and CSC for 1, 7 and 28 days are shown in Figure 6, Figure 7 and Figure 
8, respectively. At early age of the samples, multiple ettringite fiber bundles were observed as the most hydration products 
occupied the samples. This agreed with the final product of cement hydration process where the first product to form in 
the process is ettringite [1]. The ettringite distribution was varied for both types of concrete samples. From the observation, 
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the CSC sample showed high amount of ettringite at the age day -1 when compared to normal concrete (see Figure 6). The 
amount of ettringite started to decrease when the important product for the concrete strength (C-S-H) began to dominate 
the concrete volume at day-7 (see Figure 7) and significantly increased at the age 28 days (see Figure 8) for both normal 
concrete and CSC samples.  

At this age, the matrix became more denser [22], and the C-H was incorporated in the concrete samples and the strength 
of the samples already achieved up to 99% of the targeted strength [23]. The normal concrete sample showed C-S-H 
products filled the concrete volume with less pores were observed while CSC sample showed porous characteristics where 
larger and darker area was spotted (Figure 8 (b)). The SEM observations agreed with the finding of compressive strength 
where the CSC samples showed lower strength when compared to the NC samples as explained in section 3.1.   

a) b)  

Figure 6: SEM images of (a) normal concrete (b) coconut shell concrete at age 1 day 

a)  b) 

Figure 7: SEM images of (a) normal concrete (b) coconut shell concrete at age 7 days 
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a) b) 

Figure 8: SEM images of (a) normal concrete (b) coconut shell concrete at age 28 days 

4 Conclusion  
The utilization of crushed coconut shells as aggregate replacement in concrete production promotes sustainability 
development goals. The development of CSC as lightweight concrete is encouraging yet the strength development of the 
CSC is less reported. This study was carried out to investigate the micro-morphologies of the CSC using SEM method. It 
can be concluded that: 

a. The rate of strength increment between CSC and NC are similar where the early-age strength rates (180%) were
higher than the later age strength rate (30%) of the concrete samples. The compressive strength of the CSC is
slightly lower than NC approximately -3.6%.

b. The crushed coconut shell replacement in the concrete mix does not change the micro-morphologies of the
concrete with C-S-H products occupied the volume of the matrix. However, the CSC samples showed porous
characteristics when compared with the NC.
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Abstract- The effects of Fly Ash (FA) and Silica Fume (SF) on the fresh and mechanical 
properties of high-strength self-compacting concrete (HSSCC) are examined in this 
research. Slump, J-ring, and L-box tests are used to study fresh properties, while 
compressive strength, split tensile test, and flexural test are used to investigate mechanical 
properties. This research is based on the previously published research and selected the 
optimum percentages of supplementary cementing material (SCMs) for FA and SF. The 
concrete mixture consists of total of seven mixes: control mix (CC), M1 (5%SF and 
0%FA), M2 (5%SF and 10%FA), M3 (5%SF and 20%FA), M4 (5%SF and 30%FA), M5 
(5%SF and 40%FA) and M6 (5%SF and 50%FA). The study indicates that adding up to 
5% SF and 20% FA to HSSCC mixes improves the fresh qualities of the mixtures. On all 
ages, the mechanical parameters of HSSCC, such as compressive strength, flexural 
strength, and split tensile strength, are shown to be higher than the control. In comparison 
to control mixtures at the appropriate ages, the addition of SF and FA at the optimum 
dose (5% SF and 20% FA) results in a rise in compressive strength, flexural strength, and 
split tensile strength. It is concluded that 5% SF and up to 20% FA mixes show 
improvement in the fresh properties as well as mechanical properties of HSSCC while 
further increment of FA decreases the fresh and mechanical properties of HSSCC.        

Keywords- Workability, Supplementary Cementing Material, Compressive Strength, Flexural Strength, Split Tensile 

1 Introduction 

The amount of CO2 produced into the atmosphere by the cement production industry can be reduced by including SCMs 
and efficiently using cement clinker [1]. Silica Fume (SF), Ground Granulated Blast Furnace (GGBF), Bentonite (BE), 
Fly Ash (FA), and other SCMs with pozzolanic properties can partially substitute cement to lessen the cement's harmful 
effects on the environment while still meeting industrial demands [2]- [6]. Many studies have employed SCMs to produce 
more sustainable, effective, and durable concrete because most SCMs tend to increase concrete's durability by thinned the 
interfacial transition zone (ITZ)  [7]. The use of natural pozzolans in concrete has gotten special attention due to their 
unique properties which include low heat of hydration, low permeability, higher content of SiO2, and enhancement in the 
ultimate strength of concrete [8] .  

Supplementary cementing material (SCMs) is one of the solutions to minimize the consumption of natural raw material 
for cement, energy consumption reduces the negative impacts on the environment. Different researchers use SCMs to 
investigate fresh properties and harden properties to study the fresh and mechanical performance of concrete [9]. The 
pozzolanic material can also be added during the manufacturing process of cement at different proportions. L.T.B Uzal 
studies the manufacturing of laboratory-based blend Portland cement with the addition of natural volcanic pozzolanic 
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material. An experimental study is limited to material from two volcanic sources by 55% replacement at the different 
grinding times. The blend cement improves compressive strength and reduces the ability of alkali-silica expansion  [11]. 

Fly ash is a byproduct which is obtained in the form of fine powder when pulverized coal is burned in power plants. FA is 
a pozzolanic material, which is a mixture of aluminous and silicious materials that forms cement when mixes with water. 
When fly ash is mixed with lime and water, it forms a material that resembles Portland cement. Fly ash is therefore suited 
for usage as a primary component in several construction materials, such as mixed cement, hollow blocks, and mosaic 
tiles. When added to the concrete mix, fly ash increases the strength and improves segregation of the concrete and makes 
it easier to pump [8]. Fly ash is divided into two categories: Class F and Class C. Class F is more typically used for 
structural concrete since it has a low calcium percentage and, in most circumstances, a carbon content of less than 5% [10]. 
Class C fly ash is primarily composing of high-calcium fly ashes containing less than 2% carbon. To enhance the 
mechanical and durability properties of cement, silica fume is employed in a predetermined proportion as a partial 
replacement. Through pozzolanic reaction, the addition of the right amount of SF (up to 12%) greatly reduced the strength 
loss of lightweight concrete (LWC) mixtures and increased compressive strength [11]. The results reveal that the 
mechanical strength of rich fly ash rubberized SCC is marginally improved by the addition of SF [12][13].Using scanning 
electron microscopy found that employing SF and FA in concrete reduced porosity and produced dense concrete, which 
decreased permeability  [14]. Another study discovered that the pozzolanic reaction's production of calcium silicate hydrate 
gel (C-S-H) increased the mechanical and durability of concrete [15]. 

The purpose of this study is to assess the fresh and hardened properties of HSSCC incorporating SF and FA. The novelty 
of this research program is that I have used different proportion of SF and FA that is I have used 5% SF throughout the 
mix and FA with the increment of 10% for each mix in order to evaluate the Fresh and mechanical properties then develop 
a comparison between control mix and the mixes with SF and FA and select the optimum percentages of SF and FA for 
HSSCC. 

2 Experimental Work 

2.1 Materials used 

The major binding ingredient is ordinary Portland cement (OPC) type I, follow by ASTM C150. OPC has a specific gravity 
of 3.1, with starting and final setting times of 45 and 330 minutes, respectively [15]. FA and SF are used as SCMs. In 
Table 1, properties of OPC, FA and SF are shown. 

Table 1 Properties of OPC, FA and SF 

Chemicals SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O3 LOI 
OPC 17.9 - 10.7 3.60 - 1.8 62.8 0.9 1.4 - 0.9 

Fly Ash 50.8 1.45 15.75 8.61 - 4.17 11.31 3.08 1.99 - 2.74 
Silica fume 94.5 - 0.09 0.10 - 0.43 0.23 - 0.93 - 2.7 

The concrete samples are mixed and cured with tap water. The addition of both SCMs cause a reduction in workability. 
The water-to-cement ratio is maintained constant for all mixtures. To get the require slump, the dosage of the 
superplasticizer is adjusted.  

Table 2 Properties of fine Agg. and Coarse Agg. 

Fine aggregate (FA) is used from the Lawrencepur source in Pakistan. Coarse aggregate (CA) from Margalla hills source 
is used in concrete. The coarse aggregate size limit is 12 mm. Table 2 lists the characteristics of FA and CA. 

FA CA
Sp. Gravity  2.70 2.65 
Water Absorption (%age) 1.3 0.54 
Loose Density (Kg/m3) - 1412 
Rodded Density (Kg/m3) - 1550 
Fineness Modulus 2.99 - 
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2.2 Methodology and Mix Design 

This research program has been divided into three phases. In first phase material has been chosen. In second phase mix 
design has been made. In third and last phase mixing and costing has been done, after mixing fresh properties has been 
measured, and for mechanical properties costing has been done. 

To evaluate the fresh and mechanical qualities of concrete, seven different mix proportions are adopted. Mixes include 
Control Concrete (CC) mix, M1 (5%SF and 0%FA), M2 (5%SF and 10%FA), M3 (5%SF and 20%FA), M4 (5%SF and 
30%FA), M5 (5%SF and 40%FA) and M6 (5% SF and 50%FA). The optimum percentage for partial replacement of SF 
and FA was selected based on previous research [16] [17]. 

HSSCC mix designs are created using EFNARC acceptance criteria and SF and FA as partial replacements of cement. 
Various mix proportions with constant water-to-binder ratio (W/B) 0.30, 5% constant SF and FA contents 10% increment 
other than control mix, sand content (743 kg/ m3) and coarse aggregate (878 kg/m3) as reported in Table 3, are used in this 
experimental plan. The binary mixes tagged as M1, M2, M3, M4, M5, and M6 contain same dosages of SF (i.e., 5%) along 
with different dosages of FA (i.e., 10%, 20%, 30%, 40%, and 50%) respectively. The dosage of super plasticizer is adjusted 
according to required slump. 

Table 3 Mix Proportions 

Mix 
No. 

Mix 
ID 

W/B 
Ratio 

W C SF FA Fine 
Agg. 

Coarse 
Agg. 

Admixture 

kg/m3 kg/m3 % kg/m3 % kg/m3 kg/m3 kg/m3 % kg/m3 
1 CC 0.30 142.2 474 - - - - 743 878 1.4 6.636 
2 M1 0.30 142.2 450 5 24 0 0 743 878 1.4 6.636 
3 M2 0.30 142.2 402.6 5 24 10 47.4 743 878 1.4 6.636 
4 M3 0.30 142.2 355.2 5 24 20 94.8 743 878 1.4 6.636 
5 M4 0.30 142.2 307.8 5 24 30 142 743 878 1.5 7.10 

6 M5 0.30 142.2 260.4 5 24 40 190 743 878 1.6 7.584 
7 M6 0.30 142.2 213 5 24 50 237 743 878 1.6 7.584 

2.3 Sample preparation 

Yielding of all the batches of ingredients is done by weight. The ingredients are mixed in an electric concrete mixer and 
revolved at a rate of 30 rev/min. To get the desire workability, Viscocrete-3110 superplasticizer (SP) is used in the concrete 
mixes. Different samples are prepared for different tests. To get the average value of each testing result, three samples are 
prepared and tested. Hardened properties of concrete are investigated by performing mechanical and durability tests.   

According to ASTM C39, a 150x300 mm cylinder is used to measure compressive strength, and tensile strength is tested 
using a split test according to ASTM C496/C496M, while flexural strength is tested using 150x150x700mm size beam 
samples according to ASTM C293 standard method [18] [19]. The slump test, J-ring test, and L-Box test are used to 
determine the fresh property, to accord with ASTM C1611, ASTM C1621, and ASTM C1611 standard method tests, 
respectively [20] [21]. 

3 Results and discussion 
3.1. Fresh properties 

The fresh properties testing is carried out for two main reasons. The first is to determine whether the concrete is self-
compacting, and the second is to assess the deformability or consistency of the concrete to calculate the necessary mixture 
proportioning if the concrete lacks sufficient self-compatibility. There is no segregation or bleeding in any of the blends, 
according to the results. In table 4 there are the results of the fresh properties tests that were obtained in this study.        
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Table 4 Fresh properties of HSSCC 

3.1.1.  Slum flow test 
The workability of each mix (with a constant water-binder ratio) is determined using the slump test according to ASTM 
C1611 [18]. Slump values for varying percentages of FA and SF are tried to keep constant. Dosage of SP (by %age weight 
of binder) reflected that workability is reduced by adding FA and SF. The results show that adding FA and SF greatly 
boosts workability up to the optimum limit, after which there is a decrease in workability. The require dosage of SP for 
the FA and SF mix is more as compared to that of the control mix, showing a comparatively severe effect of FA as compare 
with that of SF in reducing workability. However, FA and SF mix, being highest replacement value among un-strengthen 
mixes are use a combatively high dosage of SP. The workability results of all the mixes are discarded in figure 1. Because 
of the fine particle size of FA and SF are compared to cement particles, a reduce slump is value experienced after the 
optimum limit. The particle shape of FA and SF are spherical. Due to its spherical nature, FA and SF show better 
workability at lower percentages than higher percentages of FA and SF which is under other studies [22]. 

Figure 1: Slump Test Results  

3.1.2.  J-ring test 
HSSCC's capacity to pass is determined by the J-ring test. The capacity of the HSSCC to pass through congest 
reinforcement and small holes without vibrating is referred to as passage ability [21]. 

During the J-ring test, the diameter of the concrete and the height difference between the concrete inside and outside of J-
ring bars are measured. As shown in table 1, the height differences between the various blends vary over the ranges. 
Because of the reduce viscosity and share stress, M1, M2, and M3 have the lowest values (11 mm, 10 mm, and 10.5 mm, 
respectively), allowing the concrete to flow more easily.  

Besides that, as shown in figure 2a, all mixes having lower percentages of FA and SF have lower values than those 
containing larger percentages of FA and SF, and all mixes containing SF and FA had lower values than the control mix. 
In addition, the concrete's diameter was measured. And, as demonstrated in figure 2b, a higher percentage of SCMs at 
optimum doses have a larger diameter than a higher percentage of SCMs in HSSCC. This could be because FA and SF 
have a lower specific gravity than cement-only concrete. J-ring flow diameter acceptability values range from 580 to 780 
mm, and J-ring height Hin-Hout ranging between 0-15mm.  
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Figure 2: J-Ring Test, a. J-Ring Hight Results, and b. J-Ring Flow Diameter Results 

3.1.3.  L-box test 
To determine the concrete's capacity to fill, pass, and resist segregation this test is carried out. The L-box test is often used 
to measure the ability of HSSCC to pass reinforcement blocks when it is subjected to them.  [21]. The L-box value grow 
as the FA and SF powder concentrations approach the optimum limit (5% SF and 20% FA), This can be related to lowering 
concrete viscosity and increasing yield value. Because of the high viscosity and sharing resistance, adding more powder 
reduce the L-box ratio compared to the control mix, as illustrate in figure 3. To determine L-box results, the heights of the 
concrete at both ends of the device (H1 and H2) are measured. The L-box has an acceptance ratio of 0.75 to 1. 

Figure 3: L-Box Ratio results 

3.2. Mechanical Properties 
3.2.1 Compressive strength 

It's one of the most crucial parameters for determining concrete's uniaxial load-carrying capacity. It is determined using an 
ASTM C39 concrete cylinder [19]. The specimens are tested at 7, 14, and 28 days after curing in water. Table 5 and Figure 
4 demonstrate the compressive strength results of HSSCC mixtures. The lowest compressive strength is 28.54 MPa for 
M6 mix with 5% SF and 50% FA after 7 days, while the highest compressive strength is 50.45 MPa for M3 mix with 5% 
SF and 20% FA after 28 days. FA and SF has a considerable impact on the HSSCC's strength and strength developed 
properties, as shown by the overall results.  
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Table 5 compressive strength values of HSSCC 

 HSSCC mixtures containing 5% SF and 20% FA (M3) have better compressive strength than other mixes after 28 days 
of testing. Furthermore, the results show that when the percentage of FA and SF substitution rises, the compressive strength 
of HSSCC with FA and SF rises until it reaches specified limits, beyond which it begins to drop. As 5%SF and 20% FA 
are mixed, the compressive strength of concrete increase by 16% and 15%, respectively, at 14 and 28 days, when compared 
to the control mix. The increase in concrete compressive strength is due to the pozzolanic interaction of FA and SF with 
cement [20]. FA and SF may have bridged the matrix and aggregates by boosting interfacial properties and lowering stress 
concentrations in the cross-section [17] [22]. The research shows that mixing substantial doses of SF and FA mixes lower 
compressive strength when compared to an optimum mix, but that strength is improved when compared to a control mix. 

Figure 4: Compressive strength development of HSSCC mixture 

3.2.2 Flexural Strength 

Figure 5 presents the difference in flexural strength of concrete specimens. The study shows that concrete beams containing 
10% and 20% dosages of FA in mixes somehow contribute toward flexural strength, however, the higher dosage of FA 
mixes exhibited low flexural strength. The increase flexural strength could be attributed to SF adherence to the matrix and 
improved bond quality, which is prevented crack propagation [23]. On the other hand, the percentage reduction in flexural 
strength of a concrete beam with the addition of FA after defined limits. 

 The results show that three mixes of HSSCC registered high flexural strength than the control mix (CC) by 5%, 7%, and 
5.12% for M1, M2, and M3 respectively while the other three mixes with higher dosages of SCMs registered lower values 
by 14%, 16%, and 27% for M4, M5, and M6 respectively.  
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HSSCC with 5% SFand10% FA (M2) register the higher flexural strength compared with all mixes. 

Figure 5: Flexural Strength HSSCC at 28 days 

3.2.1 Split tensile test 

The split tensile strength of concrete is measured using 150mm x 300mm concrete cylinders in accordance with ASTM 
C496/C496M-17 (ASTM C496/C496M 17 2011) specifications. The cylinder is placed horizontally inside the loading 
plates and two splitters are attached to these pates. The purpose of these splitters is to confine the load for splitting the 
concrete cylinder. The loading rate is adjusted to 1300 N/S. Study shows that mixing of FA and SF in concrete mixes 
adversely affects the split tensile strength of HSSCC concrete. In table 6 there are the results of the split tensile test that 
are obtained in this study. 

Table 6 Split Tensile Strength Values 

 It is observed that concrete specimens containing dosages of SF and FA up to optimum limits exhibited higher 
resistance to load which is 8% and 12.4% higher in M3 (5% SFand20%FA) mix at 14 days and 28 days 
respectively as shown in figure 6. However, specimens with larger doses of SF and FA have lower tensile 
strength than control concrete, which are 41% and 39% lower at 14 and 28 days, respectively, in M6 (5% 
SFand50%FA) mix.
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Figure 6: Split tensile strength development of HSSCC

4 Conclusion 

SCMs (Silica Fume and Fly Ash) were used to partially substitute cement in concrete in this investigation. SCMs' 
impacts on concrete parameters like compressive strength, flexural strength, and the split tensile strength were 
investigated. From the experimental results, it was concluded that,  

1. Adding SF and FA to high-strength self-compacting concrete increases its workability up to the
optimal limit when the water-to-binder ratio is kept constant (5%SF and 20%FA). This is due to the
FA content in the concrete mix. The greater surface area of the SF content causes a decrease in
workability after the optimum limit.

2. Fresh characteristics of HSSCC which is indicated J-ring test and L-box test including FA and SF
are better than the control mix. This is owing to the decreased viscosity and shear stress, which
allow the concrete to flow more easily. This is because SF and FA particles have a lower specific
gravity and are spherical in shape.

3. HSSCC mixes including SF and FA have better compressive strength than the control mix, but the
compressive strength decreased as the SCMs replacement level increased, such HSSCC have 15%
higher and 16% lower compressive strength of M3 and M6 mixes, respectively, at 28 days than
control mix. Higher compressive strength of M3 mix is because of SF, it has more silica content
which has cementitious properties and the lower compressive strength of M6 is due to low hydration
of silica content.

4. Flexural strength of HSSCC including SCMs is 7.37% greater for M2 mix than the control mix. The
increase flexural strength could be attributed to SF adherence to the matrix and improved bond
quality, which is prevented crack propagation.

5. Split tensile strength of HSSCC containing SF and FA exhibited higher tensile strength which is
12.4% higher for M3 mix than control mix at 28 days. This is also pozzolanic effect of SF.

Thus, it is determined that the maximum SF and FA concentrations that can be employed to enhance the 
mechanical and fresh properties of HSSCC are 5% and 20%, respectively. The further increment of FA will 
decrease the mechanical and fresh properties of HSSCC. 
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Abstract-Flat Plate Slab is a popular structural floor system. The popularity of this structural 
system is due to the speed of construction, which has become a critical consideration in many 
projects. The slab could be deficient because of under-design or lack of quality control. 
Strengthening of reinforced concrete slab for flexural is crucial to enhance the capacity of the 
deficient slab. This study describes the strengthening methodology for a badly designed-story 
building having Flat Plate slab flooring system. A visual and detailed inspection of the building 
was carried out, and the bottom and top cracks on the flooring system were inspected 
thoroughly. The deflection on each floor panel was observed in detail. The pattern of the cracks 
was noted in the soffit of each slab panel and at the top and in the middle and column strips. 
The cracks were measured using a digital vernier caliper. The deflections were measured using 
auto level and inverted staff rod. The whole building was modeled in ETABS software 
considering all the in-situ parameters. The design was reviewed and found that the slab was 
under-designed in flexural and shear reinforcement. This paper deals with the flexural 
strengthening of reinforced concrete (RC) slab which is deficient in flexural steel. This work 
conducted a detailed field investigation and modeling to control slab deflection and crack using 
several strategies such as column jacketing, drop panels, creation of beams. This study 
suggested the best economical and safer solution for a badly designed plate slab flooring 
system. The innovation of this case study is real big scale  commercial building where  in 
literature small scale structures have been discussed.  

Keywords- Flat Plate slab, Strengthening, Flexural capacity, Column Jacketing, Drops panels 

1 Introduction 
Flat plate structures are flat slab constructions without drop panels. Flat Plate slab constructions are commonly found 
in commercial and residential structures. Flat plate buildings have several advantages, including simple formwork, 
lower construction costs, ease of installation, greater flexibility in interior arrangement, ease of future restoration, 
and more clear space. Increased architectural design freedom will also help to reduce maintenance and building 
costs[1]. Since this structural method was implemented, flat slab strengthening approaches have emerged. Depending 
on the breadth of the strengthening solution chosen, it could range from a simple extension of the column that 
supports the slab to more complex solutions involving composite materials[2]. Over several decades, external 
bonding (EB) technology has been widely employed in civil engineering to strengthen reinforced concrete (RC) 
structures[3]. EB-bonded steel plates can successfully raise the ultimate flexural capacity and stiffness of the 
reinforced structure, delay the emergence of the first crack, and lower the crack breadth of RC structures[4]. The 
major drawbacks of EB-steel plate technique are the corrosion of the steel plate and the premature failure due to plate 
end debonding of steel plate and shear, which prevent the strengthened member to obtain higher flexural 
capacities[5],[2]. The corrosion of the steel plate and premature failure owing to plate end debonding of steel plate 
and shear are the key downsides of the EB-steel plate technology, which prohibit the reinforced member from 
achieving larger flexural capabilities[6], [7]. The most frequent materials used to reinforce RC structures are steel 
and fiber-reinforced polymers (FRP). Although each material has its own set of benefits for EB applications, it also 
has its own set of drawbacks. Steel plates are heavy and have poor corrosion resistance, and their thickness is limited 
for strengthening RC structures due to a lack of shape flexibility[3], [8]. This research study uses steel and concrete 
to strengthen a Flat Plate Slab. Finding existing strength of selected structure & expected future life at present 
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condition. Strengthening of a plate slab. Safe and economical solutions for strengthening a flat slab have less 
reinforcement than required. 

2 Methodology 

2.1 Preliminary Data & structure details: 

The building is in Rawalpindi Fifth road which occurs in seismic zone 2B according to building code of Pakistan . 
It’ a commercial shopping mall consisting of eight story (three-story basement). The building is constructed in 2018. 
The slab type is Flat Plate. Span is 25’x25’. 

2.2 Preliminary inspection of the building 

This structure has been thoroughly inspected from top to bottom, detecting cracks, spells, crazing, seepage, and so f
orth. The key areas of inquiry and repair are highlighted on the building's plan. All these cracks are in the middle 
strip  at the bottom of the slab in both x and y direction as shown in figure a  and figure b. The pattern and width of 
the cracks measured digital vernier caliper. Figure F  and G represent the cracks at the bottom of the slab, also these 
cracks and their pattern is noted on plan of the building for each story’s slab as shown in figure D.  Furthermore, the 
deflection of slab is found by detailed survey using Auto-level and inverted staff rod and written on building plan in 
inches as mentioned in figure C. These values of deflection are more than the allowable limit as specified by ACI-
318-11 in 9.5(b) . Some cracks are also detected around the column at the top of the slab. these are shown in figure 
E. The experimentally measured widths of the cracks were found in the range of 0.2mm to 1.64mm at the bottom in 
the middle strip. The width of the cracks at the top of the slab varies from 0.25mm to 1.18mmm.The middle strip at 
the bottom of the slab and in the column strip at top of the slab. Deflection and crack’s width were measured .The 
similar pattern of cracks was specialized in middle strip tut the slabs.  

(A) (B) 

Figure 1: A. and B. cracks pattern  at  the bottom of the slab 

 (C) 

Figure 2: C. Deflection measured during Visual inspection using auto level and staff rod 
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    (D) (E) 

Figure 3: D. cracks pattern and cracks width measured in millimeters of Ground Floor slab. 

Figure 3:E. cracks in middle strip of columns at the top of slab 

(F) (G) 

Figure 4: F.  and G.  width of the cracks measured by Digital Vernier Caliper 

3 SOFTWARE MODELLING & ANALYSIS 
This work conducted a detailed field investigation and  modelling to control slab deflection and crack using several 
strategies such as column jacketing, drop panels, creation of beams. The flexural strengthening of RC slab-type 
elements with concrete and steel to control the deflection of the slab.The building is modeled in ETABS according to 
the drawings. Gravity  and seismic loads are applied  to the structure. The slab is exported to CSI-SAFE-16 with all 
defined loads combinations also a new load combination Long Term Deflection is defined, and deflection checked 
against this combination as shown in figure 9.  

Materials are defined in software as Concrete of strength 4000psi and 5000psi and Steel of grade 60, then  Frame 
sections are defined as Column of 18”x18”,24”x24”,30”x30”,30”x24”,36”x36”and beams are defined 
12”x18”,12”x24”,12”x30”,15”x24”,18”x24”,18”x27”,18”x36” also is defined as  slab 10” thick  and shear wall 9” 
thick is  defined. Load patterns are  defined as live load<100, live>100, partition wall load (pw), flooring load (fcd) 
self-dead load, water load, HVAC and laterals loads EQX and EQY both negative and positive are defined. Seismic 
loads are defined according to UBC-97 code. Total 38 loads combinations are defined according to ACI-318 code. 
After defining the materials and frame sizes the model is analyzed and then one  story is exported to CSI-SAFE, where 
long term deflection load combination is also defined.  
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After checking the deflection against long-term load combination, the value of deflection was greater than the 
allowable limit as shown in figure .Figure 5 H shows the original structure modeled in ETABS-16 .There are 
peripheral beams on the edges of the slab. The lines represent  shear walls .The figure 5 I show the long-term 
deflection, values vary from 0.4 inches to 3.5 inches. These  values are like Figure 2 C which were obtained from 
site survey. Figure 6 J describes long term deflection when beams were included whose values vary from 0.28 
inches to 0.32 inches. Figure 6 k represents deflection of column Jacketed model slab whose values are varies from 
0.4 inches to 3.20 inches..  

    (H)  (I) 

  Figure 5:  H. plan view of ETABS Model    Figure 5:  I.   deflection of original slab in inches 

Figure 6: J. Deflection after beams were inserted  Figure 6: K. Deflection of column Jacketed model slab. 

(J) (K) 
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Figure 7 I show deflection of slab with Drop Panel values are up to 0.22 inches. Figure 8 H show long term deflection 
when a middle column is included and a few beams above the ramp region with maximum value of 0.16 inches. 

(l)  Figure 7: l.  Deflection of slab with Drop Panel 

 (H) Figure 8: h. Deflection of the slab when middle column and beams are applied 

4 Conclusion 

 The collected data of the building was modeled and analyzed in software considering in-situ parameters and
the following conclusions were made.

 The cracks and deflection that were present in the building were also confirmed by the software results
under the same type of loading which means  that the building was under designed.

 Jacketing was applied to the columns, and they were unable to control the deflection of the slab.
 Drops panels were applied to the columns which controlled the deflection.
 Extra Beams were introduced to the model that controlled the deflection of the slab but at the same time it

imparts extra weight to the building due to which  the building fails in soil bearing pressure.
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 A middle column was added to the model and shows the best results for controlling the deflection of slab.
 The best economical is inclusion of the columns  in the middle of each slabs’ panel throughout the height

of the buildings, also a few beams were added to the structure above the ramp region where columns cannot
be added to the structure because of access of vehicles to the basements.

 If we apply only beams to all slab, they increase the weight of the building due to which the building fails
in soil bearing pressure. The option of column jacketing cannot control the deflection and cracks of the slab.
The method of inserted a middle column and a few beams above ramp area resulted better in term of
controlling deflection which can be seen in Figure H and this method  can be done easily because above the
ramp  there are walls where beams can be added. This method is  economical because  there is no high initial
cost of  steel and concrete. the span is 25 and 25 feet so middle columns can be added without the
compromising the space. The sum up, this method neither creating problems of footing failing nor the issue
of cost, so this technique is safer and economical.
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Abstract- Artificial neural networks (ANN) and image processing (IP) are significant 
computer science methodologies. These methods are employed to forecast the properties 
of asphalt binder. To evaluate the asphalt binder's parameters, i.e., homogeneity and 
volumetrics, by performing a job mix formula. Several tests were conducted in the 
laboratory with different types of aggregate, i.e., Margallah, Sargodha, Sakhi Sarwar, and 
Rohi with bitumen material. The IP and ANN approaches were used in this investigation 
are appropriately mixed and are used to forecast the volumetrics of asphalt, i.e., air voids 
(Va), percent voids filled with asphalt (VFA), and voids in mineral aggregate (VMA). 
For this specimen, bitumen and aggregate were cast with 3.5, 4.0, 4.5, 5.0, and 5.5 
aggregate grading. Two sets of specimens were created from them: (i) to determine air 
voids (Va), percent voids filled with asphalt (VFA), and voids in mineral aggregate 
(VMA); and (ii) to create an image database. An image of the top view is needed for 
image capturing which is taken by a smart phone. Preprocessing is performed on the 
obtained data (converted to grayscale, cropped, and resized to 256 256 pixels), and using 
the ANN method, the statistical features are collected to evaluate the VA, VMA, and 
VFA. The actual values of the job mix formula were differentiated from the relative 
values evaluated by the given methods, i.e., IP and ANN. The data set has a massive effect 
on the reliability of the conclusions. 

Keywords- Artificial neural network, Image processing, Job mix formula, Volumetrics.  

1 Introduction 

In civil engineering, HMA asphalt binder is the most important material for paving highways. As laboratory testing is used 
to forecast the features of HMA asphalt binder for its attainment of results, which is a very laborious, time-consuming and 
expensive method. To overcome this problem is the use of image processing..[1] The dataset obtained from the image 
computation are then correlated with laboratory computations. The results obtained by image computations were quite 
close to laboratory computations. Both IP and ANN are used as tools to calculate the information obtained through an 
image. Digital cameras are used for inspection and monitoring [2]. 
The use of image processing helps us to investigate the homogeneity of HMA asphalt binder. So, determining the 
homogeneity of HMA asphalt binder through images requires a smart phone and a computer. To achieve this, IP and ANN 
algorithms were generated to evaluate the attributes of asphalt binder. There are two machine learning techniques. These 
are ANN and ANFIS, which have a great ability to forecast. The Human brain process is similar to ANN and ANFIS as it 
follows the relationship between neurons[2]. 
The properties of HMA Asphalt binder depends on the homogeneity of the HMA asphalt concrete.  There are a factors 
which play a key role in distribution of aggregate and asphalt binder i.e. Gradation of aggregate, temperature, and 
compaction of the asphalt mixture[3]. In the HMA pavement homogeneity Asphalt is due to the quality of distribution of 
aggregate. The performance of the pavement is stimulated by the homogeneity of HMA asphalt concrete. The pavement 
surface is used to estimate the homogeneity of HMA asphalt concrete. This homogeneity is not estimated from inside the 
pavement. The macroscopic indicators of HMA asphalt concrete are porosity; density and texture depth. These 
macroscopic indices reflect the homogeneity of the asphalt mixture [4].  
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The volumetric parameters of HMA asphalt concrete are air voids, percent voids filled with asphalt and voids filled with 
mineral aggregate. These parameters are established by numerous laboratory tests. Air voids in HMA Asphalt are directly 
related to moisture damage, rusting and fatigue life. A value of 3–5% for air voids in 2006 is recommended by NCHRP 
567. This value has been used until now. A range of 7-9 micro meters for workability and rutting resistance, which was 
suggested by NCHRP 673 in 2011, has been used until now. A criterion for voids in mineral aggregate, which was proposed 
by NCHRP in 2006, is 1.5 % to 2.0 % above the minimum value. To predict whether the designed mix is workable or not, 
this can be done with the aid of volumetric parameter[5]. 
Li cong and jiachen shi[3] the images of paved asphalt mixtures were used to estimate the segregation of compacted asphalt 
mixture. An image processing method was used to classify the images of the paved asphalt mixture. Those images were 
captured during construction. There are 224 samples of HMA asphalt mixture. Images were captured from these samples 
for segregation detection. In this study, GLCM was used to estimate features like contrast, correlation, etc. A Naïve 
Bayesian classifier is used to classify the segregation of asphalt mixture images. The accuracy rate of naïve Bayesian 
classifier is 80% when compared to manually labelled results. The distribution of aggregates after paving can be used to 
characterise the distribution of aggregates in the finished pavement. 
Cristine yohana ribas and Liseanepa dihlathives[6] There are three methods adopted for compaction ,i.e., impact, kneading 
and vibration. These three methods are then correlated with the compaction carried out in the field. It was studied whether 
compaction methods could be used for analysis, which is done with software. The Marshall and gyratory compactors was 
the most representative of the field compacted. The compactor was best approximated in the field. Results for the samples' 
macro-structural parameters that were acquired in the lab and those that were collected in the field were compared. There 
is a greater flexibility shown in results by Marshall Compactor. The results show that the super pave gyratory compactor 
is the most accurate method of compaction with a gyration angle of 1.25 under Brazilian conditions. 
 Muhammad A, Abed, zahir noori M.taki[7] In flexible pavement, tensile related cracking is a major defect. An artificial 
neural network (ANN) is designed to interpret the effects of nature. In this paper by the construction of the ANN model is 
used to predict the stiffness of asphalt. A good correlation was found between actual and estimated values. It has a 
coefficient of determination of 88.6%. The stiffness model's training relative error was 0.093. The discrepancy between 
observed and anticipated outputs is measured by this number. The relative errors for the models, nevertheless, show that 
there isn't much of a gap between actual values and predictions. 
 Vidhi vyas and ajit partap singh [8] For pavement rehabilitation and maintenance, models are developed by using the  
mechanisms of artificial intelligence. ANN for asphalt pavement structural condition models is developed. There are three 
parameters used in that network used as input data. These parameters are structural, functional, and environmental. The 
data is collected in the field. The accuracy of the correlations discovered in this research is predicted to raise greater 
perception of the significance of structural adequacy factors in asphalt M&R judgment. The use of neural network as it 
performs well in even case of limited data.  
The aim of this research is to develop a protocol for the characterization of asphalt using image analysis techniques. The 
major objectives of the research work are (a) development of a setup for capturing images; (b) development of an algorithm 
for studying/analyzing homogeneity & volumetrics of different types of asphalt mixtures; (c) training of laboratory values 
(output) versus image processing results (input) in Matlab or Python; and (d) correlation of experimental and image 
processing results. The fundamental goal of this research work is create a model for forensic analysis of asphalt concrete. 
In this way, IP and ANN are used to estimate the features of HMA asphalt concrete through images. The purpose of this 
research work is to correlate the laboratory values (VA, VFA, and VMA) with the software values (results of images which 
are mean, mode, median, entropy, skewness, and third moment) and to create a model for this purpose.  
In the present work, a job mix formula (ASTM D1559) which is based on IP, ANN, and ANFIS, is used to predict the 
properties of HMA asphalt concrete. With the use of aggregate gradation, 82 samples of varying VA, VMA, and VFA are 
prepared. With the use of each aggregate gradation, similar asphalt concrete samples are prepared. In a conventional test, 
one of the asphalt concrete samples was utilized. The second sample was used to evaluate features like mean mode etc, 
from the obtained HMA asphalt mixture images. To predict the properties of HMA asphalt concrete, the images were used 
to test and train the network. 

2 Processing of Image and ANN 

Processing of images is done to collect fruitful information by the using computer algorithms. Various programs, such as 
Matlab and Python programming[9], have been effectively utilised to interpret photographs. Digitalization is a technique 
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in which photographs are converted into digit form by technique of image processing. A pixel from the digitally created 
image is represented by each element of the matrix. The fundamental logical building block of an image, a pixel, indicates 
the brightness of a gray scale image's unit area. Convergence with ANNs can be utilised to solve issues by using matrices 
produced through image processing[10]. An algorithm based on an artificial neural network uses concepts from the human 
brain to tackle difficult and time-consuming tasks. The first layer of an ANN is the input layer, the second is the hidden 
layer, and the third is the output layer. These layers are shown in Figure 1. 

Figure 1: Connection of weight and bias to an input[2] 

3 Sample Productions and Testing 

It begins with material mixing and sample preparation, then moves on to image acquisition, and finally, specimen training.  

3.1 Sample Preparation. 

In this section, we prepared 82 samples with a Diameter 102 mm and height of 64mm as shown in Figure2.1. Only hot 
mixtures employing penetration grades of asphalt cement and incorporating aggregates with a maximum size of 25 mm 
are eligible for JMF. The key goal is to come up with an affordable and practical mix that includes the right combination 
of materials and the right amount of asphalt. Under traffic loading, HMA should not rut or deform (shove). Achieving 
fatigue life, temperature conditions cracking resistance, durability, moisture damage resistance, skid resistance, and 
workability is JMF's top priority. The two main ingredients of HMA are aggregate and asphalt binder. The process of 
deciding which aggregate to use, which asphalt binder to utilise, and what the ideal ratio of these two components should 
be is known as HMA mix design. 

Table 1: Asphalt concrete wearing course requirement 
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Figure 2: Particle size distribution of aggregate 

The aggregate is graded to measure its workability, permeability, fatigue resistance, friction resistance, stiffness, stability, 
durability, and resistance to moisture damage. In the JMF, the aggregate gradation is a crucial component. The prepared 
aggregate is sent through a sequence of progressively smaller sieves that are stacked on top of one another. The aggregate 
is shaken, and as it goes through each sieve, its nominal size is determined.  Sieve analysis is frequently employed to assess 
gradation. A sample of dry aggregate with known weight is separated using a series of sieves with progressively smaller 
apertures in a sieve analysis. 

Table 2: Aggregate gradation 

Table 3 Mix design criteria 

Following separation, the weight of the particles retained on each sieve is determined and the weight of the entire sample 
is compared. The particle size distribution defined as a percent retained by weight on each filter size is shown in Table 1, 
Figure 2, Table 2, and Table 3. This approach uses numerous trial aggregate-asphalt binder mixes, each with a different 
asphalt binder content, to perform this experiment (roughly 5 blends with 3 sample each, for a total of 15 specimens). The 
best asphalt binder content can then be chosen after carefully examining the performance of each sample blend. The trial 
blends must have a range of asphalt content above and below the ideal asphalt content in order for this concept to be 
successful. Therefore, determining the ideal asphalt proportion is the first step in sample preparation. 
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Figure 2.1: Prepared samples 

Trial blend asphalt content is then calculated from this appraisal. The link between asphalt mix density and voids is crucial 
to JMF design. To create a mix formula, two density values are used: theoretical maximum specific gravity (TMSG) and 
bulk specific gravity (Gmb) (Gmm). The volumetric parameters for the JMF can be computed from the Gmm value once 
it has been determined using a standard process recognised by the industry. For density and void calculations, the following 
calculations are used: (I) Bulk Specific Gravity, Gsb. (II) Effective Specific Gravity, Gse. (III) Effective Asphalt, Pbe. V) 
Air Voids, Va.VI) Asphalt-filled Voids, VFA Their calculations and formulas are shown in Figure 2.2, Figure 2.3, Figure 
2.4, Figure 2.5, Figure 2.6, and Figure 2.7. 

Figure 2.2: Formula for bulk specific gravity  Figure 2.3: Effective Specific Gravity 

Figure 2.4: Effective Asphalt, Pbe    Figure 2.5: Voids in mineral Aggregates 

Figure 2.6: Air Voids   Figure 2.7: Voids filled with Asphalt 
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3.2 Image Acquisition 

Images of prepared HMA Asphalt samples were captured by smart phone huawei y6p. Images were captured by a smart 
phone having 13 megapixels with triple camera. The images of top view were taken as HMA Asphalt samples were 
homogenous. In pavement homogeneity of HMA Asphalt is due to quality of distribution of aggregate and asphalt. There 
is no need to capture images of bottom view and side view due to homogeneity of HMA asphalt binder. So, only images 
of top view were taken to apply computer algorithms to obtain a matrix. The collected images had a 1600 × 720 pixels 
resolution. For example, there is a Matrix representation for an image as shown in Figure 2.8. 

Table 2.8: Matrix representation of an image [11]

3.3 Job mix Formula 

Furthermore, the distribution of aggregate, aggregate gradation, temperature, and compaction of the asphalt mixture all 
has an influence on the characteristics of asphalt binder. The Marshall Mix design method consists of six basic steps. (1) 
Aggregate selection (2) Asphalt binder selection (3) Sample preparation (including compaction) (4) Calculation of density 
and voids (5) Determining stability using the Marshall Stability and Flow Test. (6) Choosing the best asphalt binder 
content. The preparation Specimens of HMA asphalt concrete samples containing bitumen and aggregate were examined 
through density voids calculations, which are given as shown in Table 4, Table 5, Table 6, and Table 7. 

Table 4: Binder content for Sakhi Sarwar at 4.4% air voids 
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Table 5: Binder content for Sargodha at 4.0% air voids 

Table 6: Binder content for Rohi at 4.3% air voids 

Table 7: Binder content for Margallah at 3.9% air voids 
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4 Proposed method (IPAN) 

4.1 Image processing of samples 
Matlab is an image visualization tool, and images were obtained through a smart phone. These images were converted to 
matrices by computer algorithms. The resolution for images is 720 x 1600 with a 13 megapixel triple camera. Photographs 
were cut off to confine only the HMA asphalt binder part. True color photographs made up the originals (RGB images). 
By using Eq(1) to create a weighted sum of the R (red), G (green), and B (blue) components, the RGB images were 
transformed to grayscale format. 

GS = 0.298 R + 0.589 G + 0.113 B (1) 

Where GS is the estimated grayscale component and R, G, and B stand for the red, green, and blue color components of a 
pixel. The grayscale photographs were then scaled to 256 256 pixels in size. The portion of the HMA asphalt sample that 
was cropped, scaled, grey scaled, and further processed by the computer algorithm to produce the necessary matrix is 
indicated by the matrix's pixel values[2]. The arithmetic mean, standard deviation, median, third moment, 
skewness, and entropy were estimated statistical features using Matlab code. The Levenberg-Marquardt mode 
was used to calculate these statistical characteristics[10]. Figures 3.1 and 3.2 contain their mathematical calculations 
as well as descriptions of these qualities. 

Figure 3.1: Statistical features.      Figure 3.2: Formulas for statistical features 

Where k is the total number of data values for the variable, V displays the variables in the digitalized matrix, Me represents 
the median value of the pixels in the digital images, Std stands for the standard deviation, Mo for the third moment, E is 
entropy, p represents the normalized histogram counts, and Sk represents the skewness value. As mentioned above, there 
are six features, which together make up six rows and twenty-four columns (6 x 256). 

4.2 ANN Modelling 

Image processing in Matlab gives a matrix of 256 columns, and that matrix is used as an input value for image processing. 
Input values have features like mean, mode, standard deviation, third moment, skewness, and entropy. That input value is 
used for training ANN by the Levenberg-Marquardt model. The output of ANN used for its training is VA, VFA, and 
VMA. The values for this output are obtained by experiment in laboratory. Data from both the input and the output were 
normalized to lie between 0 and 1.using Eq. (2). 

N = (V − Vmin)/ (Vmax − Vmin)        (2) 

Where N denotes the normalized value of the variable Ѵ, while Ѵmin and Ѵmax are the lowest and highest values of the 
variable Ѵ, respectively.  
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4.3 Training and Testing of Data Set 

After normalizing the data to a range of 0–1, then that data is used for ANN modelling by the Levenberg-Marquardt 
model. This program uses the ANN toolbox and we have to choose input and output variables. We will also choose the 
number of neurons and start training the data with a ratio of 75% training, 15% validation, and 15% testing. After the 
completion of the process, it will give us three plots. Tables 8 and 9 show regression plots, histogram plots, and error 

plots. Input is used as input data and output is used as target data. 

 4.4 Practical implementation of image processing 

The detection of cracks in asphalt pavement using a convolution neural network [12], using random aggregate packing for 
computer simulation of the microstructure of asphalt concrete [1], determination of the internal asphalt structure change 
during the wheel tracking test [13], detection of bugholes on concrete surface[14], to evaluate segregation of compacted 
asphalt pavement[3] are practical image processing implementations. The practical implementation of this research work 
is to characterize the HMA asphalt concrete with the use of image processing. 

5 Results and Discussions 
In this study, amalgam of IP and ANN was used to evaluate the properties of the asphalt mixture. In the first step, IP was 
used to derive the matrix of images, and secondly, the matrix of this image is normalized to a range of 0-1 and thirdly. The 
data is trained in ANN by using the Levenberg-Marquardt model. Three sets of data are used, i.e., Training, Testing and 
validation of the data set. After the completion of the process, it will give us three plots. The first is the regression plot, 
which will give us the R value, the second is the histogram, which shows the precision of data, and the third is the error 
plot, which will give us the accuracy of data. The results of regression values at the overall stage obtained from the 
optimized (IP, ANN) model, with R = 1, are also depicted in Table 9. The regression value shows the accuracy of data 
being related to the accuracy of the model being developed. These plots are shown above in Table 8 and Table 9, Table 
10, Table 11, Table 12, Table 13 and Table 14. 

Table 8: Error histogram with 20 bins for Margallah    Table9: Training and testing of data set 

Table 10: Error histogram with 20 bins for Sargodha   Table 11: Training and testing of data set 
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Table 11: Error histogram with 20 bins for Rohi      Table 12: Training and testing of data set 

Table 13: Error histogram with 20 bins for Sakhi Sarwar     Table 14: Training and testing of data set

The error histogram is the histogram of the errors between the target values and forecasted values after a feed-forward 
neural network has been trained. These error values, which could be negative, demonstrate the discrepancy between the 
projected and goal values. Bins are how many vertical bars plotted on the graph. 20 smaller bins comprise the entire error 
range in this instance. In the case of Margallah, the Y-axis displays the number of instances in each bin of the dataset. For 
this reason, the height of the bin for the training dataset is greater than but near to 4, and it corresponds to an error of 7.7 
x 10-14 in the left side of the plot. It implies that numerous samples from various datasets have an error that falls within 
the range given below. The error axis's zero error value is expressed by the zero error line (i.e., X-axis). The zero error 
point in this instance comes under the bin with a left of 8.86 x 10-14. 

The number of samples in a given bin on the dataset is shown on the Y-axis in case of Sargodha. For this purpose, in the 
right side of graph, there is a bin that corresponds to an error of 4.21 x 10^-14, and for the training dataset, that bin's height 
is greater than but not quite 4. It means that many samples from different datasets have an error lying in that following 
range. The zero error point in this instance is within the bin that has a right side of -4 x 10^-15. 

The number of samples in a given bin on the dataset is shown on the Y-axis in case of Rohi. For this purpose, in the right 
side of graph, there is a bin that corresponds to an error of 4.66 x 10^-15, and that bin's height for the training dataset is 
greater than but not quite 2. It means that many samples from different datasets have an error lying in that following range. 
The zero error point in this instance is within the bin having a right side of4.66 x 10^-15. 

The number of samples in a given bin on the dataset is shown on the Y-axis in case of Sakhi Sarwar. For this purpose, in 
the right or left side of graph, there is bin that corresponds to an error of 1.9 x 10^-11, and For the training dataset, that 
bin's height is greater than but not quite 3. It means that many samples from different datasets have an error lying in that 
following range. The zero error point in this instance occurs beneath the bin with a centre of 4.0 x 10^-12. 

However, the majority of the error comes inside the range of x-values where you can see the high bars. In the instance of 
Margallah, all of the error was fairly modest and falls in the range of -1.4e0-13 to 2.5e0-13. Each bar's height represents 
the total number of tests, or "instances." Take note of how the orange "zero error" line divides the positive and negative 
ticks. You may establish the bias's direction by looking at the error's sign. On the x-axis label that specifies error as Targets-
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Outputs, positive error implies the outputs were less than the targets, and negative error means the targets were greater 
than the outputs (assuming the targets are positive values). The bulk of outputs were slightly bigger than the targets because 
the majority of tests were negative. 

In case of Sargodha all of the error was quite low and falls in the range of -2.5e0-13 to 4.2e0-14 but most of the error falls 
within the range of x-values where you see the high bars. Take note of how the orange "zero error" line divides the positive 
and negative ticks. You may establish the bias's direction by looking at the error's sign. On the x-axis label that specifies 
error as Targets-Outputs, positive error implies the outputs were less than the targets, and negative error means the targets 
were greater than the outputs (assuming the targets are positive values). Since most tests were negative, most outputs were 
a little bit greater than the targets. The same is true for Sakhi and Rohi Sarwar. Using IP, these four forms of aggregate 

describe the asphalt. In tables 15 and 16, a combine model for these four categories of aggregate is displayed. 

Table 15: A combine model of Data set    Table 16: A combine model of Regression values 

6 Conclusion 
This study has demonstrated the viability of employing an image processing technology and a smart phone to quantify the 
properties of HMA asphalt based on job mix formula. A number of image processing techniques are used to obtain data in 
the shape of a 256-column matrix. To compare the outcomes with those discovered by IP, manual lab tests were also 
carried out. IP characterization was demonstrated to be quicker and easier. Results from image analysis can be more 
accurate than those from lab tests. Average values are presented by laboratory testing, and statistical distributions for each 
parameter are shown by picture analysis. The data sets have a significant impact on the results' correctness. For further 
study, the proposed method can be used in the field. Images of pavements can be captured and then image processing 

procedures are adopted. This process helps to predict the properties of asphalt pavement for further study.  
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Abstract- A promising strategy that has been widely accepted for improving the pavement 
deficiencies, is the use of commercial polymers for asphalt binder modification. However, 
their high cost is the major hurdle in their use, especially in the developing countries. 
Instead of these commercial polymers researchers are using waste plastic polymers to 
attain the same benefits. Their cost effectiveness and environment friendly quality is 
making them the most popular asphalt binder modifier all over the world. The current 
study aimed at studying the impact of aging on the penetration performance of waste 
polymer modified asphalt binder. Two such polymers, waste PET (polyethylene 
terephthalate i.e., plastic bottles) and waste LDPE (low-density polyethylene i.e., plastic 
bags) were collected from the vicinity, then cleaned, uncapped and shredded to a size less 
than 0.5mm and blended separately with 60/70 penetration grade bitumen using 2%, 4%, 
6% and 8% waste polymers by weight of bitumen. Penetration test was performed on the 
unaged modified binder samples, short term aged (using rolling thin film oven test 
(RTFO)) modified binder samples, and long term aged (using pressure aging vessel test 
(PAV)) modified binder samples. To sum up, it could be said that the use of these non-
biodegradable waste polymers enhances the physical performance of the binder and save 
the cost of material and environment from pollution as well.  

Keywords- Aging, Modified Asphalt Binder, Waste PET Polymer, Waste LDPE Polymer. 

1 Introduction 
In order to handle the dramatic increase in the traffic volume and the demand for high quality pavement, researchers have 
been trying hard to improve the comprehensive performance of the asphalt binder by adding different modifiers [1, 2].  
The modifier that gained recognition worldwide in pavement industry is polymer. Polymer modification increases the 
resistance against permanent distresses and failures. It can provide with the improved performance as well as durability. 
The pavements service life increases and maintenance cost reduced significantly by increasing the viscosity of asphalt 
binder at higher temperatures and improving the ductility at lower temperatures [3, 4]. Incorporating polymers to asphalt 
binder could improve the aging resistance [5, 6].  
The commercial polymers such as polyethylene and its by products, styrene-butadiene-styrene (SBS), and ethylene-vinyl-
acetate (EVA), are being used successfully for flexible pavement quality improvement all over the world, but in developing 
countries it's use is still limited due to their high cost. Rather in most recent studies waste polymers are being used instead, 
as a bitumen modifier successfully. They are cost effective and environment friendly,  along with the quality of enhancing 
asphalt binder properties [7, 8]. In other words, we can say that the use of waste polymers results in overall lower product 
costs as well as is a step towards resolving the non-biodegradable i.e. plastic waste disposal issues without compromising 
the properties of asphalt binder rather enhancing the flexible pavement quality [9]. 
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In Pakistan one kilometer patch of road has been constructed in Islamabad at Ataturk Avenue as a trial section using 
different waste polymers. So, there is a dire need to dig into details related to the use of such polymers in our country 
efficiently. Present study focuses on the use of these locally available waste polymeric additives as a modifier, than 
thoroughly examining the aging phenomenon on the penetration performance of modified asphalt binder. The aging of 
waste polymer modified asphalt binder is observed with RTFO and PAV in laboratory. Penetration test was then conducted 
for different samples of aged and unaged WPMB.  

2 Research Methodology 

The methodology used in carrying out this detailed research is summed up in a hierarchical chart as shown in figure 1. First 
of all, material was selected and then conventional testing i.e., Penetration test, was carried out after modifying the bitumen 
with waste PET and waste LDPE respectively. 

Figure 1: Hierarchical chart of Experimental Work 

2.1 Material Selection 

The selection of the materials was carried out by keeping in view their availability and cost efficiency. Researchers are 
using waste polymers like waste rubber and waste plastic successfully, instead of commercial polymers [10-14]. Keeping 
in view the facts and figures, following mixture of materials were used for preparation of modified binder samples. 

 60/70 Asphalt binder
 Waste polyethylene terephthalate (PET)
 Waste low density polyethylene (LDPE)

2.1.1 Asphalt Binder 

The Penetration grade of 60/70 bitumen was acquired by the Attock Refinery Limited (ARL) Rawalpindi, and used as a 
base binder. In Pakistan the above-mentioned grade is used mostly. It performs better in colder regions as well as 
intermediate temperature regions. Moreover, it was easily and abundantly available in our area.  

2.1.2 Waste Polyethylene Terephthalate (PET) 

Polyethylene terephthalate a non-biodegradable waste, is a thermoplastic polymer. It is a clear and strong plastic that is 
commonly used for food packaging. Mineral water and soft drink bottles are mostly made by this PET plastic. In 
this research local waste plastic bottles as shown in figure 2a with PET code i.e., 1, were collected after proper 
identification. Then after removal of the stickers, caps, and cap rings the bottles were washed and dried. After that 
they were shredded to a size ≤ 0.5mm as shown in figure 2b, with the help of shredding machine. 

Experimental Programme

Material

Bitumen

Waste PET

Waste LDPE

Testing

Conventional 
Testing

Penetration
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Figure 2:(a) Waste PET Plastic Bottles;(b) Waste Shredded PET Plastic 

2.1.3 Waste Low-Density Polyethylene (LDPE) 

Low-density polyethylene (LDPE) another non-biodegradable waste having chemical formula (C2H4)n, is also 
a thermoplastic made from the monomer ethylene.  Its most common use is in plastic bags. In this research local waste 
plastic bags with LDPE code were collected after proper identification, cleaned and shredded to a width ≤ 1mm and length 
≤ 15 mm. Figure 3 shows the waste plastic bags, code of LDPE plastic polymer and its shredding. 

Figure 3: (a) Waste LDPE Plastic bags; (b) LDPE Plastic Code; (c) Shredded Waste LDPE Plastic 

2.2 Preparation Of Waste Polymer Modified Asphalt Binders 

Samples were prepared by adding waste polyethylene terephthalate (W-PET) into 60/70 penetration grade in different 
percentages i.e., 2%, 4%, 6% and 8% by weight of the base binder. A measured amount of neat binder for each 
percentage of modifier, was liquefied by heating till 180°C and then premeasured shredded waste PET was gradually 
added. High-rate shear mixer was used keeping the temperature 180°C at 2000 rpm, for about 60 minutes, to get 
homogeneous blend. In order to avoid segregation and maintain uniform distribution, waste modified asphalt binder 
was prepared in small quantity as needed and was used for sample preparation right after that. 
Same procedure was adopted for the preparation of W-LDPE modified asphalt binder samples at four different 
percentages i.e., 2%, 4%, 6% and 8% by weight of the base binder. Mixing was done at 170°C and 2000 rpm, for about 
40 minutes to get homogeneous blends.  

2.3 Aging 

Aging is the change in chemical composition of bitumen due to atmosphere and the high temperatures [15]. In laboratory, 
the effect of short-term aging was stimulated by Rolling Thin Film Oven (RTFO). The temperature in RTFO was 163ºC 
and the samples were aged in the chamber for 80 minutes. To simulate the effect of in-service aging (long term aging) of 
asphalt binder Pressure Aging Vessel (PAV) was used. The samples were kept under high temperature i.e. 100oC and high 
pressure i.e. 2.1 MPa for 20 hours.         

a b c
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3 Material Testing 
Conventional test was performed on virgin, aged, modified aged and modified unaged asphalt binder samples. Modified 
asphalt binder was obtained through extensive physical testing by determining an optimum content of waste PET and waste 
LDPE.  
The test include penetration for determining consistency of bitumen at room temperature (AASHTO Specification T49). 
In this test, a standard loaded needle is vertically penetrated in the sample of asphalt binder under standard condition and 
its penetration depth is measure up to tenths of a millimeter. Penetration values are more for softer binder. According to 
AASHTO T49-03 temperature was maintained at 25°C, load was 100 grams, and the test time was 5 seconds. Using ARL 
60/70 specimen, three values from each specimen were taken after performing penetration tests. The results of the test 
were shown on a screen attached with the penetrometer. All values obtained fulfilled the required criteria as per 
specification.   

4 Results 
In current research, the influence of aging on penetration performance of unaged and aged modified binder samples was 
analyzed using aging index. Aging index is basically the ratio of physical/performance property of aged binder to the same 
property of unaged binder. The aging index used in this research work includes penetration aging ratio (PAR). It is 
calculated by formula given below: 

Penetration Aging Ration ሺPARሻ ൌ
Aged Penetration Value 

Unaged Penetration Value
ൈ 100 

4.1 Penetration Test 

The penetration value is used to show the stiffness as well as hardness of the binder at 25oC. Lower penetration value 
indicates that binder has become stiff. From the results, it is observed that after increasing the waste polymer content from 
2% to 8%, decrease in the penetration value of asphalt binder is considerable. This shows that the consistency of the 
modified asphalt binder increased at normal temperature. The results are based on the average of two readings as shown 
in table 1. 

Table 1: Penetration results for W-PET modified Asphalt Binder 

Penetration 

Additive rate Unaged RTFO aged PAV aged 

0% 65 59 48 

2% 57 48 40 

4% 49 40 33 

6% 41 31 26 

8% 38 27 22 

The decrease in the penetration value of 4% waste PET modified asphalt binder is 25% as shown in figure 4, whereas it is 
21% in case of waste LDPE modified asphalt binder as compared to the unmodified binder as shown in figure 6. This 
decrease is the indication of the higher stiffness by the addition of polymers, that makes them perfect for warmer regions. 
Figure 5 and 7 represents the results of PAR for unmodified and waste polymer modified binder after the short term and 
long-term aging. It is observed that penetration values of unmodified and modified binder decreased after aging. Moreover, 
higher the waste content, lower the value of penetration aging ratio that shows reduction in the degree of aging. Therefore, 
waste polyethylene terephthalate and waste low density polyethylene addition improves the binder’s resistance to oxidative 
aging.  
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 Figure 4: Penetration Values of W-PET Modified Binder   Figure 5: PAR Graph for W-PET Modified Binder 

 Figure 6: Penetration values of W-LDPE Modified binder   Figure 7: PAR Graph for W-LDPE Modified Binder 

5 Conclusions 

After successful completion of extensive lab testing, carried out in an effort to obtain the targeted objectives of this research 
work, the below mentioned conclusions could be derived.  

1 Results indicate that the addition of W-PET and W-LDPE improved the penetration performance of the binder. 
2 Penetration value of the W-PET modified and W-LDPE modified binder decreased by 25% and 21% respectively, 

which indicate high resistance of the modified binder against rutting due to improved stiffness.  
3 Penetration aging ratio at 4% addition of the waste polymers decreased by 10% for W-PET and 12% for W-LDPE 

after the short-term aging which indicate binders improved resistance to oxidative aging. 

6 Recommendations 

1 Investigations should be done by using different combinations of plastic wastes as an asphalt binder modifier and 
evaluate their effects on physical and performance properties before and after aging.   

2 Effect on the low temperature performance and effect on Fatigue properties of asphalt binder and asphalt should be 
studied before implementing W-PET and W-LDPE modified asphalt binders in cold areas. 
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Abstract- Tire rubber never decomposes, hence it's a waste product. When tires are piled 
up at landfills, harmful chemicals are released into the air, ground, and water. Toxic black 
smoke may be emitted into the air when rubber tires catch fire. Many of the dangerous 
compounds typically utilized in tire manufacture may be found in this smoke. There are 
chemical substances in this Fire that are wiped away when water is sprayed. These 
pollutants then permeate the soil and contaminate lakes and ponds. In this situation, it is 
preferable to repurpose rubber. This paper focuses on the strategies adopted by 
researchers to utilize waste rubber as an additive in concrete. Studies have been conducted 
for the replacement of coarse and fine aggregate ranging from 0-100% and investigation 
of mechanical properties including flexural strength, tensile strength, compressive 
strength and physical properties including ductility, unit weight density, etc. have been 
part of the studies. Dynamic properties like impact resistance and energy absorption have 
been investigated at different ages and results were compared with normal concrete (NC). 
It has been discovered, as a result, that rubberized concrete (RC) is better in durability, 
ductility, lightweight, and has greater crack resistance but reduced mechanical properties. 
However, RC’s capacity of energy absorption and impact resistance is higher than NC 
The mechanical properties of RC can be enhanced by adding different types of 
admixtures. 

Keywords- Rubberized Concrete, Mechanical Properties, Dynamic Properties, Physical Properties, Energy Absorption. 

1 Introduction 

One of the causes of environmental pollution includes the decomposition of waste tire rubber. It is observed that a large 
amount of waste rubber requires a large area or site for deposition. Waste rubber produces harmful chemicals which are 
dangerous to the environment and soil. The world is facing a challenging problem because rubber is nondegradable. Rubber 
waste recycling is a considered option. Concrete is one of the most commonly used building materials in the world today. 
A portion of sand or coarse aggregate may be replaced with recycled rubber in concrete. The sustainability of natural 
resources, primarily aggregate, is a primary issue because concrete is the most widely used man-made construction 
material. Utilizing waste tires in the manufacturing of concrete efficiently addresses the issues related to waste tire disposal 
and a sustainable approach toward natural resources [1]. The RC’s thermal insulation, electrical resistance, freezing 
resistance, ductility strain capacity, energy absorption, and impact energy can all be enhanced by the addition of rubber 
[2]. According to [3], 37 million truck tires are thrown away in the UK each year, and this number is expected to rise in 
the future. Rubber waste is a very long-lasting product [4]. Thus, the removal of non-usable tires is the main issue. The 
concrete mix in which rubber is added is known as rubber-treated concrete. Partial substitution of coarse or fine aggregates 
in concrete further enhances its characteristics like unit weight, high impact resistance, and impact resistance ability. Also, 
the addition of rubber shows high durability. RC shows better results where the above-mentioned properties are required. 
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Three aspects, including slump, air void, and density, are examined in the physical characteristics of rubberized concrete. 
In a study, it was found that adding rubber crumbs to freshly laid concrete has a severe impact on the slump values [5]. In 
almost every type of structure, reinforced concrete and steel are the essential elements. These elements provide structural 
integrity to building structures. The lifecycle of concrete is affected by different factors which include: extreme weather 
conditions, higher temperatures, and climate change. These factors sometimes lead to premature deterioration. As the 
world is progressing towards sustainable energy and technology, the efforts for sustainable technologies can contribute 
greatly to the maintenance of infrastructures.   

Figure 1: Crumb rubber particles 

Figure 1 shows the crumb rubber generated from waste rubber tires. The findings demonstrate that using rubberized 
concrete will sustainably reuse waste material to assist in protecting the environment and save natural aggregates [6]. This 
paper reports a comprehensive comparison of mechanical, physical and dynamic properties of rubberized concrete with 
normal concrete. Role of rubber addition in modifying concrete’s properties has been highlighted. Key parameters have 
been identified and recommendations are made for future research directions. 

2 Mechanical Properties of RC 

[4] evaluated the compressive load-bearing capacity of RC columns and found that the inclusion of rubber in the columns 
lowered their load-carrying capacity. This is due to the specific gravity of rubber which is much lower than fine aggregate 
[5] Used split Hopkinson pressure bar (SHPB) set up to find the compressive strength and the results showed a decrease 
in compressive strength from 50.12 MPa NC to 17.91 MPa RC at 50% replacement. Split tensile strength decreased from 
4.60 MPa to 2.21 MPa at 50% replacement. [8] investigated compressive strength using the SHPB system, findings suggest 
that increasing rubber particles reduces compressive strength and flexural strength of rubber-treated concrete. Research 
also stated it is advised that replacement should not exceed 30%. Although, the compressive strength of RC starts 
decreasing after 7 and 28 days. The findings reveal that 0%, 1.75%, 3.25%, and 7.0% addition are equivalent to NC in 
terms of split tensile strength, which ranges from 4.46MPa to 4.48MPa [9]. When rubber is added to concrete, the tensile 
strength is somewhat improved [10]. The compressive and tensile strength of rubber-treated concrete was estimated at 7 
and 28 days. The results show 10%, 20%, 30%, 40%, and 50% rubber content reduces the compressive strength by 17.7%, 
39.9%, 54.1%, 62.0% and 72.2% at 7 days and 21.3%, 37.9%, 54.3%, 62.5% and 66.4% at 28 days, respectively [11]. RC's 
compressive strength can be enhanced by the addition of silica fume. Strength increased from 1.52MPa to 1.79MPa at 7 
days and 1.66MPa to 1.93 MPa at 28 days when 5% silica and 40% rubber were added. These improvements result from 
pozzolanic reactions between silica fume and free calcium hydroxide in the paste, as well as mechanical improvements 
brought on by the addition of a very fine powder to the cement paste mixture [12]. When crumb rubber and steel fibers are 
added in various amounts of 5%, 15%, and 25% by volume of fine aggregate, compressive strength decreases by 12%, 
24%, and 43% after 90 days [13]. Compressive strength decreased with increasing rubber concentration, whereas rubber 
particles containing ground granulated blast furnace slag (GGBFS) showed relatively less decrement in strength [14]. 
Pretreatment of rubber has positive impacts on compressive and split tensile properties of RC. The addition of rubber 
particles produces a negative impact on compressive strength [15]. Strength decrement in RC is caused due to poor bonding 
between rubber particles and concrete matrix [16,17]. 
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Table 1: Mechanical properties of RC 

References Specimens Properties Investigated Output (RC Vs NC) 

[9] Cylinder 
100×200 mm
50×300 mm 

Compressive strength 
Split tensile strength 

-37% 
-8.7% 

Decreased 
Decreased 

[10] Cylinder 
150×300 mm
63.5×150 mm 

Compressive strength 
Split tensile strength 

-63% 
-56.48% 

Decreased 
Unchanged 

[12] Cubes 
100×100×100 mm
150×150×150 mm 

Compressive strength 
Split tensile strength. 

-70% 
38.55% 

Decreased 
Increased 

[15] 
Cylinder 

Beams 
150×300 mm 
150×150×600 mm 

Compressive strength 
split tensile strength 

-59.22% 
-31.93% 

Decreased 
Decreased 

[24] Cylinder 150×300 mm 
Compressive strength 
Split tensile strength 

-51.12% 
-21.61% 

Decreased 
Decreased 

A Series of tests were conducted and obtained results show that compressive strength was reduced by 10%, 18%, and 20% 
for 5%, 10%, and 15% replacement, and flexural strength decreased up to 14% for 15% replacement [18]. [19] found that 
the mechanical properties of RC decreased as rubber content increased, much as the split and flexural strength inflection 
points between 40% and 60% rubber substitution. Untreated RC has shown lower compressive strength than treated RC, 
according to a study in [20]. The compressive strength of treated RC is 24% more than NC. Also, pretreated RC has a 
greater split tensile strength than untreated RC however, this only increases by 20% in the case of a 20% replacement. The 
compressive strength of pretreated RC was found to be 92.62% less than NC, however, flexural strength was found to be 
130% greater in treated RC when 5% of the treated rubber was substituted for the NC [21].  

In comparison to NC, the tensile strength of treated RC is 2.67 times greater. Rubber particles have low specific gravity, 
which reduces the compressive strength of concrete when they are substituted with coarse aggregate [22]. Concrete's 
compressive strength decreases with increasing rubber content. Replacement of rubber by 10% to 50% resulted in a 20% 
to 85% decrease in compressive strength [23]. When epoxy resins were added to RC as an additive, the compressive 
strength of the concrete increased for 28 days. The reason reported was that the epoxy is an adhesive material that facilitates 
the enhancement of bonding between cement matrix and rubber particles despite a progressive decline in the concrete's 
compressive strength over time. At 28 days, epoxy resin admixture improves the split tensile strength. flexural and 
compressive strength of RC with and without 1% superplasticizer addition as rubber content was increased, compressive 
strength decreased. However, mixing admixtures increased compressive strength a little. The RC's flexural strength 
improved, while the addition of mixing admixtures increased strength even more [25]. Compressive and split-tensile 
characteristics of RC have been studied, the findings showed that rubber inclusion lowered the strength of concrete, but a 
25% substitution yielded substantial results [26]. 

3 Physical Properties of RC 

[14] found that the slump and unit weight of RC was reduced as the percentage of rubber particles increased, with a 
decrease in a slump from 220 mm to 185 mm and an increase in air content. Rubber in concrete reduces concrete's 
workability owing to rubber's high-water absorption, hence as rubber percentage increases, so decrease RC's unit weight. 
As a result of its lower unit weight, RC contains a larger percentage of air. Due to rubber's elastic characteristics, RC has 
a greater modulus of elasticity than NC [17]. When rubber content was increased in RC, the unit weight decreased. With 
a 15% substitution of rubber aggregate, water absorption of RC increased by 8% during 28 days [18]. The low binding 
strength of the cement paste to the rubber reduces the workability of both treated and untreated RC [21]. RC's dry unit 
weight decreased as the rubber content increased, resulting in a 33% decrease in 25-mm aggregate density and a 46% 
decrease in 12.5-mm aggregate density with 50% replacement. Rubber content has a direct correlation to porosity in RC. 
The permeability of RC varies from 0.25 to 0.61 cm/s depending on the proportion of rubber in the concrete. There is no 
change in unit weight when 10% rubber, is added to concrete [11]. The water absorption of rubber-treated concrete 
increases with the addition of more rubber particles. Whereas the modulus of elasticity decreases when rubber content is 
raised by 10%, 20%, 30%, and 50%. Water absorption is not significantly altered by a 10% replacement. 
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Table 2: Physical properties of RC 

References Specimens Properties Replacement Output (RC Vs NC) 

[17] 
Column 

Specimens 

240×1500 mm 
400×400×1200 mm 
350×350×350 mm 

Unit weight 
Air content 

25-100% 
-12% 

+172% 
Decreased 
Increased 

[18] 
Cylinder 

Beams 
150×300 mm 
150×150×762 mm 

Unit weight. 
Water 

absorption 
0-15% 

-7% 
+8.6% 

Decreased 
Increased 

[22] Cubes 150×150×150 mm Unit weight 0-15% -14.33% Decreased 

[23] Cubes 150×150×150 mm 
Porosity 

Permeability 
0-50% 59% 

Increased
Increased 

[29] Cubes 150×150×150 mm Density 5-20% -92.213% Decreased 

4 Dynamic Properties and Impact Resistance of RC 

Table 3: Dynamic properties and energy absorption of RC 

References Specimens Properties Investigated Output (RC Vs NC) 

[13] 
Cube 
Beam 

100×100×100 mm
100×100×500 mm 

Impact energy absorption +171% Increased 

[12] Cubes 
100×100×100 mm
150×150×150 mm 

Impact resistance 
Energy absorption 

+239% 
+9.46% 

Increased 
Increased 

[14] 
Cube 
Prism 

150×150×150 mm 
70×70×100 mm 

Energy absorption +24% Increased 

[27] Cylinder 150×300 mm Impact resistance +2% Increased 

[32] 
Railway 
sleeper 

63×250 mm
Impact resistance 
Impact strength 

+50% 
+40-60% 

Increased 
Increased 

RC absorbs more energy than NC, as shown by a 0.5 kg steel ball drop test from a standard height of 1 m [14]. The higher 
the rubber content, the greater the energy absorption capacity. A 5%, 15%, and 25% rubber replacement yields 3.682, 
4.083, and 4.586 kgm2/sn2 respectively. According to [27], a 65 kg mass was dropped from 650 mm height and the impact 
resistance of RC was better than that of NC, making it suitable for highway barriers. Using both computational and 
experimental data, [28] demonstrated that RC with steel reinforcement resists blast loading. [29] calculated the damping 
ratio of RC, results show that crumb RC dissipated energy about 2.6 times the energy dissipated by NC. Slightly reduction 
in crumb RC decreased energy dissipation by 1.8% compared to NC.  

The impact resistance of RC is higher than NC, this is because of the elastic nature of rubber [18]. It was noted that RC 
has a high dynamic compressive strength. RC has been studied for its dynamic properties, and the results reveal that it has 
stronger impact resistance and energy absorption than NC. RC offers a higher impact strength than NC [32]. Concrete's 
impact energy was improved by the addition of steel fibers to crumb rubber. Replacement of 5%, 15%, and 25% increased 
impact energy by 30.6%, 66.6%, and 70.6%, respectively [13]. 

5 Practical Application of Rubberized Concrete 

Significant increment in dynamic properties makes rubberized concrete an efficient material for energy absorption and 
toughness relied applications. Structures, where strength requirement is not the primary objective and dissipation of 
stresses through energy absorption is desired, rubberized can play a vital role instead of normal concrete. In addition, 
structures subject to impulsive loading like bridge piers and roadside barriers can have enhanced toughness through 
utilization of rubberized concrete.  
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6 Conclusions 

The following conclusions can be drawn from this study: 

1 Greater rubber content results in decreased mechanical properties but increased dynamic and impact resistive 
properties of rubberized concrete. However, both positive and negative aspects have been discovered in response to 
physical properties. 

2 The negative results have an obvious reason of poor bonding between rubber particles and cement paste but 
pretreatment of rubber enhances the mechanical properties of concrete.  

3 Crumb rubber replacement with fine aggregates shows better results instead of coarse aggregate. 

Admixtures like silica fume, epoxy resins, superplasticizer, etc. can be utilized for better mechanical properties by 
improving the bond strength of rubber particles and cement paste. A thorough study needs to be conducted to identify the 
most suitable admixture that could result be used for enhancement of mechanical properties. In addition, comparison of 
strength properties through different pretreatment techniques of rubber should be investigated. 
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Abstract- The goal of this experimental research was to analyze the addition of carbon 
and glass fibers on the split-tensile and compressive strength of concrete cylinders. An 
approach to increase the strength of structures was carried out using fiber synergy. In this 
investigation, an effort was made by testing hybridized and mono fiber reinforced 
concrete (FRC) cylinders. Eighteen concrete cylinders were cast including six cylinders 
with different percentages of carbon fibers, six cylinders with different percentages of 
glass fibers, three control cylinders, and three hybridized cylinders were tested up to 
failure point. Eighteen samples each for split-tensile and compressive strength were tested 
in this experimental research. It was observed that the split-tensile and compressive 
strength of fiber reinforced concrete cylinders was improved using fiber synergy. 

Keywords- carbon fibers, compressive strength, energy absorption glass fibers, hybrid fibres, split tensile strength 

1 Introduction 
Fibre reinforced concrete (FRC) is described as a composite material made with Portland cement, aggregate, and adding 
fibres that are discontinuous. FRC is super resistant against cracks formation and propagation. As a result of this ability to 
arrest cracks, fibre composites possess increased extensibility and tensile strength. 

The strength of ordinary cement concrete is compromised by its least tensile resistance and very restricted ductility along 
with least resistance to cracking which makes it a brittle material leading to limited serviceability. Internal micro cracks 
lead to the brittle failure of concrete. The project specification led it to the durability requirements and being with the 
specific intended use it becomes necessary to modify the properties of concrete for broader use and durability limitations. 
Although, concrete has wide range of applications but it has some deficiencies too like low tensile strength, cracking 
capacity and brittleness. 

The application of short and randomly distributed fibres to improve the properties of building materials is not a new concept 
and indeed its application is recorded in scriptures. Developing the concrete characteristics by strengthening fibre has its 
advantages including strength against cracks developing by contract dying and plastic, strength against moisture and 
thermal tension and increased formability. 

Shabbir et al. [1] experimented the effect of carbon and steel fibres addition in concrete and analysed the cracking patterns. 
They concluded that the addition of carbon and steel fibres in concrete played a vital role in controlling the concrete cracks. 
Riyad et al. [2] investigated the load carrying capacity of glass fibre reinforced concrete and concluded that the load 
carrying capacity of GFRC increased as compared to ordinary concrete. Rashid [3] investigated durability characteristics 
of steel and polypropylene FRC exposed to natural weathering action and concluded that the durability is improved by 
natural weathering-exposure of polypropylene fibres. Anthony et al. [4] investigated optimum percentage of polypropylene 
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fibre contents for enhancement of strength of concrete in compression and concluded that the strength of concrete is 
improved by 0.5% when low percentage fraction of fibres was added. Ali et al. [5] studied the effect of glass-fibres on 
properties of concrete with recycled aggregates and concluded optimum dosage of glass fibres to be 0.25% for natural 
coarse aggregates, and 0.5% for recycled coarse aggregate concrete respectively. Sohail et al. [6] studied the comparison 
of confined glass and carbon FRC and concluded that both glass and carbon FRC have more strength as compared to high 
strength concrete. Rashid et al. [7] experimented the strength of FRC girders in flexural containing steel and polypropylene 
fibres and concluded that flexural strength is increased by 47% and split-tensile strength is increased by 123% by the use 
of steel and polypropylene fibre. They also concluded that steel FRC girders improve the strength by 47% in flexural and 
energy absorption by 69%. Patil and Sangle [8] concluded that almost 30-50% load carrying capacity of FRC having steel 
fibres was greater than that of plain concrete. They also concluded that the use of fibres enhanced the resistance against 
cracking. Shakor and Pimplikar [9]investigated the difference in compressive strength of FRC specimens with and without 
glass fibres and concluded glass FRC to have higher potential in construction industry. Chen and Chung [10] used carbon 
fibres inside concrete mix design and concluded minimum 0.1% by volume of carbon fibres inside concrete mix design 
for increase in flexural strength. Song and Yin [11] evaluated compressive toughness of steel and carbon FRC and 
concluded increase in crack resistance property of concrete specimens by the addition of steel and carbon fibres. 
Chandramouli and Srinivasa [12] carried out experimental investigation on alkali resistance glass FRC and observed 20-
25% increase in strength in comparison of controlled concrete specimens with zero percent fibres. 

There is not much research on strengthening of reinforced concrete using hybridized fibres (carbon and glass fibres). This 
gap is covered after testing hybrid and mono FRC cylinders. This experimental program provides evaluation of 
compressive & tensile strength, stress & strain curves, load & deflection curves and cracking patterns. 

2 Research Methodology 
The effect of the carbon & glass fibres on the strength of concrete was studied by varying the percentages of carbon and 
glass fibres in the concrete for which others parameters were remained constant. The compressive strength (ASTM C39-
19) [13] and split-tensile strength (ASTM C496-12) [14] was tested by casting the concrete cylinders in casting yard of
commercial suppliers working in Pakistan.  

2.1 Materials 

The concrete mix design of 1:1:2 was used for this experimental research consist of ordinary Portland cement (ASTM C 
150-14) [15], coarse aggregates from Margalla crush  with 70% (by 9.5mm sieve passing) and 30% (by 20mm sieve 
passing) (ASTM C-33) [16], fine aggregates from Lawrencepur sand having 2.12 Fineness Modulus, simple tap water and 
0.7% superplasticizer (ASTM C 494-14) [17]..  

(a)  (b) 

Figure- 1: Different fibers used in this research (a) Glass Fibers (b) Carbon Fibers 

Chopped Glass and Carbon fibers are shown in Figure 1. were also used with varying percentages 
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The materials for 1mଷ of concrete are estimated as shown in Table 1. 

Table 1: Concrete mix design and material calculations 

Sr.# Specimen  
Cement 
Content 
(𝐤𝐠 𝐦𝟑⁄ ) 

Water 
Content  

(L) 

Sand 
Content

(𝐤𝐠 𝐦𝟑⁄ ) 

Coarse 
Aggregates 

Content  
(by 9.5mm 

passing) 
(𝐤𝐠 𝐦𝟑⁄ ) 

Coarse 
Aggregates 

Content 
(by 20mm 
passing) 
(𝐤𝐠 𝐦𝟑⁄ ) 

Admixture 
Content 

(𝐤𝐠 𝐦𝟑⁄ ) 

Carbon 
Fibers 

Content 
(𝐤𝐠 𝐦𝟑⁄ ) 

Glass 
Fibers 

Content 
(𝐤𝐠 𝐦𝟑⁄ ) 

1 S1-CM 

132.3 66.2 132.3 185.27 79.4 0.7 

0 0 

2 S2-CFRC-1 2.9 0 

3 S3-CFRC-2 3.7 0 

4 S4-GFRC-1 0 1.8 

5 S5-GFRC-2 0 2.6 

6 S6-HyFRC 3.3 2.2 

2.2 Casting of Specimens 

A total 36 number of concrete cylinders were casted in Banu Mukhtar Plant located in KPK as shown in Figure- 2a. For 
all concrete specimens, the concrete mix ratio was kept same. The compaction of concrete carried out via an external 
vibrator After 24 hours, the moulds were removed and cylinders were placed in curing tanks as shown in Figure- 2b in 
accordance with ASTM C-31 [18].  

(a)  (b) 

Figure- 2: Casting and Curing of Specimens (a) Preparation of Concrete mixing in Plant (b): Placement of concrete cylinders inside 
curing tanks for 28 days 

The ratios of various types of fibres used inside all concrete cylinders is shown in Table 2. 

Table 2: Percentages of fibres in concrete specimens 

Sr. 
No. 

Specimen Fiber Content  
(by % of weight of concrete) 

Carbon Fibers Glass Fibers 

1 S1-CM - - 

2 S2-CFRC-1 0.65% - 

3 S3-CFRC-2 0.85% - 

4 S4-GFRC-1 - 0.40% 

5 S5-GFRC-2 - 0.60% 

6 S6-HyFRC 0.75% 0.50% 
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2.3 Testing of Specimens 

The determination of compressive strength and split-tensile strength of concrete specimens was carried out at each 25kN 
load interval. Load was applied via compression testing machine with capacity of 3000kN at the centre of cylinders, and 
deflection of the cylinder was measured using linear displacement sensors (LDS) at each respective load interval. The 
strains were recorded by using P3-strain indicator and data recording device (Figure 4) connected to LDS. The complete 
setup installation is shown in Figure- 3(a) along with complete setup schematic diagram in Figure- 3(b).  

(a)  (b)

Figure- 3: Complete Testing Setup (a): Compression Testing Machine (3000 kN), Computer Setup, P3 Strain Indicator and Linear 
Displacement Sensor; (b): Schematic Diagram of Complete Setup 

Figure- 4: P3 Strain Indicator and Recorder 

3 Results  

3.1 Compressive Strength of Concrete Mixes 

Three number of cylinders were tested for each type of concrete mix and average of three is reported in this section. Load-
Deflection and Stress-Strain graphs are shown in Figure--5 and Figure--6 respectively. The average maximum compressive 
strength of all specimens are shown in Figure- 7. 

The compressive strength of S6-HyFRC concrete specimens was achieved up to 33.90MPa which was maximum as 
compared to other concrete mix specimens. The concrete mixes with mono-fibers i.e. (i.e., mixes of S2-CFRC-1, S3-
CFRC-2, S4-GFRC-1, S5-GFRC-2) didn’t showed much difference in compressive strength as compared to that of control 
specimen. The fiber synergy (hybridization of carbon and glass fibers) played a vital role in increasing the compressive 
strength of S6-HyFRC concrete specimens. 
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Figure- 5: Load-Deflection curves against compressive strength testing of all concrete specimens 

Figure- 6: Stress-Strain curves against compressive strength testing of all concrete specimens 

3.2 Split-tensile Strength of Concrete Mixes 

The concrete cylinders were tested for split-tensile strength as per ASTM C496-12 [14]. Load-Deflection and Stress-Strain 
graphs are shown in Figure- 8 and Figure- 9 respectively. Maximum load carrying capacity and average maximum 
compressive strength of all specimens are shown in Figure- 10. 
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Figure- 7:  Average Max. Compressive strength  of all concrete specimens 

S6-HyFRC concrete specimens have shown maximum tensile strength due to their composition containing hybridized 
fibres that improved the capability of both fibres’ types inside the concrete matrix. The tensile-strength of 12.5 MPa was 
observed for mix of concrete cylinder S6-HyFRC. The use of carbon and glass fibres (S2-CFRC-1, S3-CFRC-2, S4-GFRC-
1 and S5-GFRC-2) improved the tensile-strength of concrete, but negligible in comparison to that of S6-HyFRC concrete 
specimens. 

Figure- 8: Load-Deflection curves of split-tensile strength testing of all concrete specimens 
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Figure- 9: Stress-Strain Curves of split-tensile strength testing of all concrete specimen 

Figure- 10: Average split-tensile strength of concrete specimens 

3.3 Slump of Different Concrete Mixes 

The slump test for every concrete batch was performed according to ASTM C-143 [19] as shown in Figure 11. 

Figure- 11: Slump Cone Test for concrete specimens 

The results of slump test are elaborated as shown in Table 3: 
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Table 3: Average Slump values for each concrete specimen 

Sr. 
No. 

Specimen Mix Design Ratio 
Slump 
(mm) 

1 S1-CM 

1:1:2 

50 

2 S2-CFRC-1 38 

3 S3-CFRC-2 40 

4 S4-GFRC-1 42 

5 S5-GFRC-2 45 

6 S6-HyFRC 47 

3.4 Energy Absorption of Concrete Mixes 

Toughness of concrete cylinders is indicated by the amount of energy being absorbed [20]. The area under Load-Deflection 
curves is calculated and depends on both ultimate load and maximum deflection achieved at failure point. S6-HyFRC 
concrete cylinders absorbed 82% more energy as compared to S1-CS as shown in Figure- 12. 

Figure- 12: Average Energy Absorption Capacity for each Concrete Specimen 

3.5 Crack Patterns 

The propagation of the cracks was observed before and after testing each specimen of concrete during experimental work. 
The cracks were vertical in majority and inclined along the height of cylinder and they differ with various fibre contents 
inside the specimens. The cracking patterns under compression testing along with their development can be observed in 
Figure- 16, 17 and 18. 

The specimens were also tested under split-tensile strength test. The concrete specimens were put horizontally to get the 
tensile strength after splitting them apart. The initiation of tensile cracks from the top and propagation to the bottom of 
cylinder was observed. All the concrete specimens have resulted in horizontal under split-tensile strength testing and can 
be observed in Figure- 19, 20 and 21.  
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Figure- 13: HyFRC-S6 Cylinder after compressive strength test 

(a)    (b)   (c) 

Figure- 14: CFRC and GFRC mixed Cylinders after compressive strength test (a) S3-CFRC (b) S4-GFRC (c) S5-GFRC 

Figure- 15: Control Concrete Cylinder (CS) after compressive strength test 

4 Practical Implementation 
Fiber reinforced concretes play important role to arrest cracks and due crack resisting nature of FRC it will considerably 
improve the mechanical strength of structural members. This research focuses on practical implementation of fiber 
reinforced concrete in structural members to enhanced compressive and split-tensile strength along with better crack 
resistance. Furthermore, this approach is also very beneficial from economical perspective as it will reduce the cross section 
of members which will greatly reduce the project cost. 
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Figure- 16: HyFRC-S6 Cylinder after split-tensile strength test  

(a)   (b)     (c)

Figure- 17: CFRC and GFRC mixed Cylinders after split-tensile strength test (a) S3-CFRC (b) S3-CFRC (c) S4-GFRC 

Figure- 18: Controlled Concrete Cylinders after split-tensile strength test 
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5 Conclusion 
The experimental research, after performing compressive strength and split-tensile strength tests on all concrete specimens, 
concludes following points: 

1. The use of hybridized fibre reinforced concrete (HyFRC) has increased the compressive strength by 49% and the
split-tensile strength by 12.5% as compared to control specimen.

2. The crack resistance property of HyFRC was increased as compared to control specimen.
3. HyFRC specimens has absorbed 345% higher energy as compared to control specimens.
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Abstract- Bitumen is produced from non-renewable natural resources. Depletion of non-
renewable resources intrigued researchers to look for alternative binders. Bitumen has 
been modified with many additives to enhance its properties and performance. The 
improper disposal of waste materials such as crumb rubber and use engine oil poses a 
significant threat to the environment. The addition of these industrial waste products to 
asphalt not only provides a safe and cost-effective way to dispose of them, but also 
improves the asphalt binder's performance. In this study, various combinations of waste 
engine oil and crumb rubber have been used with 60-70 penetration grade bitumen to 
produce a partially synthetic bitumen. Adhesion being one of the key characteristics of 
the bituminous binder has been assessed by using bitumen bond strength test along with 
penetration and softening point. The experimental results revealed that partially synthetic 
bitumen with 35% waste and 40% percent waste improves the adhesion along with 
conventional properties. Furthermore, the results of partially synthetic bitumen 
demonstrate that this bitumen is more suitable for cold regions of the country. A detailed 
and extensive testing program is needed to reach authentic findings but based on the 
results authors are hopeful that a handsome percentage of waste can replace the virgin 
binder giving a cost effective and environmentally friendly solution.  

Keywords: - Synthetic Bitumen, Adhesion, Waste Engine Oil, Crumb Rubber 

1 Introduction 

Bitumen is a binding agent used in flexible pavements. Increased road transport volume, environmental and external 
factors, and construction-phase failures can reduce asphalt pavements' useful life and increase the probability of permanent 
faults [1]. Mohammad Gohar et al., investigated that the 15% addition of crumb rubber increases the stiffness, viscosity 
and high softening point and improves the rutting resistance of conventional bitumen [2]. Ahmed Eltwati et al, investigated 
that, the addition of the WEO-CR rejuvenator improved the overall performance of the mixture by improving the physical 
and chemical properties of the asphalt binder and the mechanical performance of hot-mixed asphalt (HMA) [3]. 

Christopher Daniel et al., investigated the use of waste engine oil mixed with reclaimed asphalt. He noticed that asphalt 
binders blended with Reclaimed asphalt binder (RAB) might have less stiffness and better low temperature qualities due 
to waste engine oil. Asphalt pavements can also be made softer by used engine oil without harming the pavements' 
susceptibility to moisture. [4]. Touqeer Shaukat et al., studied the Rheological evaluation of asphalt modified with auto- 
mobile engine waste oil. He concluded that the increased cohesion of asphalt molecule chains is due to the increased 
viscosity of asphalt modified with 2.5% filtered waste engine oil. Comparison of master curves shows that binder modified 
with waste engine oil can better perform at low temperatures to resist fatigue cracking [5]. Jia, X. et al. conclude that waste 
engine oil residues have a significant impact on the reduction of asphalt binder's low-temperature stiffness and 
improvement of its low-temperature performance [6]. Birendra Kumar Singh et al.  investigated that by lowering the size 
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of the crumb rubber, the resistance to rutting has been enhanced and can improve high temperature performance of 
bitumen.[7]. Herda Yati Katman et al. conclude that crumb rubber modifications of bitumen enhance bituminous binder 
properties such as Viscosity, softening point, loss modulus, and storage modulus. Consequently, this enhances the rutting 
resistance, resilience, and fatigue cracking resistance of asphaltic mixtures. [8]. M. F. Ahmad et al. evaluate the Bitumen 
is a petroleum product obtained from the fractional distillation of crude oil, a natural resource. Natural resources are 
depleting continuously, significantly impacting its price hike and environmental pollution. Asphalt binder has been 
modified with many modifiers to counter the problem of waste material management, depletion of natural resources, and 
improving the performance of conventional binder. The use of modified or alternative binders is both cost-effective and 
environmentally friendly [9]. Feng, Zhao et al. evaluated the waste engine oil-modified bitumen and concluded that WEO 
reduces the softening point and viscosity of binder while increasing its penetration. He also concluded that an excess WEO 
adversely affects the binder properties [10]. Liu et al. evaluated the rheological behavior of waste engine oil-modified 
bitumen and concluded that fatigue resistance and low-temperature performance are improved, but the binder's rutting 
resistance and high-temperature performance are impaired. They concluded that from chemical tests, there is no evidence 
of a chemical reaction between bitumen and WEO. They recommended the range of 4-8% WEO modification [11].Liu et 
al. studied the rheological behaviour of WEO-modified bitumen and determined that the addition of waste engine oil 
reduces the asphalt binder's elasticity. it shows lower values of complex modulus and higher values of phase angles. WEO 
improves the fatigue performance but impairs the rutting resistance of bitumen [12]. 

The objectives of this research are as follows: 

1. To examine the combined impact of WEO and CR on bitumen's conventional properties.
2. To examine the impact of WEO and CR on the adhesion  properties of asphalt mixture.
3. Determination of the optimum combination dosage of various constituents for manufacturing of cost effective

and environmental friendly  partially synthetic bitumen.

2 Experimental Procedures 

2.1 Material Preparation and its Mixing Proportion: 

The 60/70 pen grade bitumen was collected from PARCO refinery. Waste engine oil was collected from local motor vehicle 
repairing plants and markets. Using filter paper of grade Whatman 1002-150, waste engine oil was filtered out. CR was 
extracted from used tire scrape and grind them in shredder plants.  

Table1: Mixing proportions of WEO and CR 

Sr. 
No 

Dosage 

1 B+5% WEO+20% CB 

2 B+5% WEO+25% CB 

3 B+5% WEO+30% CB 

4 B+10% WEO+20% CB 

5 B+10% WEO+25% CB 

6 B+10% WEO+30% CB 

7 B+15% WEO+20% CB 

8 B+15% WEO+25% CB 

9 B+15% WEO+30% CB 

After being crushed, the material passes through sieve No. 50/300 microns/0.2997 mm Then, various proportions of used 
motor oil and crumb rubber were mixed with bitumen.  
Prior to adding waste engine oil and CR into bitumen, the bitumen is heated to 150°C on a hot plate, where the temperature 
is kept constant and then mixed using a shear mixer. 
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2.3 Testing Methodology: 

The penetration and softening point tests, which were performed in accordance with ASTM D5 [13] and D36 [14], were 
used to characterize the impact of WEO and CR. PATTI was used as per ASTM D 4541 to evaluate the bond strength of 
bitumen under dry and wet conditions [15]. Then used the burst pressure values in equation 1 to calculate the Pull-off 
tensile strength (POTS). 

POTS =  
ሺ𝑩𝑷∗𝑨𝒈ሻି𝑪

𝑨𝒑𝒔
      1 

Burst Pressure (BP), the contact area (Ag), which has a value of 2620 mm2, and C which has a value of 0.286, is the piston 
constant. Aps has a value of 127 mm2.  

3 Research Methodology 

This project's research methodology is shown in Figure 1. 

Figure 1: Research Methodology 

Page 136 of 465



4 th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-156 

4 Results 

4.1 Conventional Testing: 

In this method, for investigating the impact of modifiers on bitumen, conventional testing was conducted. The penetration 
and softening point test are performed to determine whether modified bitumen becomes soft or hard. Figure 2 depicts the 
experimental results of conventional testing. 

Figure 2: Effect of penetration and softening on partially synthetic bitumen 

In Figure 2, The addition of 5% WEO with 20%, 25%, and 30% CR by total binder content increases the penetration value 
by 28%, 23%, and 20%, respectively, while the softening point decreases by 14%, 10%, and 8%. In 10% WEO with 20%, 
25%, and 30% CR, a 30%, 26%, and 22% increase in penetration value and an 8%, 14%, and 12% decrease in softening 
point value were observed. Similarly, the addition of 20%, 25%, and 30% CR with 15% WEO resulted in a 36%, 33%, 
and 31% increase in penetration value and a 16%, 15%, and 14% decrease in softening point, respectively. Its mean that 
increasing the dosage of WEO results in higher penetration values and a lower softening point, whereas increasing the 
dosage of CR results in lower penetration values and a higher softening point. The addition of WEO softens the binder, 
whereas the addition of crumb rubber hardens and stiffens it, thereby enhancing its conventional properties. 

4.2. Evaluation of Adhesion by using BBS Test: 

The effect of WEO and CR on adhesion were experimentally evaluated by using PATTI. To determine the bonding strength 
of the binder to the aggregate surface, a Bitumen Bond Strength (BBS) test was performed for both dry and wet conditions. 
For dry conditioning, in figure 3, the addition of 5% WEO with the inclusion of 20%,25% and 30% CR by total binder 
content, after 24 hours of dry conditioning, POTS values decrease by 38 %,27% and 13%, In 10 % WEO with the inclusion 
of 20%,25% and 30% CR, a decrease of 67%,50% and 38% in value of POTS was observed at dry condition. Similarly, 
when 15% WEO was mixed with 20%, 25%, and 30% CR, the POTS value of the dry sample decreased by 72%, 58%, 
and 50%, respectively, when compared to the virgin binder 
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Figure 3: Effect of POTS at dry condition 

Figure 4: Effect of POTS at Wet condition 

In Figure 4, The addition of 5% WEO with the inclusion of 20%,25% and 30% CR, by the total binder content, POTS 
values decrease by 26 %,11% and 4% at wet condition. In 10 % WEO with the inclusion of 20%,25% and 30% CR, a 
decrease of 36%,19% and 7% in POTS values was observed. Like that, in 15 % WEO with the inclusion of 20%,25% and 
30% CR, a decrease of 47% ,36% and 17% in POTS value of wet sample was observed. However, compared to dry 
condition, the partially synthetic bitumen showed lower values after water conditioning, because, Water permeates the 
bitumen-bitumen interface as well as the bitumen-aggregate interface, thereby weakening the bond. It means that due to 
the incorporation of crumb rubber, an increase in the value of POTS authenticates a stronger association between 
aggregates and binder specimen and a decrease in the value of POTS indicates a weaker bond between aggregates and 
binder specimens as a result of the incorporation of waste engine oil. Increased WEO dosage results in a lower POTS 
value, whereas increased CR dosage results in a higher POTS value, and vice versa. 
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5 Conclusion 

In the light of results attained, the results of partially synthetic bitumen demonstrate that this bitumen is more suitable for 
cold regions of the country, conclusions are summarized as: 

1. From conventional testing, i.e., Penetration Test, Softening Point Test, it has been observed that of WEO in the
binder increases its penetration values, decreases its softening point, and decreases the consistency of bitumen
because waste engine oil softens the bitumen but with the addition of crumb rubber, improved the properties of
partially synthetic bitumen.

2. When compared to virgin binder, the addition of 35% waste by total binder content, decreases the POTS value of
dry sample by 13%, and the value of POTS dropped by 38% when 40% waste was added. For the wet sample,
the addition of 40% waste by weight of binder, decreases the POTS value of wet sample by 4%, and the addition
of 40% waste, a decrease of 7% in value of POTS was observed. Wet strength and dry strength decrease with
increase in WEO which depicts that WEO induces moisture damage. However, addition of crumb rubber resulted
in improvement in the resistance against moisture providing better adhesion.

3. The optimum percentage of industrial waste which can be used for the production of partially synthetic bitumen
lies between 35% and 40% contributing to a significant saving in non-renewable resources.

4. This scope of this study was very limited so a detailed and extensive testing program is needed to reach authentic
findings but based on the results authors are hopeful that a handsome percentage of waste can replace the virgin
binder giving a cost effective and environmentally friendly solution.
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Abstract- Recently, different types of gypsum board composition are being used in 
buildings due to their excellent thermal properties. Thus, the requirement for fire safety 
concerns rose. As a result, the goals of these studies are to first reduce the fire risk of 
gypsum board at normal temperatures, and then to increase the maximum failure time of 
gypsum-based boards when exposed to fire. Finally, maintenance or repair of fire-
damaged gypsum-based material. Fire-resistant plasterboards were used because of their 
thermal, physical, and heat transfer properties. Various types of gypsum board were 
manufactured around the globe and studied for their chemical composition and thermal 
effects at high temperatures. By executing fire tests on gypsum-based boards, the results 
showed that gypsum board slows the process of extinguishing fire, and it performed 
well up to 400 °C. When the temperature was raised to 600 °C, cracking and volume 
shrinkage were observed. When the temperature rises by up to 1000 °C, the gypsum 
board crumbles. According to the findings of this study, increasing the thickness of the 
board, decreasing the density of the main element pure gypsum, the initial mass friction 
dehydration process, then hemi-deration process, air cavity filled with insulation 
material, and the addition of mixed proportions of PCM with gypsum all help to 
improve the failure time. 

Keywords - Gypsum board, High Temperature, Fire Test, Shrinkage, Cracking, Falling off. 

1 Introduction 
Kong et al. (2022) reported that, due to its exceptional fire resistance, gypsum board (GB) is used as a fire-resistant 
component of walls. However, cracking and separation lead to partition failure because water leaks out at high 
temperatures [1]. As Feng and Jihong (2022) reported, a key factor in the accuracy of the thermal response simulation for 
cold-formed steel (CFS) composite buildings is the specific heat capacity at high temperatures of fire-resistant gypsum 
boards. However, the current standard does not provide complete and precise values for the test parameters (such as 
heating rate, sample quality, and sample size) that were used to determine the specific heat capacity of gypsum boards 
[2]. D.Norsk et al. (2022) studied that partition walls composed of gypsum plasterboard are commonly used in 
construction, and they provide passive fire protection as separating elements due to their significant role in determining 
the wall's fire resistance Thermo-mechanical characteristics [3]. In 1888, Augustine Sackett, combined layers of paper 
with plaster of Paris, and moulded a sample of the first gypsum board, which became "Sacket Board". In the 1950s, 
technology for gypsum board was developed, allowing for the invention and modification of designs of fire-rated 
gypsum board on peak and the manufacture of different types of gypsum board including partitions in curves, curved 
edges, partitions without stud and runner, special types of nails, low density plaster board, and sound-controlling 
systems. Gypsum board materials in that period were at their peak in commercial and residential buildings due to 
inventions and experimental studies [4]. Gypsum board is used in approximately 50% of new houses that were 
constructed in 1955. Lightweight steel-framed buildings were most compatible with lightweight gypsum assemblies, 
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which encouraged the design of high-rise commercial and residential building construction in the 1960 to 1970 eras [4]. 
Nowadays, different types of gypsum products are used in interior designing, ceiling decoration, wall partitions, duct 
closing of HVAC, wet areas of kitchens and toilets, fire rated partitions, stairwells and lift shafts. Because of the cost-
saving and fire-resistance properties of gypsum assemblies, Gypsum minerals are sedimentary rocks in crystalline form 
called "calcium sulphate dehydrate". Chemically combined water was found in 21 pounds of raw material. Rock is taken 
from mines, then big-sized rocks are turned to small aggregates by crushing. After crushing, the material is ground into 
powder and dried at 350 °C. Drying off 3/4 of the chemically combined water is known as calcining. This calcined 
powder is used in gypsum plaster and in other products [5].  

Gypsum board manufacturing, additives and calcined powder mixed with water will become a paste, then using a 
machine put on a layer of paper. The conveyor machine moves down, then the gypsum board rehydrates and turns into 
its original shape. The chemical and mechanical bonds cause the paper layer to harden. Then the board moves toward 
and cuts into the stander length to clean the surface or remove the dampness on the surface [6]. Gypsum board is the best 
fire-resistant material in the construction industry. It is used in interior decoration and where fire resistance requirements 
as per stander are met. Because its core has chemically combined water when exposed to fire, it evaporated slowly in a 
form of steam, which helps to slow the heat transfer rate. Even after releasing all the water steam, it becomes a heat 
insulation barrier. Furthermore, tests conducted according to ASTM Standard (E 84) show that gypsum board has a low 
flame and smoke spreading index. Gypsum-based material is used with other materials to protect the building element 
effectively from fire at specified times [7]. The study's goal, it is quite difficult to simulate the fire behavior of 
plasterboard's cracking, falling off, and water transport caused by gypsum. The effectiveness of the wall's fire resistance 
is determined by carrying out fire tests. The aim of the study is to assess the fire resistance of walls lined with gypsum 
plasterboard and steel studs. On the gypsum plasterboard walls, a number of large, medium, and small-scale fire tests are 
carried out. The goal of these studies is to identify the risk of fire with gypsum board assemblies in commercial and 
residential buildings so that humans can be evacuated before the gypsum board assemblies fail during fire exposure. 

2 Fire Risk for Gypsum Board Assemblies 
The fire risk in residential and commercial buildings can vary depending on the building's specific use. In residential 
buildings garage areas where flammable materials or vehicles were parked, kitchen areas, hearths, and electrical main 
boards on or inside partition walls and behind the ceiling where shortcutting chases. Commercial buildings have a higher 
fire risk than residential buildings because they are used more frequently than residential buildings. For those reasons, 
specific uses of gypsum boards, which include Type X Gypsum Board for fire-resistance-rated building systems, roof 
systems, interior walls, exterior walls, soffits and ceilings, vertical openings, stairs, and HVAC duct enclosure, By 
keeping in mind fire risk aspects, failure in gypsum-based material could be in the form of a collapsed structure due to 
losing thermal properties. Research restricted the focus only on the thermal failure of non-load-bearing elements, and 
when the temperature of the backside of the unexposed surface of a board increases beyond 700 C, it is known as the 
thermal failure time [8]. During the furnace test, the temperature in the beginning gradually increased until it reached a 
critical temperature. After that, a sudden increase in temperature was noticed and reported as failure time [9]. 
Furthermore, failure time analysis by considering different characteristics of gypsum components When gypsum is 
heated, two dehydration processes happen in the range of 80 °C to 250 °C [3]. First, it was converted to di-hydrated 
gypsum, then to hemi-hydrate gypsum, and finally to anhydrous gypsum. During this process, first water turns into steam 
and evaporates from gypsum, and then a slow reaction happens until all water evaporates from gypsum. At that stage, 
gypsum board loses all resistance against thermal protection. At this stage, when gypsum loses thermal resistance, it is 
known as failure time [10]. 

One of the oldest materials is gypsum board. Around the globe, use of gypsum board began around 7000 years B.C. Use 
of gypsum board was noticed. Nowadays, more use of gypsum-based products in building construction is due to the 
availability of raw materials for their manufacturing. They are easy to fabricate, environmentally friendly, and have 
excellent thermal insulation and fire protection qualities. Fire resistant qualities depend on the dehydration process and 
the low thermal conductivity of gypsum products. These properties demonstrated the ability to effectively delay or retard 
temperature in a fire situation environment. However, the volume shrinkage and cracks due to high temperatures lead to 
the gypsum product collapsing, which brings challenges to fire-resistant gypsum board members [11]. Current studies 
show different admixtures were used with gypsum material for different purposes, such as metakaolin, latex, expanded 
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polystyrene, glass fiber, fly ash, furnace slag, silica fume, lime, cement, vermiculite, and perlite. In the same period, 
considerable attention was gained by the fire resistance requirements of buildings. Studying the behaviour of fire and 
understanding the philosophy of gypsum material exposed to elevated temperatures are flattering principles for safety 
and business motive. Studies mainly focused on the most commonly used pure gypsum board products compared with 
fire resistance behavior. For example, Thomas et al. studied the chemistry behind the dehydration process while 
increasing the temperature. Ghazi et al. and Park et al. explored the thermal properties of gypsum material exposed to 
fire. Nevertheless, the impact of admixtures on gypsum material properties at elevated temperatures has been 
investigated until now [12]. 

3 Post Fire Assessment  
According to laboratory fire test evidence from US gypsum companies, fire resistance characteristics may vary from 
company to company manufacturing. Gypsum board is well known due to its characteristics of fire resistance. Yanqiu 
Chen's research found that gypsum board structure performing well to resist heat, flame, and smoke due to slow 
dehydration process, evacuation time will increase if escape ways are available and clear, and gypsum board thickness is 
greater than fire resistance time will also increase. These were the board thickness, the di-hydration process of gypsum, 
and the hemi-hydration process of gypsum. When those were increased to 5%, the increase in failure time was noticed 
from 8 % to 12% [13]. Zhong Taoa performed tests for pure gypsum board with formable phase change material [table 
01]. For economic analysis, a ceiling model for FSPCM-gypsum board was created and tested in normal environmental 
conditions. Results discussed 16% cooling load saved while using FSPCM with a gypsum board ceiling [14] [Table 1]. 
Lenka Scheinherrová investigated the changes in properties of different gypsum materials at elevated temperatures. 
Three gypsum board samples, one pure gypsum, one gypsum-lime binder, and one gypsum-lime-silica fume binder, were 
prepaired and exposed to 1000 C temperature. Only the gypsum-lime binder did not perform well at 400 C temperatures. 
Pure gypsum binder performed best at high temperatures [15]. C.N. Ang and Y.C. Wang concluded that additional 
specific heat value is affected by the heating rate of natural fires and the permeability of gypsum plasterboard [16]. 

Table 1- Gypsum Board and PCM GB Mix Design proportions 

Specimen Pure 
gypsum 
(g) 

PCM 
(g) 

Gauge 
water 

Foam 
water 

Potassium 
sulphate 

Glass 
fibres 

Polyacrylic 
acid 

Alkyl 
sulphate 
oligomers 

GB 715 257 358 1.61 4.6 0.11 0.46 

PCM GB 511 204 184 256 1.15 3.3 0.08 0.33 

Xianyong Li conducted fire resistance tests, preparing a steel column covered by gypsum board and then analysing it at 
various temperatures. SAFIR standard was compared with test results, steel temperature histories were used to obtain fire 
exposed results, and fire results were used to develop a formula for predicting test model critical temperature less than 
1,000 °F (538 °C) [17]. Rene Prieler and companions performed fire resistance tests to determine the heat transfer rate 
and water vapour transformation. The results show that at 65 °C, thermal heat conduction was the primary cause of 
heating in thin gypsum assemblies up to 2.5 cm thick.  

When the temperature was raised to 100 °C, more water vapour condensed. Furthermore, during fire exposure, a sudden 
decrease of water vapours recorded in mineral wool from 33.3 mm2/s to 26.7 mm2/s was determined. Finally, the result 
shows that the water vapour mean velocity was determined to be between 1 and 3 mm/s [18]. Jae D and companions 
investigated the characteristics of functional gypsum board (FGB) with expanded vermiculite (EV), expanded perlite 
(EP), nano carbon material (C300), and noctadecane (PCM) were analysed by Fourier transform infrared (FTIR) 
spectroscopy for structural stability. As a result, FGB's thermal conductivities decreased by 15% when compared to 
conventional gypsum board. In the case of moisture properties, the water vapour resistance and water content of FGB 
were increased, compared with the conventional gypsum board (SR). However, the simulation results showed that there 
were no moisture problems, such as condensation, mould growth, or structural damage [19]. 
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Ahmed Allam investigated: mathematical equations were developed to predict the behaviour of gypsum board during 
fires, which were calibrated during fire tests. A gypsum board wall test was built with C-section studs and gypsum fixed 
on both sides of the studs. Rockwool insulation was used to fill the cavity between the two layers of gypsum board. The 
sample was subjected to a standard fire test. During exposure to fire, the wall was found damaged and changed in 
physical, thermal, and chemical behaviour. The prediction of the equation for maximum thermal bowing of walls was 
quite close to the maximum values collected during the fire test. He proposed adopting the equation for structural fire 
engineers and fire laboratories as tools to solve the exercise [20]. She investigated the deformation, mechanical, and 
thermal properties of foamed gypsum at high temperatures. Two samples were prepared; one was pure gypsum (800 
kg/m3), the second was foamed gypsum (650 kg/m3), and the third was fibre glass or vermiculite with foamed gypsum. 
They were tested under temperatures from 25 °C to 800 °C. Test results showed the first sample had more cracks than 
the second sample when exposed to high temperatures. Furthermore, adding fibre glass could increase thermal cracks 
and shrinkage of gypsum board when fibre glass melts during fire exposure, but use of vermiculite enhanced the 
properties of shrinkage, reducing the cracking in gypsum board and reducing the loss of strength while exposed to fire 
[21]. 

4 Repairing of Gypsum Board Assemblies  
Raffaele Landolfo investigated the fire side of gypsum board, which lost strength due to dehydration, loss of physical 
properties, and also in vertical direction, bowing is found during fire tests [22]. Sajith Wijesuriya investigated many 
factors effecting the failure time while exposed to fire. One was the density of board; the second was the thickness of 
board; the third was the mass fraction in the initial phase of di-hydrate of gypsum content; the fourth was the di-
hydration process; and the fifth was the hemi-hydration process. Sixth, the time of failure could be increased if highly 
reflective paper were used. The seventh was that failure time was extended when the air cavity of gypsum board could be 
filled with insulation, and also that melting of insulation and heat transfer ratio were impacting the failure time. In the 
thickness of board, di-hydration and hemi-hydration were increased by 5%. Then, the extension of failure time increased 
from 8% to 12% [23]. Gypsum board assemblies can be repaired if the fire exposure temperature is not more than 400 
°C. Otherwise, when exposed to high temperatures, gypsum-based assemblies fully fall off or partially fall off. In this 
condition, fire damaged gypsum board residual material is used in its initial processing phase to make new gypsum 
board. According to studies, there is no evidence for fire damaged gypsum board repair. Damaged portions could be 
identified by physical appearance and replaced with new gypsum board [24]. 

(a)    (b) 

    Figure 1. (a) Bowing in test wall (one hour exposure) (b) Post fire inspection of test wall 
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5 Conclusion 
Gypsum board is the best fire-resistant material in the construction industry. It is used in interior decoration and where 
fire resistance requirements as per standard are met. Because its core has chemically combined water when exposed to 
fire, it evaporated slowly in a form of steam, which helps to slow the heat transfer rate. Even after releasing all the water 
steam, it becomes a heat insulation barrier. It is quite difficult to simulate the fire behaviour of plasterboard's cracking, 
falling off, and water transport caused by gypsum. The effectiveness of the wall's fire resistance is determined by 
carrying out fire tests. The aim of the study is to assess the fire resistance of walls lined with gypsum plasterboard and 
steel studs. On the gypsum plasterboard walls, a number of large, medium, and small-scale fire tests are carried out. The 
below outcome is favourable indicating the fire damaged gypsum board at safe fire temperature could be repaired but if 
exposed to high temperature gypsum board shrinks, cracked and fall of due to chemically and physically change in 
gypsum board. Fire damaged gypsum board residual material could be used with raw material to gypsum board to make 
new gypsum boards. Following conclusions can be drawn from the conducted study: 

• The fire resistance ratings of single layer loadbearing assemblies were enhanced by the addition of glass fibre to
standard lightweight gypsum board cores.

• Gypsum board type X, Type C could be used for fire resistance because they have contain shrinkage-
compensating additive

• Gypsum board slows the process of fire expending due to Gypsum dehydration processes cause water vapour to
be produced and then dispersed in the fire compartment when gypsum plasterboard wall assemblies are
subjected to a high temperature environment. These phenomena are frequently disregarded in pertinent
Computational Fluid Dynamics (CFD) simulation.

• Thermal variation causes volume shrinkage, crack formation, and strength loss. As a result, high-temperature
fire-exposed gypsum board was damaged partially or fully. It will then need to replace the affected area of
gypsum board with new GB.

Recommendations 
• Future research requirements are defined in the context of current performance-based fire safety engineering

ideas.

• The essay ends with a list of important study areas that will increase our understanding of how gypsum boards
perform on wood during a fire.

• Future experiments and numerical studies will focus on combined heat and mass transmission in multilayered
buildings.

• This work unequivocally shows that it is crucial to include gypsum board contraction and crack formation in
future models in order to model the failure of partition assemblies.

• Gypsum boards tend to disintegrate after being exposed to moisture. It needs potential research on water
resistance as well
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Abstract- Rapid setting concrete has a wide range of use in the construction industry 
which has helped it gain significance. Conventionally admixtures are used to reduce the 
setting time of concrete for extreme temperature sites, underwater construction, and 
pavements where the waiting time is a crucial issue. Therefore, extensive research is being 
carried out around the globe to find solutions that can help, overcome the issues arising 
in the conventional rapid setting concrete. The objective of this study is to discuss all the 
major flaws and propose remedies based on the literature. A comprehensive review of the 
literature, mostly from articles published in the last decade, was carried out to find the 
issues observed in the conventional rapid setting concrete, the governing properties, and 
finally, solutions have been given based upon the conclusive remarks of the authors of 
the reviewed articles. After a careful study of the literature, it was deduced that using 
Polyurethane in fresh concrete along with some kind of natural fiber can result in effective 
outcomes. The study will help in exploring modern ways that can be of great significance 
for the construction industry. 

Keywords- Fiber Reinforced Concrete, Hydration, Polyurethane Elastic Concrete, Rapid setting concrete.   

1 Introduction 
Rapid setting concrete is a type of concrete formed when an admixture, specifically an accelerator, is mixed with 
conventional cement concrete. Due to its property of achieving strength and setting in a very short time, it has been used 
for a long time in situations where exposing fresh concrete to the surrounding environment is not favorable for example in 
heavy volume roads and bridge decks where maintenance time could result in inconvenience for the road users, underwater 
construction where fresh concrete would lose its properties due to interference of water surrounding it, construction sites 
at high and low-temperature zones where the early setting is necessary as the hydration process is hurdled by the 
environment. In addition to the required strength, concrete used for laying pavements needs to be rapid-setting concrete 
with good workability and durability [1]. Expansion joints of concrete bridge decks are vulnerable entities that require 
high and quick maintenance for proper functioning in order to facilitate the users [2]. Due to cold weather in the northern 
areas, the construction season is very limited. Due to the use of conventional rapid hardening concrete, there are detrimental 
effects on the reactivity and mechanical performance of concrete [26]. Using the conventional method for rapid hardening 
is not effective as it has drawbacks that compromise the performance of the concrete. 

In hot temperature zones, the water evaporates quickly resulting in the insufficient curing of concrete, and in low-
temperature zones the hydration process doesn’t happen efficiently which leads to shrinkage cracks in the concrete. The 
current practice all around the globe to cater to shrinkage cracking is the usage of fibers, this includes natural, synthetic 
and even hybrid form of fibers. This method does not only give good results but is a sustainable way of catering to this 
challenge. Wu et al. [3] performed a study on waste concrete using fibers are different quantities. It was found that using 
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the optimum quantity of fibers in concrete showed that the addition of fibers is very useful in incorporating shrinkage 
cracks. Salvador et al. [4] studied the effect of accelerator type and dosage and the results showed that the use of 
accelerators deteriorates the concrete due to the sulfate action. Rapid hardening concrete containing phosphate has a short 
setting time but it cannot meet the requirements of rapid hardening concrete [25]. Hence, the alternates for conventional 
hardening concrete which include inorganic chemicals cannot help to meet the standard properties. 

This study is aimed at finding the major issues that arise in the conventional rapid setting concrete that has been mentioned 
in the literature and then assessing the governing parameters that become the cause of these issues and finally, on the basis 
of available studies, proposing different modern solutions that would help the industry avoid the issues faced in the 
conventional rapid setting concrete. With the availability of literature that contains different solutions for this particular 
problem can help in choosing the best solution based on the resources and the ease of construction and the properties 
required. 

2 Issues in usage of rapid setting concrete  
From the very start of usage of rapid setting concrete there have been issues with it which range from shrinkage cracks due 
to improper dissipation of heat during the hydration process, that cause the shrinkage cracks to develop, to Sulfate action 
due to the aluminum sulfate in the form of accelerator. Moreover, the high cost of this accelerator and its handling is also 
an issue that needs to be addressed in a more sustainable manner. Rapid setting time can help in achieving early strength 
but at the same time decreases the workability and interlayer adherence [5].  

2.1 Chemical attack. 

The rapid hardening of concrete is achieved by the addition of a chemical to the ordinary Portland cement, this imposes 
that the accelerator will react to form other chemicals that would be not in favour of the concrete. Zhang et al. [6] performed 
an experimental investigation in which OPC was mixed with Calcium Sulfoaluminate cement (CSA) which acted as a 
rapid-setting cement. It was observed that mixing CSA and OPC increases the PH value of the matrix hence compromising 
the morphology of CSA. Briendl et al. [7] performed a comparative study on the fast-setting spray binder and OPC with 
aluminium sulphate and it was concluded that the strength of OPC concrete is compromised by the availability of 
aluminium sulphate due to the formation of Calcium-Aluminium-Silicate hydrates. 

2.2 Formation of Shrinkage Cracks. 

Shrinkage cracks is a common phenomenon that occurs due to incomplete hydration during the curing of cement concrete. 
Ziari et al. [8], using a digital monitoring approach, observed the effects of temperature and humidity on freshly poured 
concrete pavements, the results indicated that temperature has a significant hand in the formation of shrinkage cracks. 
Moelich et al. [9] proposed in their study that solar radiations increase the temperature of the concrete hence increasing 
the pore water loss ultimately causing shrinkage cracking. As shown in figure 1 that for samples containing blast furnace 
slag, the area of crack is more as compared to the samples containing limestone and overall the crack area is more for 
samples that were placed in sun.  

a)        b)  

Figure 1: Specimen total crack area (a) for samples containing limestone (b) for samples containing blast furnace slag [9] 
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Sayahi et al. [10] in their study, about plastic shrinkage due to accelerated hydration, have discussed that accelerators 
usually increase the rate of hydration and this increase in hydration increases the amount and rate of autogenous shrinkage 
that further increases the width of initial shrinkage cracks. Once the cracks are generated freeze and thaw action or crack 
propagation for any other reason can take place hence increasing the crack width and compromising the performance of 
the concrete element 

3 Governing parameters  
The issues that arise in conventional rapid-setting concrete are controlled by some parameters. These parameters include 
the existence of additive itself in the rapid setting concrete, surrounding temperature and humidity and the fineness of the 
cement particles which are responsible for shrinkage. Use of Alkaline based accelerator reduced the strength in later stage 
after casting of concrete also resulting in shrinkage cracking and alkali deterioration [11]. The final hydration degree of 
concrete is reduced by alkaline accelerators as hydration products of alkaline accelerators are composed of Calcium Silicate 
Hydrates and Calcium Aluminate Hydrates [12]. Fine cement particles tend to have more surface area which means more 
water will be required for the hydration process, hence when the water content is not taken into account against the fineness 
of cement shrinkage and cracks start to appear [13].  Alaskar et al. [14] performed an investigative study on cements having 
different fineness values and it was observed that higher fineness resulted in higher shrinkage whereas lower fineness 
resulted in lower shrinkage. Maruyama et al. [15] performed a study to find the relation between fineness and shrinkage. 
However, the relation was not established on the other hand it was found that Calcium Silicate Hydrate undergoes 
volumetric expansion resulting in shrinkage cracks. Sulfate attack due to the use of conventional Aluminum Sulfate as an 
accelerator leads to formation of crystalline structures like gypsum and ettringite which produce high crystallization 
pressure hence affecting the life of the concrete [16] 

4 Modern remedies 
The modern methods include using composites to cater different issues at the same time. Sika Rapid 3 accelerator was 
used along with steel fibers and mechanical tests were performed, the results were then compared with samples without 
Sika Rapid 3 accelerators. It was seen that the shrinkage cracking was reduced and the flexural and compressive strength 
values were substantial [17]. Liquid accelerator when used with Sulfoaluminate expansive agent for shotcrete for rapid 
setting, showed that the shrinkage cracking can be controlled and setting time can be enhanced [18].  Reduction of paste 
content by increasing the size of aggregate not only resulted in more durability but also helped in mitigating shrinkage 
cracks [19]. 

4.1 Fibre Reinforced concrete for shrinkage cracks. 

It is a fact that fibers cannot completely stop shrinkage cracking from taking place but they are very significant as they 
contribute by stopping the propagation of these cracks [20]. Using different types of fibers with different distribution 
patterns have resulted in good resistance against shrinkage cracking along with improving the mechanical properties of 
concrete [21]. Statkauskas et al. [22] performed an investigative study which involved the addition of Polypropylene fiber 
and Hemp fiber to concrete in addition to quick lime and shrinkage reducing agent. The results were impressive as the 
highest shrinkage reduction value was obtained. 

4.2 Polyurethane Elastic Concrete 

PE Concrete is a modern composite material that comprises quartz sand as the filler material and polyurethane as the 
binder. The polyurethane used in the manufacturing of this concrete is done by adding two chemicals i.e. polyol and 
Isocyanate. As compared to conventional concrete this concrete has a rapid setting property with a gain of mechanical 
strength at an early age. The use of fibers along with Polyurethane is also under study. The incorporation of fiber leads to 
the reduction in shrinkage cracks. Incorporation of steel fiber in polyurethane concrete with different proportions and their 
optimization using modern methods and then their mechanical tests revealed that steel fiber helps in increasing the 
toughness whereas the overall flexural and compressive strength increases with the usage of Fiber Reinforced Polyurethane 
Elastic Concrete (FRPEC) [23]. It can be seen in table 1 that steel fibers having a tensile strength of more than 2500MPa 
and 13mm in length were used for the investigation of FRPEC.  
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The incorporation of steel fiber helps in resisting crack formation and propagation due to the anchoring it provides to the 
concrete matrix. The tensile strength increases due to the bridging effect that steel fibers provide as the fibers are anchored 
in the concrete. Polyurethane concrete has good UV aging resistance along with good wear, frost and fatigue resistance 
but the polyurethane concrete has fast setting time that makes it difficult for long distance transportation however addition 
of retarder like phosphate ester can solve the issue [26]. 

Table 1 Properties of steel fibers for optimum results [23] 

Material Density (g/cm3) Length (mm) Tensile strength (MPa) 

Steel fibers 7.8 13 >2500 

4.3 Calcium Sulfoaluminate-OPC blend with nano-silica 

Limited research is available on the use of the blend of Ordinary Portland Cement and Calcium Sulfoaluminate, which 
transforms the setting time of concrete. Different strategies have been applied to overcome the issues that arise in early 
setting concrete. Li et al. [24] studied the mechanical properties of the blend of CSA-OPC along with Nano-silica and 
during the SEM analysis, it was observed that the addition of Nano-silica gives a more viable result in terms of early setting 
time as compared to conventional methods. The use of Nano-silica enhances the properties because of its pozzolanic 
reactivity and the ability to fill pores due to the small size of particles. 

5 Practical Implementation 
Concrete has been used for a very long period because of its durability, strength, and ease of pouring. However, using 
concrete in extreme temperatures has always been an issue. Mostly in cold climate areas construction is seized during 
extremely low temperatures and hence reducing the speed of development. Rapid hardening concrete was then introduced 
to overcome this issue but due to the sulfate action that occurs in the rapid hardening concrete and insufficient hydration 
of the concrete, there arise problems that can affect the performance of concrete. For this reason, it is important to find 
new developments that can help cater to the above-mentioned problems.  

The mentioned techniques have a wide range of use based on the results that have been obtained by different researchers. 
The increased compressive strength and resistance to sulfate action make the modern methods adaptable for compression 
members like columns and piers. Moreover, the increased flexural strength and rapid hardening without any, currently 
known, drawbacks these modern methods are best suited for rigid pavement construction. These techniques, especially 
Polyurethane concrete are best suited for the repair of concrete bridge joints. 

6 Conclusion 
Following conclusions can be drawn from the conducted study: 

1 Using conventional rapid setting concrete has some setbacks which include loss of workability, shrinkage cracking 
and sulfate attack which leads to concrete deterioration. 

2 Rapid hydration process without enough dissipation of heat leads to shrinkage and the accelerator, containing 
sulfate ions, is responsible for the sulfate attach at a later stage. 

3 Different Remedies have been proposed to substitute sulfate accelerators which include using Nano-silica with 
OPC-CSA blend and Polyurethane concrete with are viable solutions to avoid sulfate attack. 

4 To avoid shrinkage cracks and sulfate attack at the same time fibers can be used and using natural fibers can be a 
good strategy and a sustainable solution. 

The above outcome is favorable indication that using Polyurethane with natural fibers could reduce the cost of this concrete 
and it is hence required to study the use of natural waste fibers in this modern concrete that has not yet been studied in 
depth. 

Page 150 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-161 

Acknowledgment 
The authors would like to thank every person/department who helped thorough out the research work, particularly Engr. 
Dr. Majid Ali. The careful review and constructive suggestions by the anonymous reviewers are gratefully acknowledged. 

References
[1] Tahir, M. F. M., Abdullah, M. M. A. B., Abd Rahim, S. Z., Hasan, M. R. M., Saafi, M., Jaya, R. P., & Mohamed, R. Potential 

of industrial By-Products based geopolymer for rigid concrete pavement application. Construction and Building 
Materials, 344, 128190, 2022. 

[2] P. Lu, C. Zhou, S. Huang, Y. Shen, Y. Pan, Experimental study on mix ratio design and road performance of medium and 
small deformation seamless expansion joints of bridges, Transp. Res. Rec. 0361198120984741, 2021. 

[3] Wu, X., Zhou, J., Kang, T., Wang, F., Ding, X., & Wang, S. (2019). Laboratory investigation on the shrinkage cracking of 
waste fiber-reinforced recycled aggregate concrete. Materials, 12(8), 1196, 2019. 

[4] Salvador, R. P., Rambo, D. A., Bueno, R. M., Lima, S. R., & Figueiredo, A. D.. Influence of accelerator type and dosage on 
the durability of wet-mixed sprayed concrete against external sulfate attack. Construction and Building Materials, 239, 
117883, 2020. 

[5] Şahin, H. G., & Mardani-Aghabaglou, A. Assessment of materials, design parameters and some properties of 3D printing 
concrete mixtures; a state-of-the-art review. Construction and Building Materials, 316, 125865, 2022. 

[6] Zhang, J., Li, G., Ye, W., Chang, Y., Liu, Q., & Song, Z. Effects of ordinary Portland cement on the early properties and 
hydration of calcium sulfoaluminate cement. Construction and Building Materials, 186, 1144-1153. 2018. 

[7]  Briendl, L. G., Mittermayr, F., Röck, R., Steindl, F. R., Sakoparnig, M., Juhart, J., ... & Galan, I. The hydration of fast setting 
spray binder versus (aluminum sulfate) accelerated OPC. Materials and Structures, 55(2), 1-27, 2022. 

[8] Ziari, H., Fazaeli, H., Vaziri Kang Olyaei, S. J., & Ziari, M. A.. Evaluation of effects of temperature, relative humidity, and 
wind speed on practical characteristics of plastic shrinkage cracking distress in concrete pavement using a digital monitoring 
approach. International Journal of Pavement Research and Technology, 15(1), 138-158, 2022. 

[9] Moelich, G. M., Van Zyl, J. E., Rabie, N., & Combrinck, R. The influence of solar radiation on plastic shrinkage cracking in 
concrete. Cement and Concrete Composites, 123, 104182, 2021. 

[10] Sayahi, F., Emborg, M., Hedlund, H., & Ghasemi, Y. Experimental validation of a novel method for estimating the severity 
of plastic shrinkage cracking in concrete. Construction and Building Materials, 339, 127794, 2022. 

[11] Zhang, L., Ma, R., Lai, J., Ruan, S., Qian, X., Yan, D., ... & Wang, S. Performance buildup of concrete cured under low-
temperatures: Use of a new nanocomposite accelerator and its application. Construction and Building Materials, 335, 127529. 

[12] Wang, J., Xie, Y., Zhong, X., & Li, L. Test and simulation of cement hydration degree for shotcrete with alkaline and alkali-
free accelerators. Cement and Concrete Composites, 112, 103684, 2022. 

[13] Šmilauer, V., Reiterman, P., Šulc, R., & Schořík, P. Crack-Resistant Cements under Drying: Results from Ring Shrinkage 
Tests and Multi-Physical Modeling. Materials, 15(12), 4040, 2022. 

[14] Alaskar, A., & Hooton, R. D. Effect of binder fineness and composition on length change of high-performance 
concrete. Construction and Building Materials, 237, 117537, 2020. 

[15] Maruyama, I., Sugimoto, H., Umeki, S., & Kurihara, R. Effect of Fineness of Cement on Drying Shrinkage. Available at 
SSRN 4036222. 

[16] Kaufmann, J., Loser, R., Winnefeld, F., & Leemann, A. Sulfate resistance testing of shotcrete–Sample preparation in the field 
and under laboratory conditions. Construction and Building Materials, 276, 122233, 2021. 

[17] Kos, Ž., Kroviakov, S., Kryzhanovskyi, V., & Grynyova, I. Research of Strength, Frost Resistance, Abrasion Resistance and 
Shrinkage of Steel Fiber Concrete for Rigid Highways and Airfields Pavement Repair. Applied Sciences, 12(3), 1174, 2022. 

[18] Zeng, L., Zhao, S., Wang, W., Qiao, M., Hong, J., Ran, Q., & Wang, Y. Accelerated Early Age Hydration of Cement Pastes 
Blended with Sulphoaluminate Expansive Agent. Journal of Advanced Concrete Technology, 19(6), 655-667, 2021. 

[19] Flatt, R. J., & Wangler, T. On sustainability and digital fabrication with concrete. Cement and Concrete Research, 106837. 
[20] Aghaee, K., & Khayat, K. H Effect of shrinkage-mitigating materials on performance of fiber-reinforced concrete–An 

overview. Construction and Building Materials, 305, 124586, 2021. 
[21] Bertelsen, I. M. G., Ottosen, L. M., & Fischer, G. Influence of fibre characteristics on plastic shrinkage cracking in cement-

based materials: A review. Construction and Building Materials, 230, 116769, 2020. 
[22] Statkauskas, M., Grinys, A., & Vaičiukynienė, D. Investigation of Concrete Shrinkage Reducing Additives. Materials, 15(9), 

3407, 2022. 
[23] Yahye, M. A., Liu, L., Honglin, W. U., Sun, Y., Sun, H., Ma, J., & Zhang, L. Experimental research on mechanical properties 

of Fiber-Reinforced Polyurethane Elastic Concrete (FRPEC). Construction and Building Materials, 328, 126929, 2022. 
[24] Li, G., Liu, Q., Niu, M., Cao, L., Nan, B., & Shi, C. Characteristic of silica nanoparticles on mechanical performance and 

microstructure of sulphoaluminate cement/ordinary Portland cement binary blends. Construction and Building Materials, 242, 
118158, 2020. 

[25] Yu, R., Zhang, X., Hu, Y., Li, J., Zhou, F., Liu, K., ... & Shui, Z. Development of a rapid hardening ultra-high performance 
concrete (R-UHPC): From macro properties to micro structure. Construction and Building Materials, 329, 127188, 2022. 

[26] Li, L., & Yu, T. Curing comparison and performance investigation of polyurethane concrete with retarders. Construction and 
Building Materials, 326, 126883, 2022. 

Page 151 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-201 

COMPARISON OF EXPERIMENTAL SHEAR CENTRE OF 

VARIOUS SECTIONS WITH THEORETICAL ANALYSIS 

THROUGH RESPONSE SURFACE METHODOLOGY 

a Hassaan bin Tariq, a S.M. Hassan Kazmi, a Muhammad Arslan, a M. Nasir Ayaz Khan* 

a: Department of Civil Engineering, HITEC University Taxila, 19-Civil-027@Student.Hitecuni.Edu.Pk 
*: nasir.ayaz@hitecuni.edu.pk  

Abstract- In this experimental study, three cross-sections of mild steel were studied to 
locate their shear center concerning the rotation of the load. Z-cross section was 
symmetrical, whereas L-section and semicircular section were symmetrical on one axis 
and unsymmetrical on another. The shear center's location is vital to designers in 
structural analysis. For the symmetrical section, the shear center was found to be zero in 
experimental as well as in Response Surface Methodology (RSM). The location of the 
shear center for the L-section was 43 mm, and for semicircular, the shear center was 28.5 
mm. At the same time, the difference in error for L-section and semicircular section was 
found to be 45% and 0.77%. This study shows that an excellent theoretical and 
experimental relation has been established through RSM. 

Keywords- shear center, symmetrical, unsymmetrical, Response Surface Methodology 

1 Introduction 

Thin-walled sections are produced through fabrication or extrusion method, are getting popularity, and become 
increasingly important due to the cost and manufacturing techniques of the materials. Although the level of shear stresses 
is small and sometimes negligible, however, the location of the shear center is of vital importance among the designers 
due to the twisting of the section [1]. Moreover, in structural analysis, the determination of the geometrical properties of 
cross-sections is necessary for the true depiction of the material. The shear center is defined as the point where the resultant 
of the shear stresses acts on it or the torsional rise due to axial force on a point in a flexural-torsional problem [2]. In the 
beam theory, several assumptions are made such as the beam is a thin structure, long as well as the cross-sectional 
dimension is very small compared to the rest of the dimensions. Hedgehog is a technique that could be effectively used in 
thin-walled sections to counter the horizontal effects on structure [3]. In recent research, optimization and algorithms has 
been successfully implemented to locate the shear point of complex thin-walled section [4]. There are several beam sections 
for which the shear center is determined. For instance, [5] studied the shear center and centroid of composite beam box 
cross-section. In the parallel study, [6] determine the properties of laminated composite tubes, and [7] studies the shear 
center of arbitrary sections through mathematical analysis by developing matrices for finding shearing and torsional 
rigidity. Response Surface Methodology is an optimization tool that could be efficiently implemented in many research 
studies to determine the best relation of experimental with theoretical study [8], [9].  

In this research, various cross-sections of mild steel including semi-circular, Z-section, and L-sections are studied to find 
the shear center location. Moreover, the results were compared with statistical and mathematical modeling through 
Response Surface Methodology (RSM). This research will be helpful in assessing thin-walled sections position of load 
and point of rotation. When thin walled are subjected to lateral forces such as seismic or wind, torsional effect may 
encounter and twist the section. Moreover, RSM is an optimization tool which could be used to locate the point of zero 
shear which will benefit designers with economic and time constraints.  
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2 Research Methodology 
In this study, 3 cross-sections of mild steel are studied for the location of the shear center. The cross-section section includes 
the Z-cross-section which is unsymmetrical, and L-section as well as semi-circular cross-sections are symmetrical on one 
axis and unsymmetrical on another axis. The materials, thickness, and length of all the cross-sections are constant so that 
only the shear location is focused. The dimensions of all cross-sections were carefully examined including the diameter 
and cross-section. Each beam was also visually observed for any dents or flaws. The sections were fixed in shear center 
apparatus and made sure no other movements/motions is influencing. The load was applied at an equal angle at various 
positions marked on sections.  The front and back dial gauge reading was noted for every load position. The dial gauge 
reading was later converted to displacements by applying the least count. The rotations were calculated for every marked 
position on the section. The results were plotted for the position of load against the rotation. The experimental results were 
analyzed and modeled in Design-Expert software for Response Surface Methodology (RSM).  

2.1 Materials. 

The properties of sections are given in table 1. All sections were created with the same material (mild steel) having the 
same modulus of elasticity 210 (GPA) and the thickness of the flange is approximately 2.52 (mm). All the cross-sections 
were made through the fabrication method from M/S Smart Tech Multan through proper machining and tools after 
providing them dimensions. The cross-sections of different sections are shown in figure 1.  

Table 1 Material properties of cross-sections 

Material 
Modulus of 

elasticity (GPa) 
Flange 

thickness (mm) 
Material 

thickness (mm) 

Maximum 
constant load 

(N) 
Mild steel 210 2.52 ± 2 1.7 ± 2 6.86 

c) 

Figure 1: cross sections used in experiment, a. L-cross section, b. semi-circular cross section, and c. Z-cross section 

3 Results 

3.1 Experimental calculations  

The plots between the position of load at the x-axis and rotation on the Y-axis were plotted after the necessary correction 
of dial gauges. The point where the graph crosses the zero notation is the exact point of the shear center. For instance, for 
all the load positions, the shear center for the Z-cross section was found to be zero as shown in figure 2.  

a) 

b)
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The cumulative interpretation of the shear center for all three sections is shown in figure 4. It shows that the z-section is 
symmetric on all axis as the shear center lies at zero however, the L-section and semicircular section is symmetrical on 
one axis and unsymmetrical on another axis. The response surface methodology was carried out for all three sections. The 
experimental data load of position and rotation were input parameters in RSM. The output parameters rotation in mm were 
fixed for all three cross-sections. The ANOVA analysis and contours graphs are shown in figure 5.  

Figure 2: Z-cross section (left) and semi-cross section (right) 

Figure 3: shear center of L-section 

Figure 4: Cumulative representation of shear center for all sections 

The position of load is mapped against various cross-sections. The means and standard deviations are also shown in the 
table. The value of rotation is plotted against the position of load. For instance, at zero position of load, the value of rotation 
noted for Z-section, Semi-circular and L-section were 0, 0.965 and 0.905 respectively.  

Page 154 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-201 

Figure 5: Mean and standard deviation of combined shear center. 

3.2 Theoretical calculations 

3.2.1 Z-section 

Compared to the experimental value of the Z-section, which was zero rotation at zero position of load, the RSM predicted 
the values of 0.01 mm rotation at zero position of load. The ANOVA analysis predicted that there is a 3.18% chance that 
a value greater than this could occur. The ANOVA result of the Z-section is shown in figure 6.  

Figure 6: ANOVA results and 3D graphs of Z-section 

3.2.2 Semi Circular  

For the Semi-circular section, the results from the ANOVA analysis were found to be “no significant” due to error 
variation. Out of the 13 runs, the error probability was found to be 43% which is above the recommended value. Hence, 
the experimental results could not be compared with theoretical results in this case. The contour and ANOVA results of 
semi-circular are shown in figure 7.   

3.2.3 Standard error of rotation 

The standard error for the position of load against the rotation of the section is shown in figure 9. The std error of design 
showed good agreement between theoretical and experimental values. For instance, at load position -50, the rotation is 
0.94 mm, showing an error of 0.472. In the same way, at position load 0,0, the rotation of the section is 0.73 showing an 
error of 0.361. 
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Figure 7: ANOVA results and 3D graphs of semicircular section 

3.2.4 L-section 

The optimization and ANOVA analysis of RSM of the L-section is shown in figures 8 and 9. In this analysis, as shown, 
the predicted value for the analysis is 0.89, which establishes a good relationship between the actual experimentation and 
the predicted value. The predicted value for the rotation is 0.82 mm when the positioning load is 0.0, whereas the actual 
value observed was 0.86 when the positioning load is 0.0. the difference in error between the actual and predicted value is 
4.6%. This difference shows that optimized and actual results have established a good relationship. This also suggests that 
the experiment was conducted in a controlled way following the codes. However, the difference could be attributed to 
laboratory conditions and human error. 

Figure 8: ANOVA results and 3D graphs of L-section 

4 Practical implementation 
The shear center is the point of a cross-section, where loads can be applied without causing torsion over the longitudinal 
axis (normal to the cross-sectional plane). Theoretical and experimental procedures may enhance calculations and save 
time by improving analytic methodologies to obtain correct results for various specimens. The point of no torsion can be 
determined without lengthy and hectic calculations; however, Shear Centre is particularly useful in designing thin-walled 
open steel sections as they are weak in resisting torsion and can be implemented in the construction sector to enhance the 
performance capabilities and utilize the resources effectively. However, if a seismic force acts on a structure. In non-
scientific words, it is a collection of horizontal forces operating at each level's center of mass (gravity). However, 
depending on the stiffness of the lateral resisting system, the Centre of mass may differ from the Centre of rigidity 
(comparable to the shear Centre of a cross-section). If this occurs, twisting will occur and must be accommodated in the 
design. 
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Figure 9: Std error of rotation of L-section against the position of load 

5 Conclusion 

Following conclusions are drawn from this experimental as well as theoretical study:  

 Experimental calculations show that the Z-Section is symmetrical along both axes. At the same time, L-section
and semi-circular section are symmetrical on one axis and unsymmetrical on the other.

 In comparison to the experimental Z-section value of zero rotation at zero position of load, the RSM predicted
0.01 mm rotation at zero position of load.

 The experimental and theoretical values for the semi-circular section were 0.965 and 0.455, respectively,
indicating a 45.5 percent error.

 At load position -50, the rotation is 0.94 mm, indicating an error of 0.472. Similarly, at position load 0,0), the
rotation of the section is 0.73, with a 0.361 error.

 The experimental rotational value of the L-section has been 0.905, and the RSM value has been 0.898, with a
0.77 percent error.
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Abstract- The findings of a model update investigation on a planar steel shear frame 
modal are presented in this paper. The operational modal analysis from the modal 
ambient vibration data were utilized to update the finite element model of the 
structure. The model of the structure was created using information from the model 
design paperwork. To increase the connection between observed and estimated 
modal parameters, several model parameters were adjusted using an automated 
approach. The parameters to be adjusted by the updating program were chosen with 
care to guarantee that the model modifications were meaningful, physically reliable, 
and realistic. The model update procedure is highlighted in the study. 

Keywords- Ambient vibration, Finite Element model, Model parameters, Operational modal analysis. 

1 Introduction 
Ambient vibration testing is the most cost-effective non-destructive testing approach for obtaining vibration data from 
big civil engineering structures among the various methods for obtaining vibration data for Output Only Modal 
Identification [1]. The fundamental advantage of this approach is that no artificial sort of stimulation is required to 
ascertain the dynamic features of the structure of interest. Human activity, traffic, wind, and micro-tremors continuously 
excite a civil engineering structure, and with the right equipment and data analysis system, one may use these natural 
building excitations to evaluate the structure's dynamic qualities. 

From the standpoint of structural engineering design practice, there are various reasons for doing vibration measurements 
in an existing building. For example, the client of a building in a seismically prone zone could be curious about whether 
the construction follows contemporary practice of seismic engineering design. If the structure is discovered to be 
vulnerable during a major disaster, structural adjustments in various portions of the structure may be required. The 
structural engineer who is in charge of this structural upgrade would attempt to offer a design that meets the local building 
code's safety and serviceability standards in the most cost-effective manner. Not only would a good assessment be 
required by the structural engineer, but it would also necessitate the creation of a computer model with realistic finite 
elements, which could be used to evaluate alternative scenarios of a retrofit. Based on the factual state of the structure, 
including its dynamic properties, a computer-based analysis should be done to validate the structural properties and its 
response to various static and dynamic loads. In these cases, not only is it good to have, but it is also an economical 
method for determining the features of civil engineering structures in terms of dynamic behavior experimentally. But 
also, to have economical methods for gaining complete confidence that the structure's finite element model is a true 
representation of the physical structure [2].  

In order to accurately simulate civil engineering structures using finite element techniques, it is necessary to model the 
structural geometry, material properties, member fixities, connection types, and underlying assumptions in great detail. 
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However, the results of the finite element model are only approximations and may not accurately reflect the structural 
behavior. To confirm the finite element model outputs, structures are dynamically tested under operational conditions. 
The accuracy between the expected and measured OMA (Operational Modal Analysis) outcomes can always be 
improved with the finite element model upgrades [3]. For structural engineers, particularly in regions with high seismic 
risk, understanding the behavior of ancient buildings that have undergone structural alterations, restorations, and damage 
over time remains a significant problem. Due to the many uncertainties that exist in historic structures, the study of 
constructed heritage for its protection and conservation is an important research area. Finite element modelling has 
emerged as the most popular and practical technique to analyze the behavior of complex masonry buildings. Yet, the 
discrepancy between numerical and experimental analysis could result in inaccurate findings. Techniques for model 
updating can minimize the disparity between the behavior of the numerical models and the testing findings [4]. 

The density of the load and its magnitude have increased, and the regulations' criteria have also been stricter, all of which 
have affected the design of structures nowadays. The numerical modelling of the structure is completed in accordance 
with current regulations to ensure the basic requirements, notably the mechanical resistance and stability. Because of 
several assumptions, conceptions, discretization, and parameterization that are included during numerical modelling, the 
results may not always accurately represent the actual structural response. In order to reduce the differences between the 
actual and expected structural responses, experimental investigations (static as well as dynamic tests) and finite element 
model updating approaches can be used to determine the hidden resistance of these structures [5]. 

The analytical finite element (FE) model of any structure can be enhanced using the finite element model updating 
(FEMU) method from its experimental modal test data. To remove any uncertainties or errors in the analytical FE model, 
FEMU is still mostly applied to structures. A variety of FEMU approaches can be used to reduce uncertainties in the FE 
model of real engineering structures [6]. The purpose of this research is to demonstrate how Output-Only Modal 
Identification approaches can be used in combination with Model Updating tools to construct trustworthy models of 
civil engineering structures. 

Since 1998, researchers from many universities and industry have conducted a series of ambient vibration experiments 
to determine the modal properties of civil engineering structures and structural models [7]. The dynamic property of 
interest in this study is the initial natural frequencies of the primary deflection axis. This paper uses a mass distribution 
effect on finite model updating using an operational model analysis technique to justify different parameters involved in 
modal updating, which are involved in changing different modal properties. Although these changes are so minute that 
their effect may be neglected, The modal description, experimental procedure, modal updating, and conclusion of this 
research work are discussed one by one in detail. 

Figure 1. Experimental setup and structural response accelerograms excluding fixed base 
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2 Model Description 
The model considered in this study was the steel shear frame model. It's a 3-story shear frame, two-dimensional and 
quite regular. The model is rectangular in plan with no projections or setbacks. The dimensions that are typical of the 
upper, middle, and lower floor beams are all the same, which is about 25.33 mm by 25.33 mm, while the dimensions of 
the columns are 28.43 mm by 2.10 mm. All three stories of the frame are equal, which is about 300 mm in height. The 
width of the frame model is the same throughout its height, which is about 274 mm. The total height of the frame model 
is about 900 mm. The frame model structure was fixed on the concrete bed with the help of steel screws. An overview 
and typical cross-sectional dimensions of the model are presented in Figure 1. 

3 Experimental Procedure 
A Vishay System7000 with 128-channels (supported with MEMS accelerometers having a sensitivity of 1000 mV/g) 
was used to conduct the vibration measurements. Every story, starting from the top down to the last one, has 
accelerometers installed on the top and middle of every beam. The model was simplified to a rectangle with nodes 
arranged vertically. By assuming rigid body motion of the floor beams, the modal characteristics of the shear type 
building model were determined using the OMA technique under ambient vibrations. Table 1 lists the first three natural 
frequencies of vibration. The OMA results are compared with the time domain approach, stochastic subspace 
identification (SSI), and the analytical calculations. The choice of SSI was mainly due to the fact that the stimulus is 
unknown in the case study of this research work. Therefore, this specialized algorithm of stochastic subspace 
identification (SSI) has been applicable that only requires knowledge of the response and does not require knowledge of 
the stimulus. 

Table 1: Eigenvalues for model frame building 

Mode OMA Results 
(Hz) 

SSI Results 
(Hz) 

Analytical 
(Hz) 

1 3.64 3.67 3.28 

2 10.16 10.15 10.05 

3 14.78 14.78 14.51 

4 FEM Updating 
Using a manual updating procedure, the reference presents [8] an attempt to link experimental and analytical modal 
features of model building. That research clearly demonstrates the challenges and limitations of attempting for a civil 
engineering structure to get a satisfactory general combination between operational and analytical modal characteristics. 
As a result, it was decided to update the structure's initial FE model using a more efficient platform. The CivilFEM tool 
[9] was chosen for this project, which includes different tools for integrating test and Finite Element analysis data quickly 
and effectively. An analytical study included correlating the OMA and FEM models' inherent frequencies until an 
acceptable connection was found. The provided information on the FE model utilized in this research as well as the 
parameters chosen for model updating are presented in the below sections [10]. 

4.1 FE model of shear frame 

To generate an "initial" model of the structure, FE modelling and analysis capabilities were used. The geometry and 
material attributes of the model were developed using information already known. The ground level/base was considered 
"fixed" based on the testing data. The model comprised the key structural elements (columns and header beams). 3D 
beam-column components were used to model the beams and columns. All the properties of the model are the same 
throughout the height of the model. The design specifications given in the general material properties were used to 
determine the steel material properties. The model had 9 beam-column elements and 8 nodes, single material 
characteristics, and 2 possible element geometries in total. As a result, a three-degree-of-freedom Finite Element model 
was built. 
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4.2 Parameters for model updating. 

Model updating parameters are listed below: 

• The beams, columns Modulus of elasticity, E.

• Mass density of the same elements mentioned previously.

The mass density of each element can be varied to see how sensitive the model is to the mass distribution of model 
elements coupled to the structural system of the model. The moment of inertia and, as a result, the lateral stiffness of the 
columns are two tough features for model frame constructions. The value of I is largely dependent on the type of material 
used and how the composite action of the construction materials is accounted for in the model. Furthermore, because a 
column’s stiffness varies greatly as a function of the column's effective length, changes in the values of I can be 
understood as needed model adjustments to significantly depict the column's effective length. 

4.3 Results of model updating 

Table 2 shows the resulting modal frequencies after various iterations of parameter updating. The table indicates the 
operational frequencies (OMA) and FEM frequencies after and before updating. This table shows that some of the 
revised model's frequencies are, for all intents and purposes, identical to the operational ones. The third mode has the 
highest difference, roughly 1.3%, although this is still suitable for practical applications. 

FEM tools made changes to the FE model to achieve the compared values shown in the previous table. The entries in 
the table are assumed to be in meters, kilograms, and newtons. Furthermore, a sensitivity study of the frame model to 
modifications in different parameters revealed that their overall impact isn’t significant, which shows the negligible 
differences in the model parameters as shown in the table above. 

Table 2: Eigenvalues after FE model updating 

Mode OMA Freq. FEM 
Before 

FEM updated (Hz) 
Freq. Diff. (%) 

1 3.64 3.49 3.62 -0.6 

2 10.16 9.70 10.23 0.7 

3 14.78 13.88 14.97 1.3 

5 Conclusion 
Experimentation and analysis were used to establish the natural frequencies of the steel shear frame modal. This case 
study demonstrates that using the results of an operational model analysis, it is possible to update the model effectively. 
The automatic model-updating makes it much easier to figure out which model parameters can be changed to improve 
the comparison between operational and analytical results. In this regard, the finite element model update-based updating 
techniques can be applied to correct the simulated FE model and remove the difference between the FE model outputs 
and measured data. Reviewing and effectively implementing the automatic model-updating method on the shear frame 
modal is the primary accomplishment of this work. Updates can be made to the simulated FE model quickly and easily 
without taking a lot of time, The effective use of updating methods is important. The analyst must, however, decide 
whether to accept the changes or not and to show how useful the suggested changes. 
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Abstract- In this paper, a phase field-based numerical model has been presented to study 
fracture in concrete. All nonlinearities in the fracture process zone are modeled using 
cohesive zone approach with traction-separation constitutive law for concrete. A localized 
band of finite width is used to regularize the crack path using scalar phase-field. The 
phase-field discriminate between intact and broken surface using numeric values of 1 and 
0. The critical fracture energy is modeled as the algebraic sum of the critical fracture
energy of mode I and mode II. A finite element method is used to implement the proposed 
model. Numerical simulation for mode I fracture is performed on a three-point notched 
concrete beam. The concrete response under applied loading is represented using load-
displacement curve. A study related to effect of mesh size and length scale parameter on 
the output results is carried out. The results indicated that the length scale parameter and 
finite element size has little effect on the model.  It is concluded that the phase-field model 
has the ability to simulate crack growth in concrete under the given loading condition. 

Keywords- Mode I fracture, Mixed mode fracture, Phase-field, Fracture energy, Length scale parameter. 

1 Introduction 
Concrete is composite material and is widely used in construction industry as a building material.  When subjected to 
normal and shear stresses, the crack tends to propagates along an inclined path, indicating the mixed mode fracture in 
concrete. The mixed mode fracture in concrete is one which occurs as result of the combination of mode I (tensile failure) 
and mode II (shear failure). Various experimental tests have shown that concrete generally fails in mixed mode (I-II) when 
subjected to environmental loading [1]. Understanding the fracture phenomena in concrete is vital for the accurate analysis 
and design of concrete structure. This is because the cracking reduces the stiffness of concrete, thereby effecting its 
serviceability, durability and may lead to complete failure. A numerical model generally needs two ingredients to model 
crack growth problem in concrete: the first one is the crack initiation criterion and the second one is the damage criterion. 
The crack initiation criterion is generally based on maximum principle tensile stress or strain. Other crack initiation 
criterion can also be used. The damage criterion has to be based on mode I and mode II fracture energies if one wants to 
study the crack growth under mixed mode condition. Developing these criteria for mixed mode fracture is challenging [2]. 
Although, most of the numerical model, which are proposed earlier [3], [4], can simulate the crack initiation and crack 
propagation, they are unable to simulate some aspects of crack related to fracture process, for example crack kinking, 
coalescence, branching and nucleation. The phase field model presented in this paper has the ability to predict the crack 
initiation, propagation, nucleation, branching and kinking during crack growth. 

The macro model behaviors of concrete structure can be determined from the meso or micro model if mechanical properties 
of the two matches [5]. In addition, performing experiments on macro structures is time consuming and uneconomical. For 
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this reason, meso and micro scale model of the actual physical structures are generally used for simulation. To achieve 
better results, greater degree of mechanical, geometrical and compositional similarity between the prototypes and actual 
system is required [6]. Two approaches are generally used to model the fracture in concrete: discontinuous and continuous 
approach. The discontinuous approach is largely based on the work presented in [7], [8] and Cohesive Zone Model (CZM) 
[9], [10]. In this approach the crack is modeled as a strong discontinuity embedded in the finite element mesh. In contrast, 
the continuous approach models the crack by distributing the damage in a band of finite width using a scalar phase field. 

The Cohesive Zoned Model and Extended Finite Element Method (XFEM) are the two prominent methods which are 
based on the discontinuous approach. In CZM, the cohesive elements are distributed along the boundary of the element in 
finite element mesh. A mechanical behavior of cohesive element is controlled by traction separation law, that also account 
for all nonlinearities at the crack tip. Many researchers [11]–[13] have used this approach to simulate the fracture 
phenomena in concrete and other material. This approach requires the crack path to be known in advance. In addition, this 
method is mesh sensitive [14]. The complicated stress distribution in the fracture process zone cannot be accounted for in 
this method [15]. This method requires advance software and packages for implementation. As opposed to CZM, the 
XFEM is free from mesh sensitivity problems and can easily handle the displacement discontinuity due to sharp crack 
[16]. This method is based on partition of unity [17]. The discontinuity is included in the finite element mesh by enriching 
specific node using special function without altering the original mesh. XFEM has the ability to simulate complex 
phenomena and more powerful as compare to CZM. Numerous researcher have used this method for simulating and 
numerical modeling of complex problems like fracture in concrete, see for example [18]–[22]. Although, XFEM is a 
powerful numerical method, it too like CZM suffer in cases of complex crack topologies including crack branching, 
intersecting and kinking. It is also not suitable to simulate problem involving friction action and high degree of material 
nonlinearities.  The continuous approach, as opposed to discontinuous approach, does not model the crack as a strong 
discontinuity rather smears it in a localized band. The phase field model (PFM) falls in this category. In this model, the 
damage is distributed in a localized band and a scalar phase field ϕ is used to indicate the degree of damage in the material. 
The width of the damage is controlled by a length scale parameter lc. The phase field take value of 0 and 1 for completely 
intact and damage state of the material. The PFM gives the displacement and phase field as output of the model by solving 
multivariable problem. It do so by fusing the Griffith criterion and phase field in the total potential of the system and 
extremizing it using the variational principle [23]. The phase field, surface density and damage equation used in the PFM 
can vary and thus results in different phase field models. Feng and Wu [24] used a phase field model to investigate the 
boundary and size effect on fracture in concrete. The cohesive zone model approach was used to model the strain softening 
behavior of concrete. In [25], the phase field model was used to study fracture in cement-based material. A modified 
constitutive law inclusive of the early-age processes including shrinkage, thermal expansion and creep was used to simulate 
fracture. In addition, ,many other researcher [26]–[30] have used phase field model to simulate the fracture process in 
solids.  

In this paper, phase field model proposed in [30] has been used to simulate mode I fracture in simply supported notched 
concrete beam. The load is applied at mid-point of the beam to ensure that the crack grow in mode I. The aim of the study 
is to investigate the suitability of phase field model in simulating fracture in concrete. In addition, the effect of length scale 
parameter on the crack growth has been undertaken. The concrete mass is assumed to be homogenous in composition. All 
nonlinearities are included in the model using an exponential traction-separation law. No viscous parameter is included in 
the model. The simulations are performed using the elastic mechanical properties of the material. The crack and damage 
visualization in the model during simulating is assisted by the scalar phase field discriminating between intact and damage 
state of the material using numerical value of 0 and 1. 

2 Phase Field Model 
In this section, the formulation of phase field model based on the variation approach has been presented. For a solid body 

with domain , the external potential energy can be written as: 
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  . .P b dV t dA
 

  u u u (1) 

Here b  is the body force, t  is the traction applied on t  and u is the displacement applied at the boundary. 

For a crack set  in the solid domain   ,the expression for the surface energy is given by: 

  cG dA


    (2)

The cG is the critical energy release rate of the material. it can be obtained from tensile test on the material.

The internal strain energy stored in the solid body can be represented as following: 

   2 2
0

1

2
u tr tr           (3) 

Where  and   are the lame constant and   is the strain tensor. 

After having equations for the external potential energy, surface energy and strain energy density function, the total 
potential energy of system, ignoring the body forces, can be written as: 

    , .cdV G dA t dA 
  

      u u u  (4) 

The numerical implementation of the equation (4) is a challenge because of the discontinuous displacement field and 
unknow nature of the crack set. These limitation are addressed by regularizing the total potential of the system using  
variation approach presented in [26], [27], [31]. The regularized total potential is given by: 

       , ,s c P      u u u (5) 

Where 

      0,s g dV  


  u uò (6) 

   ;c cG dA  


      (7)

Here  ,s  u ,  c   is the regularized strain energy density functional and regularized surface energy functional. 

 ;    is the crack surface density functional characterizing the growth of phase field in the solid domain.  P u is

the external potential energy due to body forces and traction. 

The crack surface density,  ;    function is given by, [26], [32]:

   2
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1 1
;

2
l

l
     

 
     

 
(8)

After putting Equation (6), (7) and (8) in Equation (5), the total potential can be rewritten as, [30] : 

         2
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   u uò  (9) 

In equation (9)   0 uò  is the elastic free energy functional and  g  is the damage function. The damage function is

bound to the following conditions, [26]: 

     
.

0 , 1 00 1 1g g and g   (10)
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After expressing the total potential of the solid body in term of phase field model, the problem comes down to finding the 
variation of Equation (9) w.r.t phase field   and displacement u given by: 

   , : . . .
t

cdV dV G dV b dV t dA
          
      

   
           

    u u uò  (11) 

It yields the following equations and boundary conditions, [30]: 

0b in     (12)
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Equation (12) is called the equilibrium equation while Equation (14) and (15) are the phase field evolution equation. In 
addition, equation (13) and (17) are the boundary condition. 

In order to simulate the mixed mode fracture and avoid the crack growth under compression, the initial strain energy is 
decomposed into tensile, shear and compression part as following, [30]: 

   0 1 0 0 0I II IIg g           (18)

0 0 0 0I II         (19)

The mixed mode phase field evolution equation becomes: 
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Where 'Ig  and 'IIg are the degradation function for mode I and mode II. Similarly, cIG and cIIG are the fracture 

energies for the two modes. 

The weak form of the governing differential equation is given by: 
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Where 
^

u  and 
^

  are the known displacement and phase field values at nodes. 
^

D is the modified constitutive matrix. u

and   are shape functions for displacement and phase field. The Ib and IIb are constants that can affect fracture 
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angles during crack growth. The phase field evolution equation and equilibrium equation are solved for displacement 
and phase field and the crack path is obtain as part of the solution. The propose scheme is implemented in a finite element 
code using C++ Jem and Jive libraries 

3 Methodology 
The methodology used for simulating fracture in concrete using the proposed phase field model is discussed in the 
following sections. 

3.1 Specimen Selection 

The concrete beam specimen used in  [33] has been selected for numerical simulation of mode I fracture in concrete using 
the proposed phase field model. The dimensions of the beam are: length, L = 36 in, Depth, D = 9 in and thickness, t = 
3.375 in. However, to reduce the computational cost, the dimensions are taken in millimeter (mm). The beam has a notch 
of depth 3 mm in the middle on the lower face as shown in the Figure 1. 

3.2 Numerical Simulation of Three-Point Beam 

The material properties required in the model include modules of elasticity E , the Poisson’s ratio  , critical fracture 

energy fG , the ultimate tensile strength tf . For the given beam, the fracture energies of mode I and mode II are taken to 

be equal. Such assumption can be made because the scope of the study conducted in this paper is limited only to simulating 
the fracture process. More specifically, the ability of the model to produce the generic load-displacement curve of concrete 
is the center of focus. There is no validation work to be carried out. The problem is considered as a plane strain problem 
and exponential cohesive law has been used. The initial notched is modelled as a discrete crack in the beam.  

The beam has length of 36 mm and depth of 9 mm. The notch has depth of 3 mm and is located in the center of beam. The 
material properties of the beam are taken from [13] and include modulus of elasticity E = 142000 N / 2mm , Poisson’s 

ratio  = 0.35, fracture energy fG = 0.344 N / mm , tensile strength tf = 3.4 N / 2mm and shear strength sf = 3.4 N /
2mm . The fracture energy of mode I has deliberately been taken equal to mode II fracture energy i.e., I II fG G G  . 

The simulation is performed under displacement scheme with load scale of 1.0 3e in 900 iterations. The beam domain is 
discretized using 6037 quadrilateral elements as shown in Figure 2. In order to reduce the computation time, the Dirichlet 
boundary condition 0  has been assign to the elements close to the support.  

Figure 2.Descritized geometry of the notched concrete beam 

Figure 1.Geometry of notched concrete beam with boundary 
condition 
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4 Results and Discussion 
The first trial of simulation is performed using mesh size of 0.3 mm in the region close to the crack and 0.5 mm in the 
remaining region. It can be observed that during the initial iteration the stress at the crack tip increases. As a result, the 
phase field values increase and upon reaching 1, the element damages completely and the crack progress further. The crack 
path, as shown in the Figure 3, propagates vertically indicating the mode I fracture. This can be attributed to the fact that 

the boundary condition (loading and supports) is such that mode I fracture is favored. As a result, the crack growth is in 
mode I and mode II contribution are negligible. The pattern of crack growth and load-displacement curve obtained are 
similar to the one obtained experimentally during mode I fracture test on three-point notched concrete beam. The load-
displacement curve has been plotted for different length scale parameter in order to study its effect as shown in the Figure 
4.  

The Load-displacement plot shows that for the fixed value of material properties, the length scale parameter has negligible 
effect on the load-displacement curve. The length scale parameter in a sense controls the damage area. A higher value of 
b would mean that more area will get damage and so the corresponding peak load will slightly increase. In order to study 

Figure 4. Load-Displacement curve for length scale parameter of 
b=1.3 mm, b=1.5 mm and b=2.0 mm 

Figure 5. Load-Displacement curve for mesh size of 0.3 mm and 
0.4 mm with constant b = 2 mm  

a) b)

c) d)

Figure 3.Crack propagation in notched concrete beam under three-point bending, a. crack initaition, b.c.d. crack 
propagates as loads increases 
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the effect of mesh size on the load-displacement curve, simulations are performed at mesh size of 0.3 mm and 0.4 mm at 
a constant length scale parameter of 2.0 mm. The results shows that the proposed model is almost independent of the mesh 
size as evident in Figure 5. The mesh independency is one of the attributes of phase field model. The numerical result 
generally converges when a relative fine mesh is used. In this case the converging mesh size seems to be 0.4 mm.  

5 Conclusion 
After simulating mode I fracture in concrete, it is concluded that the phase field model can simulate the fracture in concrete. 
It can also produce the post-peak strain softening behavior if proper cohesive law is used. In addition, the model is mesh 
independent and the length scale parameter has very little effect on the peak load. The model can be used for simulating 
mixed mode fracture in concrete if relevant parameter related to mixed mode are taken into account.  
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Abstract- The purpose of this study is to propose and demonstrate the effectiveness of 
engineered cementitious composite (ECC) for strengthening block masonry. Two cases 
have been studied: ECC only on the tension face and ECC on both tension and 
compression faces. Out-of-plane response of tension reinforced beam, and both tension 
and compression reinforced beam has been experimentally investigated under four-point 
loading systems. The findings of this study show that both the strength and ductility of 
masonry beams enhance using ECC, which advocates the use of ECC as a block masonry 
reinforcing material. 

Keywords- Block masonry, bending response, ECC, four-point loading. 

1 Introduction 
Block masonry structures are distinct from other types of structures in terms of construction techniques. Concrete blocks 
have been widely used because of their low cost, easy availability, and high compressive strength. However, because block 
and cement mortar are fragile materials, failure occurs suddenly, without warning. During the life of a building, block 
masonry walls are subjected to various out-of-plane loadings i.e. static and seismic loads. Therefore, it is important to 
design block masonry walls resilient to out-of-plane loads [1]. For the purpose of reinforcing masonry constructions, much 
research has been conducted in the previous decades. The majority of research studies have indicated that intact masonry 
walls can be strengthened in an out-of-plane direction [2]. 

Concrete, one of the most extensively utilized composite materials in the construction sector, is a fragile material. 
Numerous studies on fiber-reinforced concrete/composites have been conducted in the past, but the ECC material and 
technique were developed in the early 1990s [3]. Many researchers found that analytical and empirical findings for concrete 
block walls loaded in the lateral direction are still inadequate, and numerous retrofitting solutions have been developed to 
increase masonry building efficiency.  

The masonry walls must be built in a way that they can easily bear the external loads to ensure public safety, structural 
integrity, and resilience [4], [5]. The out-of-plane efficiency can be improved when ECC layers are added to the masonry 
walls [6]. A fully coated layer of ECC applied to the face of block masonry is predicted to improve out-of-plane efficiency, 
including load-bearing capabilities and ductility [7].  

Thus, the objective of this research is to investigate the out-of-plane response of block masonry beams that have been 
externally reinforced with ECC on the tension face and on both compression/tension faces. Tests were conducted to 
determine the behaviors of beam-like specimens (essentially a bundle of blocks joined with mortar joints in between) under 
bending load [8]. The objective of the bending load test is to demonstrate the ability of the reinforcing technique to improve 
block masonry structural behavior. This study helps out to understand the behavior of ECC-retrofitted masonry walls 
against out-of-plane loads by using the proposed strengthening method. 
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2 Experimental Procedures 
The experimental examination was divided into four distinct phases. First, the ECC was prepared. three masonry beams 
were cast, each with eight blocks in a row, and 1:3 cement mortar was used in between blocks. Beams were strengthened 
by ECC on the tension face and both on compression/tension (namely, sandwich). Bending tests were performed on 
masonry beams to determine the behavior of ECC. An overview of the experiments performed is presented in Table 1.  

Table 1: Summary of bending tests performed on beam-like specimens. 

Type of tests Specimens tested ID 

Bending Tests 

Controlled masonry beam-
like specimens (non-

retrofitted). 
A 

A beam-like specimen 
retrofitted with ECC layer on 

tension face. 
B 

A beam-like specimen 
retrofitted with ECC layer on 

tension/compression faces 
(sandwich). 

C 

2.1  Constituents of ECC 

In this study, ECC contains Polypropylene (PP) fibres of 12 mm in length, cement, fly-ash, sand, and water. High-range 
superplasticizers (SP) are used to enrich the fresh properties of the mixture. The dosage rate of Polycarboxylate SP was 
1% by weight of cement used, and the filler used was fine silica sand. The fly ash/cement ratio was 1.8 (by mass), whereas 
the water/cement ratio was 0.28 (by volume). The sand/cement ratio was taken as 0.6 (by mass). The sand and cement are 
blended and dried for 30–60 seconds till the mixture is homogenous in the creation of ECC. Then fly ash and SP are added 
sequentially. SP was added as per requirement. To make a cake, fibres are added at the end. 

3 Research Methodology  

3.1 Testing of beam-like specimens 

Three beam-like specimens were manufactured and were subjected to a 4-point bending test. Each specimen has eight 
blocks with seven mortar joints in between, as shown in Fig. 1. 10mm thick layer of mortar joint was used internally. Out 
of three specimens, one benchmark specimen was un-strengthened (A series), one specimen had a 15mm ECC layer (B 
series) on the tension face, and one specimen was retrofitted with the ECC layer on both tension and compression faces. 
The length of the beam-like specimen was 835 ± 25 mm with a 400 mm width. The thickness of specimens is: 200 mm in 
the A-series (see Fig. 1(a)), 215 ± 5 mm in thickness for the B series (see Fig. 1(b)), and 230 ± 5 mm in thickness for the 
C series (see Fig. 1(c)).  

4 Results and analysis 

4.1 Unstrengthened specimen response (A series): 

Fig. 2(a) explains the behavior of the un-strengthened specimens (A series). As a result, these un-strengthened specimens 
broke suddenly (brittle), which resulted in immediate failure of the load holding capacity. The failure occurred shortly 
after a fracture developed along with one of the block/mortar contacts near the specimen's middle span (inside the two 
areas where the load was employed). The findings demonstrate the vulnerability of un-strengthened block masonry beams 
to out-of-plane loading. Fig. 3(a) shows the condition of the specimens after failure. 
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Figure 1: Schematic illustration of four-point flexure testing (a) unstrengthen specimens (A series) (b) Tension face strengthening (B 
series) (c) Sandwich bonded (C series) 

4.2 ECC strengthen specimen response (B and C series): 

Fig. 6 depicts the crack pattern of the beam retrofitted with ECC on the tension face (B series) after failure. It has been 
noted that small fractures are formed initially. These small fractures coalesce to produce a bigger fracture that finally 
causes the ECC layer to fail. Furthermore, specimens strengthened with an ECC layer on the tension face (B Series) have 
a crack pattern that is localized at the joints in between the blocks. The micro-cracks converge to form wider cracks, which 
eventually fail the ECC layer, causing the beam specimens to collapse. Whereas in the case of sandwich beam (C series) 
specimens, a big crack is produced across the ECC layers and shows brittle failure. Contrasting the crack pattern of B 
series and C series beams, it is evident that the specimen retrofitted on the tension face permits the ECC to acquire a more 
homogenous (dispersed) cracked pattern than the sandwich beam. 

Table 2 displays the load at first crack, load-carrying ability, and the accompanying mid-span deflection at failure. Fig. 3 
shows the relationship between out-of-plane deflection and applied loading, which shows that the load-carrying capacity 
of sandwich beam is more than that of beam bonded with ECC on tension face (B series) and unstrengthened beam (A 
series). The average load due to the first fracture was determined to be 1.15 kN, 11.80 kN, and 17.95 kN for the A, B, and 
C series correspondingly. The average mid-span deflection at failure for A, B, and C series was 0.07 mm, 2.21 mm, and 
1.34 mm, respectively. As seen in Table 2, the load-bearing capability of the sandwich beam is greater than that of the 
beam bonded on the tension side. In an un-strengthened beam, failure occurs after the peak load and causes flexure failure, 
as shown in Fig. 3(a). B and C specimens were retrofitted with ECC, a tension face and a sandwich bonded beam. The 
load-carrying capacity of B and C was 10.45 and 18.36 times greater than that of the controlled block masonry beams (A), 
respectively. The out-of-plane deformation of B and C series specimens was 31.57 and 19.14 times greater than that of the 
un-strengthened specimens (A series), respectively. 

Table 2: Summary of four-point bending test. 

ID 

ECC layer 
thickness 

(mm) 

Loading 
at first 
crack 
(kN) 

Loading at 
failure 
(kN) 

Deflection 
at 

failure 
(mm) 

A --- 1.15 1.15 0.07 

B 15.30 11.8 12.75 2.21 

C 14.95 17.95 22.40 1.34 
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(a)  (b) 

(c)                                                                              (d) 

Figure 2 Load deflection responses of four-point bending test of (a) Non retrofitted specimens (A series) (b) Tension retrofitted 
specimens (B series) (c) Sandwich (C series)(d) comparison of A, B and C series 

(a) 

(b) 
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(c) 

Figure 3: Failure crack pattern of (a) Non retrofitted specimen (A series), (b) Bottom retrofitted specimen (B series), (c) Sandwich 
specimen (C series) 

5 Conclusions 
The flexural response of block masonry walls retrofitted with the ECC layer was explored in this experimental research. 
The following are conclusions derived from the test results: 

1. Unstrengthen specimens (A series) were more vulnerable to out-of-plane loading and produced sudden failure
with a maximum load-carrying capacity of 1.15kN, and mid-span deflection was 0.07mm.

2. Specimens retrofitted with ECC on tension face show enhanced load carrying capacity of 12.75kN, which is about
10.45 times of unstrengthen specimens. Mid-span deflection of tension faced(B series) retrofitted specimen
increased up to 31.57 times the unstrengthen specimens.

3. Specimens retrofitted with ECC both on tension and compression sides (C series, sandwich) show the load-
carrying capacity is 18.36 times greater than that of unstrengthen specimens, and mid-span deflection was about
19.14 times of unstrengthen specimens.

4. The load-bearing capability of the sandwich beam is 1.76 times higher than that of a beam retrofitted on tension
face only and 18.36 times the un-strengthen beam-like specimen. The tension faced ECC retrofitted specimens
show more deflection than that of the sandwich and unstrengthen specimens and show more uniform cracks.
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Abstract- To safeguard against the loss of life and to maintain integrity, reinforced 
concrete structures are designed and constructed to withstand severe damage, impact and 
permanent displacement during a strong earthquake. Due to the dissipation of energy after 
a major earthquake, steel reinforcement undergoes large strains which lead to damage in 
the plastic hinge zone. Furthermore, the structure will be unserviceable due to the large 
residual deformations caused by the permanent strain in steel. Implementation and 
development of smart materials in structures will help to achieve these qualities. Shape 
Memory Alloy (SMA) is an example of a smart material, the use of such super elastic 
material in reinforced structures helps to recover the strain upon unloading which leads 
to improved recovery. without significant degradation or permanent deformation through 
repeated cycling. This ability gives a promise in civil engineering infrastructure 
applications specifically in seismic design. The primary objective of this study is to 
review the use of SMA in reinforced concrete at the plastic hinge region and to review 
the behavior of the hybrid beam using finite element software. After validation of the 
finite element model with the experimental results gathered from past literature, a 
parametrical study is conducted to understand the behavior of the hybrid beam with a 
change in parameters.  

Keywords- Numerical study, RC beam, Shape Memory Alloy (SMAs), VecTor2 

1. Introduction
When exposed to major earthquakes, ductile structures are built to respond inelastically. This is usually accomplished by 
placing plastic hinges at strategic spots throughout a building. The plastic hinges are engineered to provide flexure while 
avoiding nonductile failure mechanisms. While this prevents the structure from collapsing and ensures that the earthquake's 
energy is released effectively, residual deformations are to be expected. As the reaction continues into the inelastic region, 
residual deformation is mostly caused by the accumulation of residual strains in the reinforcement. After a seismic event, 
significant residual deformations can render structures unusable It may also make repair and retrofitting impossible. 
However, a comparatively new class of alloys called as Shape Memory Alloys (SMAs) has just developed and piqued 
researchers' interest. Shape memory alloys are one-of-a-kind materials that change the crystalline phase when exposed to 
temperature or stress changes, and they come in two varieties: Austenite and Martensite. Due to their capacity to recover 
inelastic displacements, these alloys are appealing in seismic applications. Furthermore, at significant stresses, SMAs yield 
under load and strain hardening and have the same strength capacity as traditional deformed reinforcing bars. The high 
initial cost of SMAs is one of their key disadvantages; as a result, they should only be employed in vital areas. Another 
drawback is the reduced capacity to disperse energy due to its re-centering tendencies. The higher crack widths and crack 
spacing that should be expected in concrete members reinforced with SMAs because of their smooth surface are envisaged 
to a lesser extent. SMAs, on the other hand, are corrosion resistant and can tolerate higher crack widths than typical 
deformed bars. 
Various research studies have been worked upon to improve the seismic resistance of concrete structures by using SMAs 
in critical regions to reduce residual deformation [1]. To allow the dissipation of energy in the critical region and to allow 
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yielding, and to recover deformation, SMAs were used in various RC structures such as beam-column joints [2], in beams 
[3], in shear walls [4, 5], and in reinforced concrete (RC) columns [6]. They found that in the event of an earthquake, SMA 
enables the structure to recover its residual deformation after yielding. However, there have been few numerical 
investigations of hybrid steel-SMAs reinforced concrete beams. Therefore, the main purpose of the paper is to build a 
numerical model for hybrid steel-SMAs reinforced concrete beams and conduct a validation against the experimental 
results conducted by Abdulridha et al. [3] in terms of ultimate capacity and hysteresis behaviour. Finally, a parametric 
study is conducted to investigate the effect of various reinforcement ratios as well as the concrete compressive strength on 
the seismic behaviour of hybrid steel-SMAs reinforced beams. 

2. Review of Experimental Results
Abdulridha et al. [3] tested seven simply supported concrete beams subjected to monotonic, cyclic, and reverse cyclic 
loading. Nickel-Titanium SMA (Nitinol) alloy is used in the experiment. The goal of this experimental program was to 
look at the structural behaviour of SMA-reinforced beams and assess their applicability to be used as an alternative to steel 
in seismic applications. In the numerical modelling conducted in this paper, only two beam tests, Beams B3-SR and B6-
NR will be explored in depth, both were subjected to reverse cyclic loading.  B3-SR and B6-NR are reinforced with 
conventional steel and hybrid steel-SMA rebars, respectively. For B3-SR, 10M (11.3mm diameter) steel bars were used. 
centre of B6-NR was reinforced with 12.5 mm diameter Superelastic SMA smooth bars and coupled to 15M steel rebars 
(16 mm) (Fig. 2). The beams were 2800 x 125 x 250 mm (2400 mm from centre to centre of supports). Two central point 
loads, typically spaced at 125 mm apart, were used to maintain a consistent flexural zone (critical section). The SMA bars 
were utilized for a total length of 600 mm, centred at the beams' midspan. The SMA bars were threaded at the ends and 
threaded mechanical couplers were used to link them to the steel rebars. To enhance yielding at the midspan and away 
from the threaded sections at the ends of the bars, the SMA bars were reshaped to a diameter of 9.5 mm over a 300 mm 
length. The couplers had a diameter of 12.6 mm and a length of 50 mm. The shear reinforcement, which consisted of 
closed stirrups with a diameter of 6.35 mm, was everywhere spaced at 100 mm along the length of the beam. A typical test 
specimen installed in the testing apparatus is seen in Figure 1. To prevent the concrete from being crushed, a steel plate 
(75x150x25mm) was installed below each point stress. A hydraulic jack with displacement control was used to apply the 
load. Load cells were employed to measure the applied forces, and displacement cable transducers were used to continually 
record deflection values at the midspan (DCTs). ATC-24 [7], was used to apply reverse cyclic stress. Single repetitions at 
each displacement level were the sole change. One cycle of loading was performed at 0.33y, 0.66y, and 1.0y, where y is 
the yield displacement. Then, until failure, the following cycles were based on multiples of y. The yield displacement of 
the SMA and conventional reinforced beams was approximately 6.4 mm and 5.7 mm, respectively.  

Figure 1. Typical test specimen and beam cross section 

The SMA bars had a modulus of elasticity of around 60 GPa, whereas the 10M distorted bars had a modulus of elasticity 
of roughly 205 GPa.  
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The approximate yield stress for the SMA was determined to be 415 MPa, somewhat lower than the 425 MPa and 440 
MPa yield stresses for the 10M and 15M conventional steel, respectively, based on a 0.2% offset. At around 1.5% strain, 
the ordinary steel experienced strain hardening. Hardening of the SMA bar occurred at a strain of around 5%. The ultimate 
strength for 10M, 15M and SMA rebars was 615 MPa, 650 MPa and 800 MPa, respectively. Concrete of conventional 
strength with 10 mm aggregates size was used to build the beams. On the day of testing, the SMA and conventional 
reinforced beams had average compressive strengths of 32.7 MPa and 34.6 MPa, respectively.  

3. Numerical modelling and validation
A preliminary model was created and implemented in the nonlinear two-dimensional finite element software VecTor2 
(Ver.4.4) [8], which is suitable for membrane structures. Based on the Modified Compression Field Theory and the 
Disturbed Stress Field Model, VecTor2 utilizes a smeared, rotating-crack formulation [9]. Both conventional and SMA 
beams were modelled, and the results were compared with the test results. All beams were modelled with rectangular plane 
stress concrete elements. The longitudinal flexural reinforcement bars were modelled with discrete truss bar elements and 
the transverse shear reinforcement was modelled with smeared within the concrete elements. For modelling conventional 
steel reinforcement, the truss bars were assumed perfectly bonded to the surrounding concrete while the SMA bars were 
partially bonded given the smooth surface of the bars leading to lower bond stresses. The applied load followed the same 
loading protocol in the test. The finite element model for the beams B3-SR and B6-NR are as shown in Figure 2. To 
coincide with the node of the concrete rectangular elements, the length of each truss element was 25 mm. Bond-slip 
elements were used to represent the bond between the SMA bars and the concrete, and it was assumed that the typical 
deformed reinforcement and couplers in SMA beams were perfectly connected to the surrounding concrete. Prior to the 
slippage, the bond-slip components were specified by paired nodes with the same coordinate. A concrete element was 
attached to one of the nodes, while a discrete reinforcement element was added to the other. At one end of the beam, pins 
were used to represent the supports, which were simulated with vertical and horizontal restraints, while at the other end, 
rollers were used to represent the supports, which were only provided with vertical restraints. The restraints were only 
attached at one end throughout the analysis, which was sufficient to simulate the behaviour of the supports.  
Using two loading plates, two vertical loads spaced 125 mm apart were applied uniformly at mid-span in the experimental 
setup. In the Finite Element Model, each applied load at the top of the beam were represented by four nodes. That means 
four nodes were assigned at the top of the beam to apply the loads.  To prevent the local crushing of the concrete the 
distributed load was intended to represent the spreading of the load due to the loading plate.  
The reinforcement, concrete and bond constative models are illustrated in Table 1. The detailed descriptions of each model 
were described in the Vector2 Manual. Typically, the default models are chosen unless an alternative model better captures 
the behavioural response. 

Figure 2: Finite element model of beam (a) B3-SR and (b) B6-NR 
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Table 1 Material and Behavioural models 

Material Property Material Model 
Concrete Compression Base Curve Popovics (NSC)* 

Compression Post-Peak Base Curve* 
Concrete Compression Softening Vecchio 1992-A 

Concrete Tension Stiffening Modified Bentz 
Concrete Tension Softening Linear 
Concrete Tension Splitting Not Considered 

Concrete Confinement Strength Kupfer I Richart 
Concrete Dilatation Variable - Kupfer 

Concrete Cracking Criterion Mohr-Coulomb (Stress) 
Concrete Crack Width Agg/5 Max Crack Width 
Concrete Hysteresis Non-Linear with Plastic Offset 

Slip Distortion Vecchio-Lai 
Reinforcement Hysteretic Response Seckin Model (Bauschinger) 

Reinforcement Dowel Action Tassios Model (Crack Slip) 
Reinforcement Buckling Asatsu Model 

Concrete Bond Eligehausen Model 

4. Numerical validation
The responses of the conventional reinforced and SMA reinforced beams are shown in Figures 3 (a) and (b), respectively. 
The strength capacities are often effectively replicated and match the experimental tests. The nonlinear unloading response 
of the SMA reinforced beam found during testing suggests that the recovery is significantly overstated, and the unloading 
curves do not represent the nonlinear unloading response of the SMA reinforced beam. The analytical response of a 
conventional reinforced beam is shown in Figure 3 (b) for comparison. The behaviour seen during testing, including 
strength and ductility capabilities, was successfully represented by the numerical model. Unloading and reloading curves 
were accurately modelled. The pinching is a noteworthy difference; slightly more was noted during testing. With a 
modified constitutive model for SMA bars that reflect nonlinear unloading and minor residual stresses accumulated as the 
ductility needs grow, better results for the SMA beam may be produced. Because reverse cyclic loading involves loading 
and unloading the beam in one cycle, the unloading and reloading curves following reverse cyclic loading were accurately 
modelled. In the analysis of the conventional beam, the analysis predicted slightly lower strength and higher initial stiffness 
than the experimental results. The measured displacement at failure following the numerical test was 57.125mm, however, 
the expected displacement was 59 mm. There were also differences that were noted around the yield strength. The observed 
value was 29 kN for the experimental test, however, the analysis revealed a value of 26.19 kN which is less than the 
experimental value of almost 9.7%. Both beams failed by concrete crushing after significant yielding of the longitudinal 
reinforcement but at slightly different displacements. In general, though, the numerical response of the conventional 
reinforced beam demonstrates the applicability of the finite element model and VecTor2 adopted for this study. 

Figure 3: Analytical load-displacement response of beam (a) B3-SR and (b) B6-NR 

a b 
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The calculated response of the SMA reinforced beams indicates that the analysis reasonably predicted the behavior 
observed during testing. Comparing the observed results to the predicted numerical results, the predicted ultimate strength 
of B6-NR was 24.5 kN, however, the observed and recorded values for the experimental load capacity was 21.94 kN which 
is less than the predicted value of 10.45%. The difference in the value of ultimate load capacity is due to a large fracture 
outside the critical zone that occurred during the test procedure on this SMA beam. The midspan displacement at failure 
measured by the experiment was 60 mm, while the numerical analysis yielded a value of 53.29 mm. Permanent 
displacements were satisfactorily captured during the analysis; however, more pinching was observed in the experimental 
hysteretic response. Figure 3 (b) demonstrates the hysteretic behavior was well simulated, including peak strength, 
ductility, residual displacements, and unloading response. The discrepancy in the ultimate load capacity can be attributed 
to the fact that the SMA beam experienced a major crack outside the critical region during the test which resulted in a 
reduction in strength. 
By comparing the computed and actual cracking patterns, the numerical models were further evaluated. As demonstrated 
in Figure 4, the model predicted closely spaced cracks in the conventional reinforced beam and much wider cracks in the 
SMA reinforced beam. These patterns matched observations made during testing, indicating that the finite element model 
was correct. These trends were consistent with observations noted during testing. Generally, the finite element results 
provided good predictions of the sequence and locations of the first flexural and shear cracks. For comparison purposes, 
the first numerical crack was defined by a crack width of 0.10 mm, which corresponds to the visible crack width during 
testing. Experimentally, flexural cracking at midspan was observed first followed by inclined shear cracks near the 
supports. Numerically, the sequence of cracking was similar to that observed in the conventional and SMA beams where 
local effects from the presence of the couplers governed the location of critical damage. This resulted in the first flexural 
crack initiating at the coupler location where failure was observed. All beams were designed as flexural members that 
experience significant reinforcement yielding prior to concrete crushing. This type of failure was predicted in the finite 
element analysis for both conventional and SMA beams. Experimentally, the tested beams had similar failure modes except 
for SMA beam which experienced failure by rupturing of the SMA at the transition point where the SMA changed diameter. 

Figure 4: Crack Patterns of beam (a) B3-SR and (b) B6-NR 

(a) 

(b) 
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5. Parametric study
This part includes the changes in the seismic behaviour of Superelastic SMAs caused by varying the concrete strength and 
SMA reinforcement ratio of the beam B6-NR validated in the previous section. By using different SMA rebar diameter, 
SMA reinforcement ratio has been modified to get the reinforcement ratios of 0.20 %, 0.50 %, 0.80 %, and 1.07 %. In the 
second parametric study, the compressive strength of concrete is varied such as 30, 40, 50, and 60 MPa. Figure 5(a) and 
(b) show the effect of the reinforcement ration of the SMA on the envelop load-deflection curves and cumulative energy 
dissipation curves, respectively. It can be noted that as the reinforcement ratio increase, the ultimate load-carrying capacity 
slightly increases which allow the beam to sustain the more applied load. For instance, as the reinforcement ratio increases 
from 0.2% to 0.8%, the ultimate load capacity increases by 26% this is due to the beam becoming more ductile to sustain 
the extra applied load. Furthermore, an increase in the reinforcement ratio results in improvements in energy dissipation 
due to an increase in the overall ductility of the wall which leads to an increase in the area under the response curve. As 
the reinforcement ratio increases, the load-carrying capacity and the strength of the beam also increase so that the amount 
of energy dissipated will also increase.  

Figure 5:(a) Comparison of envelopes of load-displacement curves for SMA reinforcement ratio (b) Comparison of cumulative energy 
dissipation curves for SMA reinforcement ratio 

Figure 6:(a) Comparison of envelopes of load-displacement curves for concrete grades (b) Comparison of cumulative energy 
dissipation curves for concrete grades 

When comparing the impact of concrete grades (C30, C40, C50 and C60), the ultimate load carrying capacity is increasing 
with an increase in the concrete grade, but all models failed in the last cycle. For example, as the compressive strength 
increase from 30MPa to 60MPa, the ultimate load capacity increase by 55%. There is only a marginal increase that can be 
found in the energy dissipation graph. Figure 9 shows the comparison results of load-displacement curves of various 
concrete grades. 

a b 

a b 
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6. Research significance
Long-term reverse cycle loads can cause fatigue failure in concrete flexural components reinforced with conventional steel, 
even at loads below their ultimate capacity. The goal of the current study project was to analyse the behaviour of concrete 
beams reinforced with a mix of conventional steel and SMA to reduce the risk of fatigue failure. Due to their superelasticity 
and high yield strength characteristics, SMAs may dissipate strain energy and recover deflection when used as 
reinforcement in RC flexural components. The findings of this study will help scientists and engineers better understand 
how concrete flexural components behave when reinforced with SMA and steel. 

7. Conclusion
Based on the results, the following conclusions can be drawn: 

- Nitinol SMA outperformed conventional beams in terms of minimizing residual movement in concrete beams 
and SMA reinforced beams have lower stiffness than conventional beams. 

- The proposed numerical model using Vector2 provides accurate predictions in comparison with the test results 
for both conventional and hybrid steel-SMA rebars.  

- In the case of parametric analysis with changing reinforcement ratios and concrete grade, the stress-strain 
behaviour and energy dissipation improve dramatically as the value of the parameters increases.  

- The bigger diameter of Nitinol bars will assist in dissipating more energy and perform better in seismically active 
areas, but it is much more expensive than the smaller diameter, making it practically unfeasible in some 
circumstances. 

- Finally, the ability to recover inelastic deformations, display strain hardening, and exhibit yielding while 
maintaining significant displacement ductility make Super-elastic SMA a promising alternative reinforcement in 
seismic design. 

-  However, because of the high initial cost, SMA may only be used in RC structures to a limited extent. As a result, 
in the design of reinforced members, optimization is essential. 
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Abstract- Geopolymers concrete (GPC) has gained popularity in the construction industry 
as a low-carbon, cement-free composite material with strong mechanical qualities that 
may be employed in various structural applications. In this paper, the behavior of simply 
supported geopolymer concrete beams employing symmetrical conditions is simulated 
using Abaqus (Finite Element Analysis) tool. A simplified version of the Concrete 
Damage Plasticity Model (CDP) is used as a nonlinear constitutive model. Using Abaqus 
(CAE), four geopolymer concrete beams were modeled with varying parameters 
depending on their compressive strength, and the experimental force-deflection curve. 
These beams were shear deficient and failed along the shear path experimentally, while 
the model followed the identical shear trajectory path in simulation. The same damaged 
beams were then strengthened by wrapping CFRP sheets around them and simulating the 
retrofitted beams using the ACI perfect bond condition method to validate the 
experimental force-deflection curve. The model has been validated against experimental 
load-deflection curves and shear trajectory failure paths for both controlled and CFRP-
wrapped beams. The comparison of results from the experimental and numerical study 
suggests that the FEM is a good technique for the simulation and prediction of the 
elemental behavior under different loading conditions and restraints. 

Keywords- Geopolymer, Concrete damage plasticity (CDP), Abaqus, sisal fibres, steel fibres, CFRP strips.  

1 Introduction 
In comparison to Ordinary Portland Cement (OPC) based construction materials, geopolymer concrete (GPC) has gained 
popularity in recent years due to its exceptional capacity to replace cement concrete and possessing improved mechanical 
and serviceability criteria. In terms of global warming, the GPC might reduce the CO2 released into the atmosphere by the 
cement industry. Fly-ash (FA) and ground-granulated blast furnace slag (GGBS) are the industrial waste/by-products 
which are supplementary binding materials widely used for partial replacement of OPC due to their low cost and good 
binding or pozzolanic properties. 
Develop a robust and efficient analytical/Numerical tools, such as the finite element method, by reducing the cost and 
time. The finite element approach can better simulate experimental conditions, including loads and deformation, as well 
as the support conditions of the actual test. Finite element analysis (FEA) is a significant tool in the study of fracture 
mechanics in elements. Linear elastic fracture mechanics (LEFM) has been well-studied, utilizing methods such as Damage 
for Traction Separation Laws (TSL) and Concrete Damaged Plasticity Model (CDP) [1]. Abaqus/CAE, or "Complete 
Abaqus Environment", is a three-dimensional finite element (FE) array with extensive modelling abilities that is mainly 
used as a research tool [2]. It offers a lot of commands for making different elements and a lot of material constitutive 
models for simulating the behavior of most common materials. Simulation with such models helps reduce the number of 
experimental tests required to determine an exact reaction of the materials. 
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As a result, any simulation research will save time, money, and exertion in the long run, especially when the material under 
consideration or the testing machine necessary is unavailable or demands a big budget. Because numerous tests have 
already been performed, the tradition is shifting toward concentrating solely on the numerical model and avoiding any 
experimental testing. Only a few tests are required to identify constitutive model parameters in new materials [3]. To 
predict their behavior, it is necessary to have a detailed knowledge of the flexural behavior of building materials. The four-
point or centre-point loading method can be used to examine this property. As the test progresses, it's hard to identify the 
crack spreading and load distribution [4]. Abaqus is a Finite Element Analysis (FEA) tool that helps in computer drawing, 
mechanical component analysis, and visualization of FEA results. Modelling features, processing options, and post-
processing animation display options are all included in Abaqus, allowing users to simulate, and forecast the behavior of 
their complex product. This feature helps determine load-deflection behavior, cracking patterns, and stress-strain curves. 
In this research work, a numerical investigation on geopolymer concrete beams has been carried out under four-point 
loading considering symmetrical conditions to minimize the analysis time and reduce the complexities in the model to 
make it easy to run [5-6]. The load deflection curve and shear failure trajectory results have been validated very well 
against the experimental test for both the controlled and retrofitted (wrapped by CFRP sheets) beams. 

2 Methodology 
The methodology for this study includes the modelling and analysis of the geopolymer concrete beams by using the finite 
element tool ABAQUS to perform. By using FEA Technique to reduce the analysis time and complexities of the model 
during analysis, Quarter symmetrical beams were modelled to run the analysis fast and smoothly. The Model beams then 
analyzed and validated the results with the experimental load-deformation curves. In total, eight beams were modeled 
(Table 1) in which four were analyzed under displacement-based loading, then these beams were retrofitted with CFRP 
sheets and analyzed again, simulated the beams, and validated with the experimental results. Different equations were used 
as per literature for the properties of these beams to input for the analysis as mentioned below.  

3 Modelling and Analysis 

3.1 Geometry modelling (Undamaged Beams) 

Experimentally the dimensions of the beam were 1000 mm length x 150 mm depth x 150 mm width, while the beams for 
simulation were modelled as quarter symmetrical beams (dimensions 500 mm length x 150 mm depth x 75 mm width) & 
conditions to reduce the analysis time and minimize the complexities. Concrete is modelled as a 3D 8-Node solid brick 
homogenous element with reduced integration (C3D8R), while the steel bars (compression, tension & stirrups) have been 
modelled as a 2D truss element (T3D2) as shown in (Figure 1a, b). In the assembly part, the rebars are combined and 
embedded in the concrete beam by using the embedded region property. The beam has been restrained at the bottom by 
applying the support conditions, while at the sides of the beams symmetrical boundary condition has been applied. 
Displacement-based analysis was performed by applying the displacement to the experimental tests (load vs displacement) 
for all four beams. Meshing for the concrete beam and steel rebars was assigned in 25 mm and 15 mm, respectively. Four 
beams were modelled with the same geometry, but different compressive strength and different material properties input 
analyzed under displacement. 

3.2 Geometry Modelling Retrofitted beams (wrapped by CFRP sheets) 

The beams were modeled and analyzed under displacement control by obtaining the force-deflection curve, the beams 
failed in the shear path. These beams were then strengthened by wrapping the CFRP sheets. The CFRP sheets were 
modeled by deformable solid homogenous element as shown in (Figure 1c, d) having properties shown in (Table 2). Tie 
constraints were used between the beam and CFRP sheets & wrapping by considering perfect bonding between the sheet 
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and concrete beam by following ACI perfect bond condition [7]. No debonding was considered between the CFRP and 
concrete beams. 

Table 1 Modeled Beams Ids 
Controlled Modeled Beams Ids Retrofitted (CFRP) Modeled Beams Ids 

GPC beam Retrofitted (CFRP) GPC beam 

0.75SF-R-GPC Beam Retrofitted (CFRP) 0.75SF-R-GPC Beam 

0.5SF+1SsF-GPC beam Retrofitted (CFRP) 0.5SF+1SsF-GPC beam 

2.4SsF-GPC Beam Retrofitted (CFRP) 2.4SsF-GPC Beam 

3.3 Beam properties 

As for the geopolymer concrete (elemental study), some of the researchers [1], [2] suggest equations for the constitutive 
model for the CPD input parameters, the elasticity of the beam, density, and Poisson's ratio. These properties are a little 
bit different from the ordinary Portland cement concrete. 

3.4 Constitutive model

The concrete damage parameters are used by default [10-11] 

𝜎c ൌ 𝑓𝑐𝑚൫𝜀c 𝜀pൗ ൯
୬

ିଵାሺఌୡ ఌ୮⁄ ሻ
 ሺMPaሻ  (1) 

Where, 
fc' = Peak / Maximum stress; ɛcp = Strain at peak / maximum stress, n = 0.8 + (fc'/17); k = 0.67 + (fcm /62) when ɛc /ɛcp 
˃1 = 1.0 when ɛc /ɛcp ≤ 1.  

For Steel Fiber Reinforced Concrete [5]: n=β= 1.093 + 7.4818ሺ3Vf   
୪

ୢ
ሻିଵ.ଷ଼; Vf = Steel fibre fraction in Volume; lf and 

df = length and diameter of the fibre, respectively; and ɳ = Orientation factor of fibre which is taken as 0.5. 

Modulus of Elasticity, 𝐸𝑐Cୋେ ୀ 4907.5√fc′ [1]; Peak strain  ɛ ൌ 1.65 ൈ 10ିହ 𝑓𝑐𝑚   0.00168; Tensile Strength ൌ
0.7√fc′ [7]; Cracking Strain, 𝜀ୡ୰ ൌ 0.000065fୡ୲

.ହସ [7] 

For Steel Fiber Reinforced-GPC beams: Ecf (GPC)=  21500 x ሺ
ୡᇱ

ଵ
ሻଵ/ଷ [8]; Tensile Strength ft ′ = 0.6 ɳሺ𝑓𝑐′ሻଶ/ଷ 𝑉𝑓



ௗ
   [9] 

a) b) c) d) 

Figure 1: a. Quarter Beam Meshed, b. Quarter beam reinforcement, c. Meshing CFRP & Beam, d. CFRP wrapping & loading 

a) b) 
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c) d) 
Figure 2: a. GPC Beam stresses, b. 0.75SF-GPC Beam Stresses, c. 0.5SF+1SsF-GPC Stresses, d. 2.4SsF-GPC beam Stresses 

a) b) 

c) d) 

Figure 3: a. Retrofitted GPC Beam stresses, b. 0.75SF-GPC Retrofitted Beam Stresses, c. 0.5SF+1SsF-Retrofited-GPC Stresses, d. 
2.4SsF-Retrofited-GPC beam Stresses 

Table 2 CFRP Properties 

4 Results and Discussion 
The shear deficient beams were analyzed as a displacement-based & validate the numerical results with the experimental 
results for the four controlled & Retrofitted beams as the results shown in (Figure 4). The peak load and displacement were 
found to differ by less than 10 % as shown in (Table 3) when comparing experimental and numerical results, indicating a 
good agreement and validated results at the bottom of the beam and simulated for results. The predicted deflections 
were adequately close to the experimental results as by percentage difference less than 10% as observed by other 
researchers [10]. All the beams failed by the formation of diagonal cracks. Most stresses were produced near to the supports 

Material Width 
(mm) 

Thickness (mm) Elastic Modulus 
(GPA) 

Tensile Strength 
(MPA) 

Elongation at 
break % 

CFRP Strip (S812) 80 1.2 165 3100 1.69 

CFRP wrap (230C) 300 0.129 225 3500 1.59 
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and no tensile splitting was noticed along with the main reinforcement. The shear failure occurred in the concrete due to 
its brittle nature. The load carrying capacity reached to the ultimate limits after which sudden failure was occurred. As in 
the (Figure 2, Figure 3 ) it can be noted that most of the stresses are in the shear path, which also indicates that the beams 
were shear deficient as simulated numerically. 

The plain GPC beam exhibit a displacement of 3.16 mm at a load of 40.4 kN. 0.75SF-R-GPC exhibit more displacement 
of 5.15 mm at a load of 73.3 kN because of the inclusion of steel fibers in the beam, which interlocks the bond between 
the concrete and itself and gives more strength to the beam in the flexural behavior. The beam with the addition of Sisal 
fiber (SsF) and steel fiber (SF), gives a displacement of 4.9 mm at a load of 58.1 kN, and the beam having only Sisal fiber 
which exhibits a displacement of 3.75 mm at a load of 47.1 kN.  

Figure 4: Load Vs Displacement (Controlled & Retrofitted Beams) 
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The shear failed beams were wrapped by CFRP sheet at the shear failure location and CFRP strips were adhered at the 
bottom to strengthen and check the displacement of the numerical model against the experimental results. The damaged 
beams CAE stresses and the damaged conditions were imported for the CFRP lamination analysis. The damaged beams 
were strengthened by wrapping CFRP sheets at the shear failure zone which enhanced the load-carrying capacity of the 
beams. CFRP sheets were modelled using linear elastic behavior by considering a perfect bond between concrete beams 
and CFRP sheets. CFRP sheets were modelled in such a way that no debonding occurs as per ACI 440.1R-15[11]–[13]. 
The strengthened beams have a steeper load-deflection curve and higher load-bearing capacity due to enhanced stiffness 
provided by the CFRP strengthening system. The CFRP sheets enhanced the load-carrying capacity of beams by 28.8 %, 
20.40 %, 38.4 % & 39.0 % in the numerical model compared to the non-retrofitted model as observed by[14] Abdelrahman 
Mabrouk. 

Table 3 Comparison between Experimental & Numerical results 

Controlled Beams Retrofitted Beams 
Exp / Num Specimen Load 

(KN) 
Displacement 
(mm) 

Load 
(KN) 

Displacement 
(mm) 

Exp GPC 40.465 3.17 53.76 3.32 
Num 39.032 3.14 54.821 3.13 
% Difference 3.67 % 0.98 % 1.94 % 5.91 % 
Exp 0.75SF-R-GPC 73.872 4.678 97.429 4.797 
Num 73.444 5.152 92.262 4.532 
% Difference 0.58 % 9.20 % 5.60 % 5.83 % 
Exp 0.5SF+SsF-R-GPC 62.791 4.96 92.779 5.545 
Num 58.106 4.9164 94.408 5.364 
% Difference 7.46 % 0.88 % 1.76 % 3.26 % 
Exp 2.4SsF- R-GPC 50.023 3.900 74.679 4.903 
Num 47.115 3.752 77.253 4.748 
% Difference 5.81 % 3.788 % 3.45 % 3.17 % 

5 Conclusion 
1. The peak load and displacement were found to differ by less than 10 %  as shown in when comparing experimental

and numerical results, indicating a good agreement and validated results.
2. The CFRP sheets enhanced the load-carrying capacity of beams by 28.8 %, 20.40 %, 38.4 % & 39.0 % in the

numerical model compared to the non-retrofitted model.
3. As the load increases on the beam, more stresses are generated in the concrete beams, which are transferred to the

CFRP sheets that delay the beams' failure.
4. The comparison of results from the experimental and numerical study suggests that the FEM is a good technique

for the simulation and prediction of the elemental behavior under different loading conditions and restraints.
5. The simulated results for all the beams are in good agreement to the experimental results. In some of the

experimental curves, like in the retrofitted beam, there noted some humps in the curve; this may be due to the
experimental errors, while in simulation, smooth curves are obtained.

6. As the beam 0.75SF-R-GPC beam shows a higher load capacity similar to in experimental, the inclusion of the
steel fiber up to some extent increases their load-carrying capacity and does not let the crack propagate easily.

7. As in this study the numerical approach shows a good validation with experimental results also the finite element
model is a time and money saving as compared to experimental testing/casting of concrete elements.

8. The Finite element model can be further used for more parametric studies and the shear deficiency in the beams
may be excluded by confining the shear reinforcement at both end of beams.
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Abstract- Bridges are one of the most vulnerable structures to an earthquake damage. Due 
to an obsolete code for bridge design and poor construction practices in Pakistan, most of 
the bridges are seismically deficient. Experimental tests are helpful in assessment of 
bridge piers but requires considerable resources. In that account, numerical tools are also 
used for the assessment of bridge piers and various numerical techniques are available 
which can be utilized in this regard. This work focuses on non-linear modeling of bridge 
piers and validation of proposed computational scheme with experimental data using a 
Finite element based software–Abaqus. A single circular bridge pier subjected to a 
monotonic lateral load is modeled in the finite element software. For this purpose, a 
plasticity based damage model Concrete Damage Plasticity (CDP) is used for modeling 
damages in Abaqus. CDP considers concrete crushing and tensile cracking as the main 
failure mechanism. A constitutive model for concrete compression–Modified Kent and 
Park model–and tensile cracking–exponential relation for the tension stiffening– to obtain 
the CDP parameters are used. Mesh sensitivity analysis is performed to select a suitable 
mesh size as well as configuration for the numerical modeling. Additionally, the effect of 
step size on percentage of kinetic energy produced during the analysis is studied. 
Computational analysis demonstrates that the proposed scheme predicts damages in 
accord with the experimental results. 

Keywords- Abaqus, Bridge Piers, Concrete Damage Plasticity (CDP), Explicit analysis, Finite Element Method.  

1 Introduction 
Bridge is an integral component of the transportation network of any country. Complete structural failure or malfunctioning 
due to non-suitable structural condition can have serious economic and life consequences. Among all the natural disasters 
earthquakes are most severe due to their unpredictability in magnitude and time. More than 40 deaths and $1.8 billion loss 
occurred due to bridge damages in the Loma Prieta earthquake [1]. Pakistan lies in one of the most seismically active 
regions of the world. It is located at the junction of Indian, Eurasian and Arabian tectonic plate. The Himalayan region is 
alone capable of generating a magnitude 8.0 or above earthquake [2]. But, unfortunately due to an obsolete code for design 
of bridges and poor construction practices, the existing bridge stock of Pakistan is seismically deficient [3]. In the 2005 
Kashmir earthquake many bridges experienced damages beyond repair due to improper seismic design and low quality 
concrete  [3] [4]. 

Among the different structural elements of a bridge, bridge piers are most vulnerable to earthquake damages. They form 
the main lateral load resisting system of the bridge. Single column bridges are most vulnerable to earthquake because of a 
single load path and lack of redundancy in the system. Bridge piers vary in shapes and dimensions. Mostly, bridges having 
solid circular type of piers ranging in diameter from 3 feet to 5 feet are common in the northern areas of Pakistan – which 
is the most seismically active region [5]. The average loads on these piers were 760 kips [5]. 

Bridge piers behavior under the lateral demands can be studied by performing experimental studies. Multiple studies have 
been conducted in this regard [5]–[8]. However, experimental tests are mostly performed on scaled down models due to 
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lack of space and resources. Furthermore, it is also not feasible to perform experimental tests frequently to study bridge 
piers under lateral demand for case study research, design and retrofit purposes. Finite element method (FEM) based 
approaches are better alternative to experimental studies. Developing a finite element model that can predict the behavior 
of the bridges during an earthquake requires a proper definition of finite element model and material parameters. Different 
researchers utilize different FEM based tools and material models for both the concrete and steel for computational 
modelling [8], [9]. One of the models that can be easily employed in this regard is the Concrete Damage Plasticity (CDP) 
in Abaqus. This model is frequently used to study the nonlinear behavior of concrete structures in static, quasi-static and 
reverse cyclic condition. CDP is a continuum plasticity based model. It was presented by Lubliner [10] and modified by 
Lee and Fenves [11]. Quasi-brittle material like concrete, rocks, ceramics and mortar can be modeled with CDP. 
Compressive and tensile damages are considered by the CDP along with the stiffness recovery under cyclic loading in 
compression [12]. In the elastic range, the model uses elastic relations for the mechanical properties of the concrete. In the 
plastic region, the model utilizes the degraded elastic stiffness. 

This study focus on non-linear modeling of bridge piers under lateral loading. The main objective of this research is to 
develop computational scheme that can easily be employed for the prediction of damage in bridge piers without the need 
for rigorous experimental work. Practically, such a computational scheme can be used for case study research, design or 
retrofit purposes. An experimental test [5] has been used for the validation of the proposed computational scheme using 
Abaqus. In the proposed numerical scheme, CDP is used to model damages related to concrete in a bridge pier under 
monotonic lateral load. Additionally, rebars are modeled using a simple elastoplastic model. Continuum 3-D elements and 
linear 1-D elements are used to model the concrete and rebars, respectively. Furthermore, fracture-energy based material 
model is utilized for the tension stiffening of concrete to avoid mesh sensitivity. In addition to this, mesh sensitivity analysis 
is also performed to select a suitable mesh size for the analysis. The effect of loading time on the kinetic energy of the 
model is also explored in this study. 

2 Methodology 

2.1 Numerical model geometry 

Experimental test performed by Ali [5] was used for the validation of the proposed numerical technique. The model and 
test setup is shown below (Figure 1). The model is a scaled down version of a real bridge pier. The model is a single pier 

a)  b) 

 having 305 mm diameter and 1750 mm clear height. At the top of the column, a 742 mm square pedestal having depth of 
305 mm is provided for the placement of blocks. Furthermore, the column is erected from a base having 2133 mm length, 
914 mm width and 505 mm depth–which is rigidly connected to the strong floor. The loads from the superstructure were 
modeled through concrete blocks, placed above the top of the column. Lateral loads in the form of drift were applied to 
the model in reverse cyclic manner during the experiment. Numerically lateral loads were applied monotonically in a single 

Figure 1: a. Geometry and b.  Experimental test setup of the numerical model 
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direction. Both the experimental and numerical models were subjected to 4% drift. The material properties as determined 
during experiment are given in the Table 1. 

Table 1: Material properties 

Material Property Compressive  
Strength 

Modulus of  
Rupture 

Modulus of 
Elasticity 

Rebar yield 
Strength 

value 2400 psi 674 psi 2798 ksi 60 ksi 

2.2 CDP  

CDP is a continuum-plasticity based model. The main failures that are considered by the CDP are compressive crushing 
and tensile cracking.  The essential parts of any plasticity based model are yield criterion, flow rule and hardening rule. 
The yield function adopted by CDP is drucker-pruger hyperbolic function [13] shown in (1) with (2) (3) and (4) defining 
the dimensionless parameters.  

𝐹 ൌ ଵ

ଵି
ሺ𝑞ത െ 3𝛼�̅�  𝛽ሺ𝜀~ሻ〈𝜎ത௫〉 െ 𝛾〈𝜎ത௫〉ሻ െ 𝜎ሺ𝜀~ሻ ൌ 0  

𝛼 ൌ
ቀ

್బ
బ

ቁିଵ

ଶቀ
್బ
బ

ቁିଵ
; 0  𝛼  0.5   

𝛽 ൌ
ఙതതതቀఌ

షቁ

ఙതതതቀఌ
షቁ

ሺ1 െ 𝑎ሻ െ ሺ1  𝑎ሻ   

𝛾 ൌ
ଷ.ሺଵିሻ

ଶ.ିଵ
    

The flow rule considered by CDP is non-associated potential plastic flow. The plastic potential flow G is defined as 

𝐺 ൌ ඥ ሺ𝜖. 𝜎௧. tanψ ሻ  𝑞തଶ   െ �̅�. tan𝜓,                                  

The definition of CDP requires certain parameters. These parameters include: dilation angle ψ , eccentricity 𝜖, the ratio of 

biaxial to uniaxial yield compressive strength ( 
ఙ್

ఙ
 ), the ratio of the second stress invariant on the tensile meridian to the 

compressive meridian  𝐾 ,and  viscosity μ. The yield surface in deviatoric plane with the effect of 𝐾 on the shape of 

Figure 2: : Yield Surface in deviatoric plane 
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yield surface is shown (Figure 2). There has been no consensus in literature regarding the selection of a specific value [13], 
however, the values of these parameters used in this study are given in the Table 2. 

Table 2: CDP model parameters 

CDP Parameters 𝝍ሺ°ሻ 𝝐 (
𝝈𝒃

𝝈𝒄
) 𝑲𝑪 μ 

value 40 0.1 1.16 0.667 0 

2.3 Concrete material models 

CDP data inputs requires the Inelastic strain 𝜀
 where subscript c and t are for tension and compression, and stiffness 

degradation variable dc. The calculation of plastic strain and degradation variable are shown in (6) and (7). 

𝜀
 ൌ  𝜀

 െ
ௗ

ሺଵିௗሻ

ఙ

ா బ
(compression)  , 𝜀௧

 ൌ  𝜀௧
 െ

ௗ

ሺଵିௗሻ

ఙ

ா బ
 (tension)  (6) 

𝑑 ൌ 1 െ
ఙ

ఙೠ
(compression) , 𝑑௧ ൌ 1 െ

ఙ

ఙೠ
(tension)    

Where 𝜀
 and 𝜀௧

 show strain hardening and tension stiffening in compression and tension, respectively. 

Complete compressive and tensile stress-strain data is required to calculate the values of these parameters. The modified 
Kent and Park model [14] is used in this study to define the concrete compressive behavior (Figure 3). Stress-strain material 
models for tensile behavior of concrete encounters mesh-sensitivity issues, therefore, it is recommended [12] to use models 
based on crack opening displacement and stress for the definition of strain-softening in tension .  

a) b) 

a) b) 

These are fracture energy based material models and which relates the crack opening displacement with the stress. 
Linear, bilinear and exponential relations are available in literature (Figure 4) . Any of these relations can be used unless 
the areas under the curve are equal. 

Figure 4:a. Typical uniaxial tensile stress-strain curve and, b. linear, bi-linear and exponential relations for tension stiffening. 

Figure 3: a.  Typical compressive uniaxial stress-strain curve, and b. Modified Kent and Park model 
( h )
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2.4 Rebar  

A simple bi-linear (Figure 5) relation is used to model the rebars. The rebars are modelled using 1-D beam element.   

3 Results 
As material degradation in the form of damages is modeled using CDP, therefore, an explicit dynamic analysis is performed 
to avoid the convergence error–encountered in the implicit analysis. The main failure that the CDP depicts is the concrete 
crushing in compression and cracking in tension. Since CDP is a smeared crack model, therefore, the damages are not 
depicted as a separate entity. Mesh sensitivity studies were carried out to check the suitable mesh size and arrangement, 
since modeling the whole model with same mesh element size will increase the computational time. Three types of mesh 
arrangements were used: a complete instance mesh with the same mesh size, a 1.5 mesh ratio between column and the 
foundation, and a localized mesh in the vicinity of the column. The complete instance mesh shows damages in the column 
as well as in the footing due to the connectivity of the meshed elements, which are in contrast to the real behavior observed 
during the experimental test. In the 1.5 mesh ratio, due to contact issues, an uplift was observed at the base of the column. 
The localized mesh comes out to be the most suitable arrangement. The damage patterns observed during the localized 
mesh are in good agreement with the experimental results (Figure 8) as shown in (Figure 7). 

The localized mesh configuration which is the most suitable configuration for the proposed numerical scheme is used for 
the selection of suitable mesh size. Mesh size of 1-inch, 2-inch, 2.5-inch and 3-inch is used to study the effect of mesh size 
on damage pattern the results are shown below (Figure 7). Dispersed damage patterns, which are not in agreement with 
the experimental results, are observed with coarser mesh. Finer mesh shows clustered damages but with higher 
computational time. Hence, 2-inch mesh is the most optimum mesh which produces good results with a comparatively 
smaller computational time. The actual test was a quasi-static and the total time of the test was 3600 seconds, however, 
modeling lateral load with a time step of 3600 seconds requires high computational cost and time. Therefore, the step-time 
for the lateral load should be such that no dynamic effects are produced in the model with reasonable results. Two step-
times are used ,40 seconds and 60 seconds, with both producing high kinetic energy which are not desirable in quasi-static 
analysis. The high kinetic energy is due to the dynamic effect caused by the high rate of loading in the explicit dynamic 
analysis. The recommended value of kinetic energy to total energy is 5 to 10 percent. The ratio of kinetic energy to total 
energy for 40 and 60 time steps was varying between 50% to 0.03%. Therefore, such analysis should be performed either 
with a higher time step. Contrarily, the analysis should be done through a combination of modified time-step with either 
mass-scaling or damping or both.   

4 Conclusion 
The material model for concrete by the name of CDP is used, to model the damages in bridge piers using Abaqus. In this 
study, a proposed scheme for the damage modeling was used on a single bridge pier to study the effect of mesh size and 
step-time. The following are the conclusions: 

1 Mesh size has a significant influence on the damage pattern and the time required for analysis.  

Figure 5: Bi-linear relation for rebar modeling
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2 Coarser mesh shows a dispersed damage pattern which is not in agreement with the experimental results. 
3 Finer mesh shows clustered damages but with higher computational time.   
4 Step-time should be selected based on the recommended ratio of kinetic energy to potential energy.  
5 In case of smaller step size, mass-scaling should be used to avoid excessive kinetic energy content. 
6 Compressive crushing, tensile cracking and rebar yielding (Figure 7)— smeared over the finite elements— were 

observed during the numerical analysis which are in good agreement with the experimental results (Figure 8). 

The above conclusion represents a number of variables that affect the damage in bridge piers when modeled with CDP. 
Further trials are required to study the effect of model parameter, concrete strength, and column geometry on the damages. 

Figure 7: From top left to bottom right : 1 inch, 2.5 inch, 3 inch, and 2 inch meshed model with compressive and tensile damage 
patterns 

Figure 6: Rebar yielding 
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a)      b) 
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Abstract- In this paper, the punching shear of glass fiber reinforced polymer (GFRP)-
reinforced concrete two-way square flat slabs was investigated using the non-linear finite 
element analysis (NLFEA) and its comparison with experimental results from 2500 mm 
x 2500 mm x 200 mm including top and bottom square column stubs. The size of stubs 
was 300 mm reinforced with GFRP bars along with conventionally steel bars being tested 
under the monotonic loading. A commercial software ABAQUS Standard 6.14-1 was 
used for the NLFEA model of the concrete flat slab’s specimens. The numerical results 
were calibrated by using the varying material strengths along with different geometric 
properties likely dilation angle, element types, mesh sizes, and viscosity parameters 
which are based on the earlier experimental test results. Furthermore, Concrete Damaged 
Plasticity (CDP) model is used for the reinforced concrete behavior, while linear elastic 
behavior for GFRP and steel bars is used in ABAQUS. Calibration of these 3D slab model 
analyses is completely done by simulating the slabs without shear reinforcement. Failure 
of punching shear and cracking patterns are examined by using these test prototypes. 
Finite Element Analysis (FEA) of these prototypes using GFRP bars also showed 
identical shear failure and the patterns of cracking at failure. The numerical modeling of 
flat plate slabs in Abaqus presented the load-deflection curves with a close relation with 
experimental results. 

Keywords- Punching Shear, Flat plate slabs, Non-Linear Finite Element Analysis (NLFEA), Failure Behavior 

1 Introduction 
Slabs (Flat Slabs / Flat Plate Slabs) are a major constituent / flexural element of concrete structures which are frequently 
used in the construction of high-rise commercial buildings. Punching shear behavior in these buildings with flat or flat 
plate slabs and footings is a major damaging issue that is produced due to high shear stresses. Shear distribution in these 
slabs and foundations also impacts the performance along with failure mode. Although when Punching shear failure occurs 
in flat slabs, it shows no warning signs earlier due to slight deflection capabilities with internal and external cracks invisible 
at the top surface of the slab. These slabs/footings are cast with and without column capitals to safe design for punching 
shear failure. Failure of punching shear is produced due to larger shear stresses at the slab column junctions in reinforced 
concrete flat and flat plate slabs. Researchers observed different approaches for FRP flat slabs/footings structural behavior 
using analytical models, numerical models, and finite element analysis [1]. 
In ASIA, Pakistan is an arid area in which some of the areas are humid / semi-humid due to heavy or sudden rains and 
snowfalls throughout the year due to which corrosion is a major problem on construction sites. To overcome this 
phenomenon, de-icing salts or other products are used. Specifically, Glass Fiber Reinforced Polymer (GFRP) bars are also 
used for such projects as mentioned above. GFRP bars are more valuable here due to their uniqueness and this material is 
flimsy (lightweight), has a lesser modulus of elasticity, is non-magnetic, environment-friendly, electrically insulating 
(especially for Electric substations) and corrosion free has low thermal conducting as one-half of steel, very high tensile 
strength and cost-effectively [2]. 
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Several Reinforced Concrete Slabs with and without shear transverse reinforcement used to envisage load-deformation 
response was conducted at the (ETH) in Zurich, Switzerland. The experiments demonstrate the impact of shear strength 
and deformation capacity of RC slabs [3]. Polak et al. also examined the response of punching shear in different steel 
reinforced slabs with column connections at the center and edges without shear reinforcement. They have analyzed 
parametric investigations using material properties in ABAQUS affected FEA of concrete structures and predict good 
agreement. Also, it gives enough results for cracking propagation along with load-displacement response using ABAQUS 
standard and Explicit. 
Evaluation of the literature comes to know that limited work related to the numerical behavior of GFRP-reinforced flat 
slabs using the ABAQUS standard is demarcated. Also, there are limited geometrical and numerical parametric 
investigations on punching shear failure in GFRP reinforced slabs without shear reinforcement that have been conducted 
using Non-Linear FEA in ABAQUS with ACI codes. The critical parameters needed to examine the 
experimental/numerical parametric investigation which influences the punching shear behavior of these slabs. An 
innovative goal of the author in current research of flat slabs without shear reinforcement is to investigate the numerous 
parametric behavior of GFRP and steel-reinforced flat slabs with proposed Non-Linear FEA models of slabs specimen in 
software (ABAQUS Standard 6.14) to validate accurately against load-deflection curves of preceding experimental test 
results from Christian Dulude and Brahim Benmokrane [4]. Subsequently, a numerical study of different parameters from 
a controlled specimen of steel and GFRP has been done.  

2 Experimental Procedures 
A total of 03 full-scale rectangular RC flat plate slab prototypes (Notation ‘S’ is for Steel slabs and notation ‘G’ is used 
for GFRP slabs) were modelled using ABAQUS. Modeling of 2500 mm x 2500 mm x 200 mm including square column 
stubs of 300 mm without shear reinforcement along with GFRP and steel bars were used [4]. All the bars of GFRP 
reinforcement were kept free (in X, Y, and Z directions) when the slab was loaded with the applied axial load. A static 
monotonic Axial Load has been applied on the top of the square column stub central surface of two-way slabs for a load-
deflection response till the punching shear failure occurred by using the displacement control technique at an equal rate of 
25 mm at the center of square column stub in ABAQUS. For tie constraint, the load has been applied on the central surface 
of column stubs whose purpose was to monitor actual load distribution on slab through column stubs. 

2.1 Geometric Model, Loadings, and Boundary Conditions 

In this research, the different material proportions of concrete and size of loading with loading increments including 
controlled model properties and sizes of the ABAQUS Standard step module are discussed below in Table 1. In current 
modelling research, a concept of master and slave surface is used. This concept defines the properties of the interaction 
between the two-way concrete slab and column stubs. The bottom external surface of the top column stub and the lower 
bottom external surface of the two-way concrete slab was presented as master surfaces in Abaqus. Top external surface of 
the concrete slab and the top external surface of the bottom column stub were considered and monitored as slave surfaces. 
The whole analysis worked when load is transfer from master surfaces to slave surface. Figure 01 presenting the geometry 
configuration including FE modelling of GFRP reinforced concrete slabs. 

Table 01: Different Parameters of Concrete properties including FEA model loads 

Parameter Value 

Density of concrete in ton/mm3 2.4 X 10-9 

Young’s modulus, Ec (N/mm2) 31842 

Poisson’s ratio, 𝜈 0.2 

Increment in size of loading (Initial and Maximum) 0.01 

Number of increments 1000 

Minimum increment size 10-10
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Figure 1. Flat Plate Slabs with Column Stub reinforced with GFRP (a) geometry configuration, (b) GFRP mesh, (c) slab with GFRP 
model, (d) FE meshing, (e) FE meshing top, (f) boundary conditions. 

These prototypes were utilized from the paper [4] under different loading conditions. Only one prototype (S1.7 30/20) was 
reinforced by steel bars longitudinally and transversely and the remaining specimens were included with GFRP reinforced 
bars. Different types of reinforcement ratios (6%), miscellaneous bar numbers (15mm, 18mm, and 20mm), and various 
compressive strengths (34.3 MPa, 44.9 MPa, and 45.4 MPa) based on cylindrical testing of 150 x 300 mm including square 
column stub has been used to study their impact on load-deflection behavior. Material characteristics of these all specimen 
are given in Table 2. 

Table 2. Appropriate Geometric along with material aspects of two-way Concrete Slab specimens 
Prototype 

Sample 
Reinfor
-cement 

type 

Compressive 
strength of 

concrete (MPa) 

Reinforcement Concrete 
Cover 
(mm) 

Reinfor-
cement 

Ratio(%) 

Column Stub 
Dimension 

Top/Bottom (mm(in)) Bars No. 
Spacing 

(mm) 
S(1.7)30/20 Steel 45.4 ɸ18~20 M 160 50 6.35 300 (11.8) 

G(0.7)30/20 GFRP 34.3 ɸ15 mm 160 50 6 300 (11.8) 

G(1.6)30/20 GFRP 44.9 ɸ20 mm 160 50 6.35 300 (11.8) 

2.2 Concrete Damaged Plasticity (CDP) Model. 

In ABAQUS concrete inelastic behavior has been defined by three constitutive models which are as defined by Concrete 
Damaged Plasticity (CDP) model, Concrete Smeared Cracking model (CSCM), and another Brittle Cracking Concrete 
(BCC) model. In this research, only CDP model is discussed which deals with plastic as well as compressive and tensile 
behavior. CDP Model gives two types of concrete failure compressive crushing along with tensile cracking. In the current 
study, the Nonlinear behavior of RC concrete is commonly used by the CDP model as presented in Figure 2. CDP model 
in this study illustrates the correlation of concrete strain between plastic strain, inelastic strain, and compression stress [5]. 

2.3 Plastic Behavior of Concrete 

The concrete plasticity model is precisely discussed by using concrete elastic potential eccentricity (ɛ), dilation angle (ψ), 
the biaxial compressive strength factors in the shape of compressive stress ratio in the biaxial state to the uniaxial state 
ሺ𝜎/𝜎ሻ including viscosity parameter and (Kc) which is defined as the shape factor of yielding surface in the deviatoric 
plane. After calibration, different values of viscosity and dilation angle parameters were attained. It is also worth 
mentioning that this stress ratio is also quantified by Papanikolaou and Kappos [6] as projected in Eq. (1). 
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ఙ್

ఙ
ൌ 1.5ሺ𝑓

ᇱሻି.ହ    (1) 

The CDP model recommended Also, different values of Kc, eccentricity (ɛ), and yield shape surface are 0.1 and 2/3, 
respectively. As per the ABAQUS manual, the specified value of ሺ𝜎/𝜎ሻ is 1.16 [7]. 

2.4 Compressive and Tensile Performance of Concrete 

To express the compressive and tensile performance/response of concrete during CDP model simulations, the behavior of 
compression failure can be obtained by increasing strain and ultimate elastic stress of concrete. Also, it is worth mentioning 
that the compression failure occurred due to an increased degree of inelastic strain εin. In this research, concrete modulus 
of elasticity (Ec) was considered through ACI code using Eq. (2) as mentioned below: 

𝐸 ൌ 4700ඥ𝑓
ᇱ     (2) 

 Furthermore, Fig 3 expressed the concrete compressive stress-strain diagram according to Eurocode 2, in which the linear 
elastic behavior has been used 0.4fcm as mentioned in P. Kmiecik et al. [8]. Majewski [9] also proposed the experimental 
relationships of strain 𝜀ଵ at the average concrete compressive strength and ultimate strain 𝜀௨ଵ given by Eq. (3) and (4). 

𝜀௨ଵ ൌ 0.004 െ 0.0011ሾ1 െ 𝑒ି.ଶଵହሿ  (3) 
𝜀ଵ ൌ 0.0014ሾ2 െ 𝑒ି.ଶସ െ 𝑒ି.ଵସሿ  (4) 

In current research structural nonlinear behavior is defined by Eq. (5) given by Euro Code [10] for a stress-strain 
relationship of concrete. 

𝜎 ൌ 𝑓
ఎିఎమ

ଵାሺିଶሻఎ
(5) 

Desayi and Krishnan [11] have given the stress-strain relationship given by Eq. (6) where compressive strain at peak loads 
is denoted by 𝜀 and according to Mander et al. [12], its value is 0.002. 

𝜎 ൌ  
ாఌ

ଵାሺ
ഄ

ഄ
ሻమ (6) 

Simulation of FEA using stress-strain relationship and tensile behavior of concrete used at the condition of post-failure. 
Fig 4 shows the modified tension stiffening model used in current research where the stress-strain curve in tensile behavior 
at critical strain εcr is used from ultimate stress σto to 0.77σto. Using Eq. (8) proposed by Wang and Vecchio [13] and 
Genikomsou and Polak [14] was used for concrete ultimate tensile strength. 

𝑓௧
ᇱ ൌ 0.33ඥ𝑓

ᇱ (MPa) (8) 

Figure 2. The CDP (Concrete Damaged 
Plasticity) model 

Figure 3. Eurocode 2 of Stress-strain 
diagram for structure(Under Compression) 

Figure 4. Eurocode 2 of Stress-strain 
diagram for structures (Under Tension) 

3 Research Methodology  
The foremost purpose of this research was to investigate and monitor the behavior of the two-way flat plate slabs which 
are reinforced with GFRP barriers facing increasing loading and compare their behavior with that of an iron rod. All the 
results have been obtained by numerical simulation on different Two Ways Glass fiber reinforced polymer concrete slabs 
samples using a commercial-based software Abaqus. All the simulations have been done on the specimens using CDP 
modeling. Samples were calibrated using various dilation angle parameters, different element types, varying mesh sizes, 
and different viscosity parameters along with boundary conditions and embedded regions/area constraints. The concrete 
and GFRP material properties were also discussed during these simulations process to achieve better results of punching 
shear response through the Computer. 
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4 Results 
Various types of tests have been performed in Abaqus Simulia software for the prototype samples to monitor the action of 
punching shear in two-way flat plate slabs using GFRP bars. Different types of Two-noded element types GFRP & Steel 
(T3D2, T3D3, T3D2H, and T3D3H), Dilation angle parameter, mesh sizes, and viscosity parameters deformed truss 
elements which have three DOF at each node of reinforced bars were utilized in Abaqus for the simulations. Parameters 
needed for reinforcing bars modeling were discussed deliberately which are Poisson’s ratio (ν) which has a value of 0.2 
and the Modulus of elasticity including yield strength and zero plastic strain. GFRP and Steel bar physical properties 
utilized in this research as Young’s Modulus (48.1 GPa, 48.2 GPa, and 200 GPa), Yield Strength (673 MPa, 699 MPa, and 
470 MPa) respectively.  

4.1 Discussions of Load Deflection Curves 

Investigation of dilation angle parameter in Abaqus Simulia provided the response of load-deflection curves at an angle of 
30° accurately and maximum load applied 367 kN in comparison with experimental results as 360 kN at 25 mm 
displacement as given in Fig 5. Similarly, Concrete Element types give better results at the C3D8R element type in line 
with experimental results as shown in Fig 6. Fig 7 shows excellent results with a slight difference of 6 kN only at T3D2, 
T3D3H, and T3D3H of GFRP element type. 50 mm mesh size (A finer mesh size) gives excellent results of load-deflection 
curves at 361 KN axial load-deformation in comparison with experimental value as shown in Fig 8. The exact Graphical 
value of the viscosity parameter of 0.003 also showed greater results for the experimental result as shown in Fig 9. It has 
been observed from the peak load curves that GFRP concrete progresses positively for the post-elastic effect of structures. 

Figure 5. Dilation Angle Parameter Figure 6. Concrete Element Types 

Figure 8. Mesh Sizes Figure 7. GFRP Element Types 

Figure 9. Viscosity Parameter Figure 10. Experimental and FEA Results 
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4.2 Crack Patterns Discussion 

As per experimental results, the cracks produced on the tension side of concrete slabs due to loading phenomena. Many 
software can predict the process and produce the FEA results. In current study, cracks propagation and punching shear 
response of GFRP reinforced concrete two-way flat plate slabs has been monitored by Abaqus Simulia software. FEA of 
these slabs are shown in Fig 11 (a, b, c & d) after loading increments of 1000 at a rate of 10-10 on top of square column 
stub resulting maximum optimistic principal plastic strains. A good agreement was achieved between FEA and 
experimental results to check Punching shear behavior of two-way flat plate slabs. 

a)    b)  

c)    d)  

Figure 11: Punching Shear Results in ABAQUS (a)Load Increments (b) Deformed shape of 2 Way Slab (c) Deformation of Slab after 
load increments (d) Top View of Deflection Patterns during load increments 

5 Conclusion 
The planned FEA model of 3D solid homogeneous sections also presented a better relationship of parametric & geometric 
results. The following are the key findings obtained from the conducted simulation-based on NLFEA: 

1. Two-way GFRP-reinforced flat plate slabs with top/bottom column stubs gave the most accurate results
predicted by using the viscosity parameter 0.003, dilation angle 30°, concrete element type at C3D8R, GFRP
element type T3D2, and 50 mm mesh sizes.

2. When the reinforcement ratio of prototype G0.730/20 increased from 0.71% to ratio 1.56%, and average punching
shear stress improved by 39%. This increment in ratios enhanced the depth of the concrete contribution which
describes as punching shear capacity that can be increased with the increase of reinforcement ratio. Similarly,
when a higher effective reinforcement ratio was used (Ratio 0.17% to ratio 1.66%), the punching shear stress
was enhanced.

3. The samples reinforced with steel bars yielded higher deflection at an equivalent load and demonstrated lesser
punching shear stress compared with GFRP reinforced samples when the failure occurred. Exact value of Ef/Es

= 0.25 approx. which shows lower modulus of elasticity of GFRP reinforcing bars.
4. All the two-way flat plate slab samples along with column stub displayed the same punching shear failure and

parallel crack patterns irrespective of the reinforcement ratio and type. Although, the thickness of the slab affects
the punching shear measurements.

5. Punching shear behavior is slightly affected by the axial stiffness of the reinforcement. Also, punching shear
capacity increased with the increase of reinforcement axial stiffness which results in the decrease in crack width,
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reinforcement strains, and deflections. The deflection of the two-way slabs was not reduced with a higher ratio 
of reinforcement, which shows the flexural cracks were fewer, and their widths were smaller. 
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Abstract- In the past few decades, there has been a significant rise in utilization of meta-
heuristic algorithms, such as Genetic algorithm (GA), Ant colony optimization (ACO), 
Particle Swarm Optimization (PSO), Harmony Search (HS), Big Bang-Big Crunch (BB-
BC), Artificial Bee Colony Algorithm (ABC) and Whale Optimization (WO), etc., for 
design and analysis of concrete structures. The objective of this paper is to apply one such 
algorithm, known as Jaya Algorithm, to optimize the design of Prestressed Concrete I 
Girder. Jaya Algorithm has been successfully applied in the field of structural engineering 
in the past. However, its robustness and efficacy for optimal design of prestressed girder 
is yet to be tested. For this study, a program was created on MATLAB, following the 
design guidelines of American Association of State Highway and Transportation Officials 
(AASHTO) LRFD Bridge Design Specifications for prestressed I girder design. Cross 
sectional dimensions and number of strands per tendon were used as variables. Flexural 
stress, shear stress, deflections limitations, and minimum geometric dimensions were 
used as constraints. To demonstrate the effectiveness of this technique, design 
optimization for a 40m long prestressed I Girder was successfully carried out in this study. 
The favorable results of this study indicate that Jaya Algorithm is highly effective and 
can be recommended for use in the industry. 

Keywords- Jaya Algorithm, Optimization, Prestressed Post-tensioned I Girder, Meta-heuristic techniques. 

1 Introduction 
Prestressed Concrete Girders are used quite frequently in the highway construction for small-to-medium span bridges. 
Prestressing of girder reduces the overall impact of external forces by induction of internal stresses. According to National 
Highway Authority Pakistan (Project Completion Report BMS, 2018), almost one-third of more than four thousand bridges 
make use of Prestressed Concrete (PSC) Girders in their design. Of those, the most used PSC girder is the I-Girder. 
Typically, an iterative approach of trial and error is used for the design of structures. This iterative approach, depending 
upon experience of the designer, might result in high cost, time, and human effort and even then, the optimal design cannot 
be guaranteed. This is due to involvement of multiple variables such as cross-sectional dimensions, number of prestressing 
tendons, and number of strands per tendon, impacting the total cost. Thus, it is very difficult to find the desired optimal 
design using traditional methods due to large number of feasible solutions. In highway construction projects, 
standardization of cross-sectional dimensions of girders is done for different span lengths. This is done to minimize cost 
of form work. However, hardly any effort is done on overall cross section size to reduce the cost. 
Optimization techniques such as utilization of Meta-heuristic algorithms change this trial-and-error process to a systematic, 
computer-based procedure that leads to an optimal or sub-optimal design solution without compromising structure’s 
integrity. The success of the metaheuristic algorithm relies on imitation of biological phenomenon. As the nature tends to 
evolve towards favorable conditions, so does the metaheuristic algorithms with each iteration. The use of GA, inspired by 
Darwin’s Theory, for optimization of prestressed girder bridge have been reported many times in literature. Aydin and 
Ayvaz [1] used GA for overall cost optimization of multiple bridges, taking number of spans, cross-sectional dimensions 
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of prestressed girders, and the area of Prestressing Steel (PS) as design variables. The solution turned out to be 12.6% more 
economical than the actual project. Kaveh et al. [2] presented that Modified Colliding Bodies optimization (MCBO) 
algorithm performs better than CBO and PSO for cost-optimum design of post-tensioned box girder bridges by 0.4% to 
2.2% for various span lengths and cross-sectional widths. Nour at. al. [3] demonstrated the optimization of fully and 
partially prestressed girder, with the help of methodology based on GA. A sensitivity analysis was also performed on 
numerical problems. Depth of beam was reduced by 39% by increasing concrete strength from 30MPa to 60MPa. Optimal 
design of cantilever retaining walls under seismic loads was done by Temur [4] using a hybrid TLBO algorithm. The 
solution was applied on three numerical problems and the results were compared with nine other, commonly used 
algorithms. For a population size of 50 and 100 runs, Hybrid TLBO yielded better results than its competitors. Munoz et. 
al. [5] successfully employed  a novel, hybrid meta-heuristic approach to reduce CO2 emission of a box girder steel-
concrete composite bridge. 

Ozturk et. al. [6] used Jaya Algorithm and TLBO for cost optimization of counterfort retaining wall. A total of seventeen 
variables and forty-six constraints were used. It was concluded in the research that TLBO performs better than Jaya 
Algorithm by almost 4%, however the latter converged more quickly towards the desired solution. Degertekin et. al. [7] 
employed a novel, parameter-free Jaya Algorithm for sizing and layout optimization of truss structure. Efficiency was 
demonstrated by applying algorithm to eight benchmark truss problems with largest subject truss having fifty-nine discreet 
variables and was found to yield better solutions than other methods. Standard deviation in optimized weight was very 
small after just twenty independent runs. Sami et. al. [8] developed a software program, employing Jaya Algorithm and 
ETABS. The software successfully optimized real life building structures comprising of shear walls and RC frames. Aydin 
et. al. [9] employed Jaya Algorithm for design optimization of steel truss, wherein prestressing steel and layout of truss 
beams were considered variables. It was concluded that shape variables (profile of prestressing steel and layout of truss 
beams) results in significant cost savings compared to size variables. As prestressed concrete I girder has not yet been 
designed by this algorithm, its efficiency for this specific problem is yet to be tested. 

2 Problem Formulation 

2.1 Design Variables and Constants. 

Material properties of concrete and reinforcing steel, number of tendons, and tendon profile were considered as constant 
design parameters. Design variables included cross sectional geometry and number of strands per tendon. Design 
parameters and their ranges used in the optimization are given in the following Table 1. 

Table 1: Design Parameters Ranges 

Design Parameter Variable Units Range 

Top flange Width b1 mm 500≤b1≤2000 

Bottom Flange Width b2 mm 300≤b2≤1000 

Web Thickness b3 mm 100≤b3≤500 

Total Depth of Girder d1 mm 1500≤d1≤3500 

Top Flange Thickness d2 mm 100≤d2≤400 

Top Flange Transition Thickness d3 mm 100≤d3≤400 

Bottom Flange Transition Thickness d4 mm 50≤d4≤400 

Bottom Flange Thickness d5 mm 50≤d5≤700 

Strands per Tendon s No 5≤ s ≤15 

2.2 Objective Function. 

Material cost was taken as an objective function to minimize the cost of girder. The cost of formwork and construction 
were incorporated in the cost of concrete. The objective function is defined in the following Equation (2.1). 

Minimize C ൌ ሺCେ ൈ Vେሻ  ሺCୗ ൈ Wୗሻ  Penalty (2.1) 
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Where the variables Cେ, Vେ, Cୗ, and Wୗ are defined as concrete cost, concrete volume, prestressing steel cost, and weight 
of the prestressing steel, respectively. A massive penalty of 108 was applied if any of the constraints were violated.  

2.3 Design Constraints. 

General design procedure and limitations followed in this study were according to the guidelines of AASHTO LRFD 
design manual (2017). Total number of constraints considered were 30.  

The allowable stress in girder at top and bottom was defined as follows: 

   σେ  σ  σ (2.2) 

   σ ൌ



േ

ୣ

ୗ
േ



ୗ
(2.3) 

Where  σେ is stress in compression,  σ is allowable working stress, and  σ is stress in tension. This constraint was 
satisfied for various loading stages of prestressed girder. Pe, e, A, S and M are Prestressing force, eccentricity, concrete 
area, section modulus, and working moments at a particular section, respectively. Allowable stresses were checked at three 
stages for two load combinations. 

The ultimate flexural strength constraint was defined as 

 M୳  ∅M୬ (2.4) 

where M୳ is factored moment and ∅M୬ is flexural strength of section. Flexural strength was calculated using AASHTO 
LRFD guidelines. 

Also, enough reinforcement and prestressing should be provided to develop ultimate moment at least 1.2 times the critical 
moment. 

 1.2Mୡ୰  ∅M୬ (2.5) 

The ultimate shear stress constraint is governed by following equation: 

   V୳ ൌ ∅ሺVୡ  Vୱ  V୮ሻ (2.6) 

where V୳ is factored shear at a particular section, whereas Vୡ, Vୱ, and V୮ are shear strength provided by concrete, shear 

reinforcement, and prestressing, respectively. Here, V୮ was taken as zero as per Method 3 of AASHTO LRFD for 
calculation of shear capacity of the section. 

The long-term deflection of the girder was also calculated and was limited by following expression: 

∆ L
800ൗ (2.7) 

where ∆ is long term deflection and L is span length.  

Geometrical constraints were also observed where minimum dimensions were governed by: i) clear cover, ii) clear spacing 
between tendons and reinforcements, iii) dimensions for bearing plate for jack for bottom flange and end block, and iv) 
span to top flange ratio to avoid failure of lateral bending at prestressing transfer stage. 

3 Research Methodology  
Most of evolutionary and swarm intelligence meta-heuristic algorithms require algorithm-specific parameters such as GA 
uses mutation, cross-over and selection operator, PSO uses social and cognitive parameters etc. The desired outcome of 
results is highly dependent on fine tuning of these parameters. Jaya Algorithm proposed by Rao [10] is single phase 
algorithm-specific-parameter-less algorithm. The user only chooses population size and number of iterations, hence, it is 
easy to operate than others. 
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Jaya Algorithm simply converges towards a desired solution while diverging away from undesired solutions. After 
definition of design variables (j), design constants, design constraints, population size (k), and number of iterations (i), 
initial set of design variables is generated randomly while obeying lower and upper bounds. Value of each variable is then 
updated stochastically using Eq. (3.1) 

y୨,୩
୧ାଵ ൌ y୨,୩

୧  r୨,ଵ
୧ ൫y୨,୩ୠୣୱ୲

୧ െ หy୨,୩
୧ ห൯ െ r୨,ଶ

୧ ൫y୨,୩୵୭୰ୱ୲
୧ െ หy୨,୩

୧ ห൯   (3.1) 

where i=1 to n and k=1 to m. y୨,୩
୧  is jth variable of kth solution at ith iteration. r୨,ଵ

୧  and r୨,ଶ
୧  are random numbers in the range 

of (0,1). Their purpose is to ensure good diversification. y୨,୩ୠୣୱ୲
୧  and y୨,୩୵୭୰ୱ୲

୧  are the best and worst variables corresponding 

to kth solution at any iteration “i”. After updating the variables using Eq. (3.1), the values of variables are considered for 
next iteration only if the updated solution is better than the corresponding old solution. As the design of structures is 
bounded by constraints such as deflection and stress limitations, a heavy penalty of 108 is assigned to the solution upon 
the violation of constraints. A typical iterative cycle of Jaya algorithm is demonstrated in Figure 1. 

Figure 1: Flowchart of Optimization Process 

4 Results and Discussion 
A comparison of optimized girder section using Jaya Algorithm and numerical problem under similar design conditions 
was made to evaluate the algorithm’s applicability. The optimization problem considered a forty meters long prestressed, 
post-tensioned interior “I” girder of bridge superstructure. The girder consisted of two (02) layers of six (06) tendons (03 
in each layer) with an ultimate strength of 1862 MPa. The diameter of stress relieved strands used in this example was 
12.7mm. Concrete flexural strength was kept constant at 41 MPa with a density of 24 kN/m3. Unit weight of prestressing 
steel was kept at 0.775 kg/m. The cost of prestressing steel was taken as 224657.89 Rs/Ton, whereas the cost of concrete 
was kept at 15255.49 Rs/m3 based on Composite Schedule Rate of National Highway Authority. Live loads were applied 
according to AASHTO LRFD and West Pakistan Code of Practice for Highway Bridges-1967. The applied dead loads and 
super imposed dead loads were computed within the program developed in MATLAB. 

Program was run for 300 iterations 30 times for a population size of 50 and the result converged to almost the same solution 
after 200th iteration. The computational effort is minimum as 300 iterations were completed in few seconds each time. 
Comparison of total cost against number of iterations for first five trails are shown in the following Figure 2.  

Page 208 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-209 


Figure 2:Convergence vs Iteration of Jaya Algorithm 

The summarized results and comparison of sample and optimized section is provided in Table 2. The results consistently 
showed reduction of 29.81% in total cost of girder. 

Table 2:Comparison of Result 

Design Parameter Numerical Problem Optimized Section
Top flange Width (b1) (mm) 1100 887 
Bottom Flange Width (b2) (mm) 750 615 
Web Thickness (b3) (mm) 190 163 
Total Depth of Girder (d1) (mm) 2500 3034 
Top Flange Thickness (d2)  (mm) 170 100 
Top Flange Transition Thickness (d3) (mm) 225 100 
Bottom Flange Thickness (d5) (mm) 280 101 
Bottom Flange Transition Thickness (d4) (mm) 300 200 
Strands per Tendon (s) 12 8 
Cost 1,108,311 PKR 777,862 PKR 

Mid-section of post-tensioned I girder designed by a typical hit-and-trial method and Jaya algorithm is shown in Figure 3a 
and Figure 3b, respectively. It can clearly be seen that prestressing contributes much more to the capacity of the section. 
Use of more tendons or strands per tendon will increase the capacity of section but it will be a costly solution. 

(a)  (b)

Figure 3: a.  Section Designed by hit-and-trial method, b. Optimized Section 
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5 Practical Implementation 
The program created using MATLAB is as easy to understand as other techniques in the industry such as finite element 
modeling software and excel sheets. The program can be improved to incorporate other features such as deck design, 
tendon profiling, and substructure design. It can also incorporate geometric features such as skew and curves of geometry 
to design more complex structures easily. For example, deciding between deck thickness and number of girders on curved 
geometry sometimes becomes a painfully tedious process. By providing few inputs to the software, it’ll take less time to 
find the optimal option. 

6 Conclusion 
Following conclusions can be drawn from this study: 

1 29.81% reduction in cost of girder mainly due to decrease in number of tendons.  
2 Optimal design always results in a section with higher height to with ratio. A decrease in the number of tendons 

reduces the capacity of section which is accommodated by an increase in depth. 
3 High convergence rate of Algorithm as it converged after approximately 200 iterations every time. 
4 Time and computational efforts were minimum. 

Use of similar algorithms in construction industry can help reduce the material and construction cost, and therefore, net 
embodied carbon. Since design stage of structural components are based on trial and error, simple yet robust working of 
Jaya Algorithm will result in saving time, computational efforts, and construction costs. 
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Abstract- This paper presents a numerical investigation of the fire behaviour of 
reinforced concrete beams reinforced with carbon steel. The main aim of this paper 
is to propose and validate a detailed finite-element model that considers the nonlinear 
behaviour of the materials and the heat transfer parameters that affect the fire 
performance of steel reinforced concrete beams using commercial FE software 
ABAQUS. The analysis was performed using sequentially coupled thermal stress 
analysis, for which the thermal analysis was firstly performed, and the structural 
analysis was then conducted. The EC2 constitutive material models for concrete in 
tension and compression at elevated temperature were simulated while the steel was 
modelled using either elastic-perfectly plastic or with strain hardening suggested in 
the EC2. Regarding the heat transfer, models with and without radiation heat transfer 
were conducted. The numerical results were compared with three tested beams. It 
was found that numerical models without radiation heat transfer provided results in 
good agreement with the test results. The elastic-perfect plastic material model for 
steel rebar at elevated temperatures can be utilized in FEA to reduce the 
computational time. However, the steel model with strain hardening provided more 
accurate predictions.  

Keywords- Abaqus, fire analysis, material modelling and reinforced concrete. 

1. Introduction
This paper is concerned with the elevated temperature behaviour of reinforced concrete beams. Reinforced concrete 
(RC) is one of the most commonly used structural materials and is regularly employed for various structures, including 
office blocks, hospitals, schools, and bridges. In addition to efficiently using the constituent materials, it behaves well 
in extreme conditions such as fire and offers excellent structural resistance. The fire resistance of a building or 
structural element is defined as the time in which the structural element retains sufficient structural integrity and 
stability. When a structural member is exposed to fire, it loses strength as the material properties deteriorate, increasing 
internal stress in the element. This may lead to the redistribution of stresses in the structure, loss of key elements and 
even possible collapse of the overall structure. Studies by Beitel and Iwankiw [1] and Lue Taerwe [2] assessed several 
reinforced concrete structures that suffered full or partial collapse due to fire, such as the warehouse building in Ghent, 
Belgium collapsed following a fire in 1974. According to statistics by N.N Brushlinsky [3], the average number of 
deaths caused by fire is 43,200 per year in 3.7 million fire incidents in 39 countries. The United Kingdom, on the other 
hand, faced 367 deaths per year [3] due to fire. In 2017, the recent fire incident in London Grenfell highlighted that 
this type of extreme event, although rare, is still a real threat to both structural integrity and human life.  

Under a real fire scenario, the heat is transferred through convection, radiation and conduction. Radiation heat transfer 
mode should be considered when conduction and convection are small, or the-time scale is small for which conduction 
and convection effects are too slow, and radiation becomes the predominant transfer mode [4]. Conventionally heat 
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analysis in RC members is performed through all three modes of heat transfer [5-7]. This subject is still not addressed 
in most research [15-16]. Therefore, in the current study finite element analysis (FEA) of RC beam is performed using 
conduction and convection mode of heat transfer only. Thermo-structural analysis of the RC beam shows that this 
hypothesis produces very excellent results. 

2. Finite element analysis
This section discusses the development of a three-dimensional finite element model that can simulate the nonlinear 
thermal and structural response of an RC beam under different fire conditions and employs a sequentially coupled 
analysis approach, including a thermal analysis to simulate the spread of elevated temperature through the section, 
followed by a Thermal stress analysis. Thermal stress analysis is performed in two models: (i) the heat transfer analysis 
model, and (ii) the structural model. The results of the first analysis model are used as a thermal load for the structural 
analysis model.  

2.1. Thermal Analysis 

A nonlinear transient heat transfer analysis (as the heat flow rate keeps changing with time and produces varying rates 
of heat transfer) is simulated in the first step to determine the thermal response of the RC beam and nodal temperature 
histories. In this analysis, the temperature field is calculated without consideration of the stress/deformation field. The 
result is then used as a thermal load for the structural analysis. Heat flux is the thermal energy flow inside the material 
per unit area per unit time is computed by Abaqus by defining fire load, convection, and conduction parameters.  
The fire load determined from the standard fire time-temperature curve is applied in the form of amplitude on the 
external boundary of the model. Convection is modelled through surface film condition interaction as heat flow from 
surrounding is through the model surface. Film coefficient is the same as defined above and is used along with sink 
temperature as 1 with sink amplitude same as fire load. Conduction between two surfaces in one element, from 
concrete to steel rebars of the beam passes through embedded constraint in Abaqus. This is achieved when the steel 
rebar is fully embedded in the host region concrete. 
The model is divided into a number of finite elements. The mesh for both thermal and structural models should be the 
same to make them compatible. Mesh sizes 50mm, 25mm and 10mm are used to study the effect of mesh size on the 
convergence time and results. A mesh size of 25mm has been used in the current study, providing more accurate 
results in a reasonable time. The three-dimensional eight-node solid liner heat transfer element (DC3D8) with a 
temperature degree of freedom was used to model the concrete beams for thermal analysis. Similarly, a two-node heat 
transfer link element (DC1D2) with a temperature degree of freedom is used for reinforcing steel. 
The input parameters required in heat transfer analysis include fire load and thermal material properties. Three 
different forms of fire load, including fire curve ISO-834 [8], ASTM E119 [9] and short design fire (data is chosen 
from a practical test performed by Kodur [6], are selected for the present study. 
Thermal material properties like thermal conductivity, specific heat capacity, thermal expansion, density, and 
temperature-dependent elasticity modulus are required in heat transfer analysis. All this data is available in Eurocode 
2004 Part 1-2 (EC 2) [10], except the thermal expansion coefficient which is taken from ASCE manual 78 [11] and 
expressed in equations below. In EC 2[10] thermal elongation is given whereas input data required the thermal 
coefficient of material in Abaqus [4] therefore this value is taken from the ASCE [11] manual.  

For siliceous and carbonate aggregate concrete  

c(.00812for 20°C800°C 


Similarly, for steel following expression can be used. 

s.004 12 for 1000°C  

s16 x10-6 for ≥00°C    
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2.2. Thermal stress analysis 

Structural analysis is performed in the second model using sequentially coupled thermal stress analysis. The second 
model uses the same heat transfer analysis model with further modification. In this model, concrete is discretized using 
eight-nodded continuum elements (C3D8) with three degrees of freedom; namely three translations in x, y, and z 
directions, as they are capable of accounting for cracking of concrete in tension, crushing of concrete in compression, 
creep, and large strain [4]. Steel reinforcement is defined using two-noded link truss elements (T3D2). As it is assumed 
to be deformed by axial stretching only. They are pin jointed at their nodes [4]. 

Thermal structural stress analysis is performed in two steps. In the first step, the mechanical load is applied along with 
boundary conditions per the test specimen. In the second step, thermal load from heat transfer analysis is applied 
through predefined fields. The implicit solver available in Abaqus/Standard based on an iteration process to enforce 
equilibrium conditions is utilised for analysis. No bond slip is considered between concrete and steel, and temperature 
is considered uniform through the full length of the beam.  

3. Material Modelling
Mechanical material properties like compressive and tensile strength of the material are required in stress analysis. 
Constitutive material models for steel and concrete are chosen from EC 2 [10], which implicitly include concrete 
transient strain. Also, only normal strength concrete is considered, so thermal spalling is negligible. The concrete 
material model is defined under the concrete damage plasticity material model (CDP) [4]. The input parameters for 
CDP models are shown in Table 1. 

Table 1. CDP Model input parameters 

Dilatation angle ψ Eccentricity є Fb0/fc0 Kc Viscosity parameter 

35 .1 1.16 .666667 .0003 

The problems related to achieving the convergence of the solution, caused by the non-linearity of the material model, 
were solved by viscosity stabilization μ [12]. The selection of the viscosity parameter μ was made iteratively after 
analyzing its impact on the convergence results. Finally, a value of 0.0003 was used, and the analysis shows that it 
completed the convergence in a reasonable time. 

3.1.  Concrete under compression 

The concrete damage plasticity model is implemented with concrete compression hardening, concrete tension 
stiffening, and the concrete compression damage parameter. These parameters are modelled with the temperature 

Figure 1. Time-dependent temperature curves. [6,8,9] 
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range. Concrete compression behaviour is defined through the stress-strain curve using a constitutive material model 
from EC2 [10]. Concrete strain is divided into two parts. So total strain ε୲ in the inelastic-cracking equals to cracking 
the strain εୡ୰ and elastic strain εୣ୪ [4], it is explained in expression below. 

𝜀 ൌ 𝜀௧ െ 𝜀   (4)  

Similarly, damage parameter dୡ is defined as the ratio of the cracking strain to the total strain. The value of dୡ  is valid 
only for descending branch of the stress-strain curve. The following expression [4] is used to calculate the damage 
parameter.  

dୡ ൌ
ିఙ


 (5) 

3.2.  Concrete under Tension  

The tensile strength of the concrete reduces at high temperatures and is also calculated from EC 2 [10]. There is a 
software limitation to utilize concrete tension damage parameters along with temperature range. So, crack propagation 
in concrete under tension is modelled through fracture energy. 

The fracture energy of concrete GF [N/m], defined as the energy required to propagate a tensile crack of a unit area, 
should be determined by related tests. Without experimental data, GF in [N/m] for ordinary, normal-weight concrete 
can be estimated from the following equation from fib Model 2010[13]. Fracture energy calculated through this 
expression has been used in the present study with reduced compressive strength at the high-temperature range. 

𝐺ி ൌ 73. 𝑓
.ଵ଼ (6) 

fcm is the mean compressive strength 

.

3.3. Reinforcing Carbon Steel 

Steel reinforcement can be modelled as perfectly plastic material with a single yield stress value per temperature [4]. 
In this material model, strain is increased elastically with increased stress, and once yield occurs, the material will 
deform plastically without increasing stress. Steel reinforcement is considered a perfectly plastic material and identical 
in tension and compression. The other option is miss yield surface to define isotropic yielding of steel reinforcement 

Figure 2. Stress-strain curves of concrete at elevated 
temperatures. 

Figure 3. Perfect plastic material model for carbon steel at 
elevated temperatures. 
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and defined by uniaxial yield surface against uniaxial plastic strain along with the temperature. The plastic material 
data should be Cauchy stress and logarithmic strain. Following equations are used for converting simple nominal 
stress–strain to true stress, and logarithmic plastic strain is as follows [4]. Both models are utilized in this study. 

𝜎௧௨ ൌ 𝜎 ൌ ሺ1  𝜀ሻ 

𝜀
 ൌ  𝑙𝑛ሺ1  𝜀ሻ െ

ఙೝೠ

ா
 (8)

The constitutive material models of steel from EC 2 [11] are utilized to define isotropic steel yielding. The proportional 
limit is the end of an elastic region on the stress-strain curve. This is given as a ratio to yield strength in EC 2 [11], 
whereas, in the present study, it is taken as constant at 0.2% strain. The results produced from FEA using the new 
proposed proportional limits are in excellent agreement with the test results.  

Figure 4. Stress-strain curve for carbon steel at elevated 
temperatures using EC 2 [10] material model. 

Figure 5. Stress-strain curve for carbon steel at elevated 
temperatures using EC 2 [10] material model considering 

0.2% strain at the proportional limit 

4. Validation

RC beams tested under fire by Wu [14] and Dwaikat and Kodur [6], respectively, are chosen in the present study to 
validate the proposed FEA. The results show the capability and accuracy of the current FE model. These tests were 
selected because their results were thorough enough to allow for FE simulations and comparisons. The layout and 
arrangement of tested beams are given in subsequent sections. General properties are provided below. 

Table 2. General properties of the tested beams. 

Study 
Beam 

designation 
Fire 

exposure 
Support 

condition 

Concrete 
strength fc 

(MPa) 

Aggregate 
type 

Steel 
strength fy 

(MPa) 

Applied Load 
(KN) 

W. H. Wu Beam slab 1 ISO 834 SS 21 Carbonate 240 Distributed load

Dwaikat 

and 

Kodur 

B1 
ASTM 

E119 

SS 58.2 Siliceous 420 50 

B2 SF AR 58.2 Siliceous 420 50 
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Three different types of beams are selected for the validation purpose to see the effect of different type of concrete 
strength, steel strength, fire exposure and support condition. The beam tested by Wu [14] was simply supported and 
exposed to ISO-834 [8] fire with low-strength concrete and carbonation aggregates. Whereas two different beams 
were tested by Kodur [6]. They have similar material properties as given in Table 2, but different fire exposure was 
applied. The beam exposed to the ASTM E119 [9] curve was simply supported, whereas the other beam was axially 
restrained (AR) and exposed to short fire (SF). 

4.1. Test by Wu et al. 

The sample tested beam [14] was 5.1 m long in span, and 4.0 m of the internal span was exposed to fire, as shown in 
the figure below. An overlying slab of 80 mm thickness was placed on top of the beam during the fire test. An 
additional distributed load of 300 kg/m2 was applied on the top of the overlying slab, so the total load acting on the 
beam was a combination of distributed load and overlying slab load. 

Figure 6 Test by Wu et al. [15] 

Figure 7. Comparison of predicted and measured rebar and concrete temperature and displacement. 

Fire analysis of the sample beam was performed in Abaqus [4] using the abovementioned procedure. Heat transfer 
analysis was performed first considering radiation and then without it. Stress analysis results in figure (7) show that 
the FEA of the sample beam with radiation produced an early failure of the beam. In contrast, the model analyzed 
without radiation showed a closer deflection prediction with compression failure. The validity of the proposed 
methodology for heat transfer analysis is demonstrated by the close match between the FEA model and test outcomes. 
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4.2. Test by Kodur et al. 

Two concrete beams named B-1 & B2 were tested under different fire exposure by Dwaikat and Kodur [6]. They are 
analyzed by applying the above numerical procedure to validate the proposed approach of heat transfer analysis 
without radiation and the new proposed steel material model. The arrangement of the two beams is the same, except 
the fire load was different. The general layout is shown in figure 8.  

The authors applied force 30 minutes before the start of the fire and sustained it until no more deformation could be 
recorded in the fire tests. This was chosen as the initial condition for the beam's deflection. After that, the load was 
kept constant for the duration of the fire exposure. B1 was exposed to ASTM E119 fire, and the short fire was applied 
to B2. Beam B1 failed to sustain load in fire after 180 mins. At the same time, B2 did not fail during fire exposure. 

Figure 8. Test by Kodur et al. [6]. 

Comparisons of results for the heat transfer model and structural analysis show that the two different assumptions 
made in this study, one for heat transfer analysis without radiation and the second for structural analysis with the 

Figure 9: Comparison of predicted and measured rebar and concrete temperature and displacement for B-1.
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proposed steel material model, work well with the test results. 

Figure 10. Comparison of predicted and measured rebar and concrete temperature and displacement for B-2. 

The failure mode for B-1 is compression failure, whereas B-2 didn’t fail due to short-term exposure to fire. The 
results are shown in figures (9) & (10) provide the comparison of the test beam and the numerical results. 

5. Conclusion
A 3D FE model for predicting the behaviour of RC beams exposed to fire was discussed in this study. The heat transfer 
analysis without radiation and a new proportional limit for the steel material model is proposed in the current research, 
allowing for more accurate deflection predictions. The following conclusion can be drawn from this study. 

 Heat transfer analysis in Abaqus [4] should be performed without taking the effect of radiation from
surrounding fire unless a fire is modelled not in direct contact with RC beam.

 Elastic perfect plastic material model for steel rebar at elevated temperatures can be utilized in FEA.
Strain hardening of steel at a given temperature can’t be used due to the temperature rise during a fire.

 Plastic material model for steel rebar at elevated temperature can reduce the calculation time for the
material model and a simulation time in Abaqus [4].

 New proposed proportional limit for steel rebar stress-strain curves at elevated temperature produces
more accurate results.
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Abstract- Infilled masonry frames are integral part of reinforced concrete (RC) structures 
for almost 200 years. They are present in interior and exterior walls in both RC and Steel 
frames all around the world. The interaction of infills with the surrounding frames has a 
major influence on the structural response of the full composite structures. Their most 
influential property is that of a high initial stiffness and considerable strength. However, 
even today during the design process and during the assessment of the existing structures 
they are considered as non-structural members and their contribution in the structural 
response is overlooked. Numerous researchers have considered the influence of infills on 
the response of RC structures in the recent past and the need for inclusion of these 
members in the design and assessment of structures has been recognized. This study 
therefore aims to provide a thorough review of the work of several researchers to include 
the in-plane effect of infill panels in the behavior of RC frames. 

Keywords- macro modelling, micro modelling, infill walls  

1 Introduction 
Buildings all over the world are usually designed without considering role of masonry wall enclosed within beam and 
columns known as infilled walls. With the advancement of research, it was found that infilled walls increase lateral strength 
and stiffness of the frame. However, if frames are not properly designed for aforementioned criteria, then it will eventually 
increase the risk of collapse. Despite of this, even today RC structures are designed without considering infill walls due to 
its complexity in modelling and giving the correct behavior. Therefore, still significant research considering the behavior 
and modelling of infill are in study[1], [2]. FEMA seismic assessment is usually carried out to see the behavior of building 
under earthquake loadings and considering all the aspects that are usually ignored in design. 

In this study, a detailed review of existing techniques to model infill walls were conducted. Only in-plane behavior of infill 
walls for modelling was considered in this study. In Section 2 and 3, macro and micro models were discussed, respectively. 
Finally, conclusions were made in last section. 

2 Macro Models 

2.1 Equivalent Strut Model 

Polyakov [3] has first replaced infill wall by an equivalent pin-jointed diagonal strut after conducting experiment on steel 
frames. The main properties required to model the diagonal strut is masonry material models in compression and the area 
of the strut. To find area of the strut different researchers has proposed the equivalent width of strut depending on infill 
aspect ratio and mode of failure of infill. The thickness for the strut is considered to be equal to the wall thickness. 

Holmes [4] and Smith [5]proposed equivalent strut model with effective width of 33% of diagonal length of infill panel 
and different width for masonry panel ratio respectively. Smith [6] has proposed that effective width varies from 1/4th and 
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1/11th of diagonal length of infill panel for square and panels having aspect ratio of 5:1, respectively. Smith [6]  further 
introduced stiffness parameter, 𝜆 which incorporate interaction between frame and infill in term of width as shown in (1) 
and (2), respectively.  

𝜆 ൌ ට
ா௧ ௦ ଶఏ

ସாூ

ర
 

𝑤 ൌ 0.58 ቀ
ଵ

ு
ቁ
ି.ସସହ

ሺ𝜆𝐻ᇱሻ.ଷଷହௗቀ
భ
ಹ
ቁ
బ.బలర

 

Mainstone [7]  proposed an empirical relation (3) based on 𝜆 which resulted in reduced value of effective width than 
proposed by [6]. Therefore it underestimated the lateral stiffness of the uncracked RC section as mentioned by Mehrabi 
[8]. 

𝑤 ൌ 0.175𝑑௭ሺ𝜆𝐻ᇱሻି.ସ 

Kadir [9] has introduced new parameter  λg (4) that needs to be incorporated while calculating width of strut.   

𝜆 ൌ ට
ா௧ ୱ୧୬ ଶఏ

ସாூ

ర  

𝑤 ൌ
గ

ଶ
൬ ଵ

ସఒ
మ 

ଵ

ସఒ
మ൰ 

Hendry (1990) presented that single strut width equals to half the width proposed by [6]. Paulay [10] concluded that wider 
strut width make structure stiffer resulting in higher seismic forces. Therefore, the proposed width was considered same 
as Holmes (1961) of diagonal strut 

Liauw [11] studied that openings present in infill will affects the stiffness and strength of infills. Experimental and 
analytical study have been done to study the response of non-integral infilled frames incorporating material nonlinearities 
and proposed strut width as (6). FEMA has provision that infill wall with 25% opening do not need to be considered for 
equivalent compressive strut behavior.  

𝑤 ൌ
.ଽହ ୡ୭ୱఏ

ඥఒுᇲ
 

Decanini [12] provide several expressions for calculating effective strut width and concluded that with an increase in load, 
the strut width decreases significantly. Dawe [13] have proposed the formula based on Smith’s and Kadir [9] λh and λg 
parameters. (7)  

𝑤 ൌ
ଶగ

ଷ
൬ୡ୭ୱఏ

ఒ


ୱ୧୬ఏ

ఒ
൰ 

Durrani [14] provided an equivalent strut width semi-empirical formula (8) based on geometry of frame without 
considering relative stiffness parameter. 

௪

ௗ
ൌ 𝛾 sin 2𝜃 

𝛾 ൌ 0.32√sin 2𝜃 ൫ሺℎସ𝐸௪𝑡௪ሻ/𝑚𝐸𝐼ℎ௪൯
ି.ଵ

 

Where 

𝑚 ൌ 6ሺ1 
ா್ூ್

గாூ
ሻ 
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E, I and h represents Elastic modulus, second moment of mass and height. The subscripts b, c and w denote beam, column 
and wall, respectively. 

Amato [15] proposed initially single concentric strut element that does not consider the local effects. Further, to incorporate 
local effects eccentric element was used. It also considers the influence of masonry dilation on the strut width. [16]has 
proposed the effective width formula as shown in (11) 

𝑤 ൌ 1.414
గ

ଶఒ
 

Yekrangnia [17] proposed a single strut model to incorporate both local and global behavior of infill panels. Kumar [18] 
proposed single strut model for structures present in Pakistan with effective width equals 18% of diagonal length of infill 
wall.  

2.2 Multiple Strut Model or Eccentric Model 

Single strut model is not capable of producing the correct bending moment and shear force diagram. Increasing number of 
struts give better representation of internal forces as proved by Crisafulli et al. (2007). Zarnic [19] proposed an equivalent 
strut model based on their experimental results of 28 specimens of masonry infilled frames subjected to lateral cyclic 
loading. In this model, the diagonal strut is not connected to the beam-column joint to show the damage in the upper zone 
of masonry panel which behaved as a captive column i.e. more free to deform. Syrmakezis et al.  [20] proposed multiple 
struts model and Schmidt (1989) proposed 2 struts which are not parallel to each other. Whereas Chrysostomou [21] 
proposed a 6 strut model, 3 parallel struts for compression and 3 parallel strut for tension as shown in Figure 1. The off 
diagonal struts are positioned by parameter α that represents the fraction of the length or height of the panel. San Bartolomé 
[22] proposed 9-strut model for the infilled frame structure. El-Dakhakhni [23] proposed macro-model for concrete 
masonry infilled steel frames with 3 struts (one diagonal and two off-diagonal) for masonry panel as shown in Figure 2. 
The total area for the three struts is shown in (12). 

𝐴 ൌ
ሺଵି∝ሻ∝௧

ୡ୭ୱఏ
 

Figure 1 a) Zarnic et al. [19] b) Schmidt (1989) c) Chrysostomou [21] d) Syrmakezis et al. [20] 

Thiruvengadam [24] proposed a complex model for dynamic analysis of infilled frame. In this model, infill was replaced 
by set of equivalent multiple struts which accounts for both frame-infill separation and infill openings. Fiorato [8] proposed 
“knee braced frame” to represent the masonry infilled behavior. 

Figure 2 El-Dakhakhni [23]  macro model Figure 3 Leuchars et al. [8] model 
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2.3 Strut Model with Friction Element 

Leuchars [8] proposed a double strut model with a friction element as shown in Figure 3. This model was portraying the 
internal forces including bending moment and shear in columns as well the friction mechanism along the cracks. This was 
just a hypothetical model that was never implemented.  

Crisafulli [19] researched on three models as shown in Figure 4; single strut, double strut and three strut models. It was 
concluded that single strut model is not capable of capturing the local effects whereas multiple strut models can overcome 
this problem. Single strut model provides an adequate estimation of stiffness of the frame. But for refined analysis, multi 
strut models should be used without significant increase in the complexity.   

Figure 4 Proposed model for study by [19] 

Further [19] proposed a new multi-strut model with shear spring as shown in Figure 5. This model accounts separately for 
compressive and shears behavior of masonry panel. This model depicts better the shear failure along mortar joints or 
diagonal tension failure when expected. The stiffness for whole masonry panel is divided into shear and axial compressive 
strut. This model is implemented in Ruaumoko (Carr, 2002) and SeismoStruct [25] software 

Figure 5 Crisafulli & Carr (2007) model Figure 6 Rodrigues et al. (2010 ) model 

Rodrigues [26] proposed an improved equivalent bi-diagonal compression strut model with a central strut element for 
representation of hysteretic behavior of masonry infill panels (Figure 6). Masonry panel is defined by 4-strut elements 
having rigid behavior and a central element where nonlinear hysteretic behavior is concentrated. This central element has 
purely compressive or tensile nature. The proposed model considers hysteretic behavior, strength and stiffness degradation, 
pinching, damage evolution and function of deformation demands, and implemented in Open Sees [27]. 

Samoilă [28] investigated several formulations for width of equivalent diagonal strut present in literature to find the best 
model. It has been concluded that the Paulay [10] formulation is the most appropriate choice, due to its consistency and 
simplicity. 

Islam [29] used an open source computer program, STERA 3D to model infill frame with macro-element masonry (IFM2). 
They also discretized using a combination of nonlinear bending and shear springs together with axial and shear spring for 
frames and infills, respectively. A good match in the dataset was observed as the model was validated with existing 
literature. 
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Saneinejad and Hobbs [30]  developed an inelastic analysis and design method using an equivalent diagonal strut for infill 
steel frames. Kakaletsis and Karayannis [31], also used equivalent strut model to assess the lateral resistance of masonry 
infilled RC frames with openings. Thiruvengadam [24] and Chrysostomou [32] introduced multiple struts to model infill 
walls and Klingner and Bertero [33] studied the behavior of RC block infilled reinforced concrete frames under cyclic 
loading. El-Dakhakhni [34] suggested the stiffness and the ultimate load capacity of concrete masonry infilled steel frames 
failed by corner crushing using an analytical approach. Mohyeddin [35] showed that even for same infill frames the strut 
properties can change for different values and location and number of struts can vary from infill to infill. Kareem and Panto 
[36] compared existing strut model and introduced 2D discrete macro model. 

Srechai [37] developed a multistrut model based on experimental tests. Fiber-section truss elements are used for struts and 
equivalent stress-strain parameters were used to incorporate all potential failure modes. Empirical formulas were 
developed and calibrated based on experimental and statistical analysis. Their reliability was assessed through blind 
validation tests of empirical formulas and proposed model. Monotonic and cyclic load simulations of the infilled RC frames 
for single and multiple bays were conducted and compared with experimental results. 

3 Micro Models 
In micro-modeling, infill panels are modeled at different levels in detail using finite elements: mortar, bricks, and 
mortar/brick interface (Figure 7). It shows the behavior at local level so all possible modes of failure can be observed. It is 
the most accurate representation of infill panel behavior. But the computation time is high for large structures and numerous 
parameters need calibration. 

Micro modeling can be further divided into three levels. The basic idea behind these levels is the variation in computational 
effort and accuracy [38]. 

1. Detailed Micro Modeling: In this approach, the continuum elements are used to model brick and mortar joints
whereas interface between the brick and mortar is modelled by an interface discontinuous element.

2. Simplified Micro Modeling: In this approach, the continuum elements also known as expanded units are used to
model bricks and joint and brick mortar interface is modeled using an interface element at mid thickness of mortar
layer.

3. Homogenized Modeling: In this method, brick, mortar, and their interface is modeled as a homogenous
continuum.

The level of micro modeling depends on level of refinement required in the research. The detailed micro-modeling 
approach is the most comprehensive approach in all modeling. It is precise for studying the local behavior of infill panels 
for both linear and non-linear behavior. But its modeling requires high level of knowledge of different parameters which 
require large number of tests. Apart from this, its computation time is highly consuming. On the other hand, the simplified 
micro-modeling or homogenized modeling is accurate for computing linear behavior of infills.   

Figure 7 a) Detailed Micro Modeling b) Simplified Micro Modeling c) Homogenized Modeling 

Several researchers worked on finite element modeling and presented different constitutive models to represent each unit 
of masonry wall. Firstly, Mallick [39] applied finite element approach as a micro modeling to address the issue of 
representing interface between frame and infill. It was modeled by contact elements but was not able to transfer tensile 
forces. Liauw [40] proposed a plastic approach in which three separate types of elements were used to study the behavior 
of infill frames. Three failure modes were identified which captures the corner crushing with failure in columns, 
beams and diagonal crushing of the infill.   
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A very close agreement has been observed between experimental and analytical results. Achyutha [41] investigated the 
elastic behavior of single storey infilled frame with opening. Slip, separation and contact conditions were modeled by 
single link elements at interface.   The opening was also modeled by using very low value of thickness and modulus of 
elasticity of masonry. It was found that larger the opening, lesser will be the lateral stiffness of the structure. Dhanasekar 
[42] developed a model for brick masonry wall in which  non-linear  isotropic  six-node elements were used 
for  both  the  mortar  and  the  bricks . The mortar joints are modeled as one-dimensional joint elements between infill and 
frame. Ali [43] proposed a finite element model similar to [42] having 4-node quadrilateral elements with a finer mesh 
near the loading point. This proposed model can be used for any brick mortar combination with any bond pattern. Mehrabi 
[8] proposed a complex constitutive model for modeling masonry joints interfaces. Compressive hardening behavior, the 
reversal of shear dilatancy, and the normal contraction of cementitious interfaces can be accounted in the proposed 
constitutive model. They used smeared cracked finite element model. It was concluded that the model can capture failure 
mechanisms and can approximate the lateral resistance of the frame. Syrmakezis [44] proposed a new finite element 
technique in which the frame-infill separation criterion is used to find the geometrical equilibrium condition. 
The basic difference of the analysis was that the contact lengths and stresses were estimated as an integral part of the 
solution. Stavridis presents a FEM scheme for assessing the nonlinear load-deformation behavior and failure mechanisms 
of masonry infilled RC frames through combination of the discrete and smeared-crack modeling approaches. Dorji [45] 
used gap element to model the interface between infill and frame. Mohyeddin [35] proposed a simplified micro-model 
where brick and mortar were modeled as a single smeared material and the mortar joints were modeled as zero-thickness 
interfaces or contact joints.  Bhagyashri [46] studied two types of micro modelling techniques i.e. gap and link element 
method that were earlier proposed by Dorji [47] and Achutya [41]. It was concluded that both method give same results 
so they can be used in any FE software. Mohammad [42] proposed micro model parameters that were incorporated in 
ATENA software and were verified with existing results proposed by [6] for variant configuration of infill walls. 

4 Research Significance 
The significance of this work holds in the fact that although infills are not considered structural members they affect the 
structure’s mass and lateral rigidities. Hence, to fully understand the behavior of the free vibration of the structure under 
seismic loads their contribution towards the behavior of frame shall not be neglected. Previously modeling infills and 
incorporating their contribution within the frame was a rather complex method. Studying the literature reveals that there 
are less complicated ways to include the effect of infills without compromising much on the overall behavior of the 
frames under dynamic loads. Thus, it is important to understand how these modeling methods are applied and which 
behavioral aspect of infilled frame can be covered by a certain technique. This research study gives an insight into all the 
modeling techniques which shall be included within the design in near future. 

5 Conclusion 
Extensive review of the existing studies that were proposed to model masonry infills to depict its behavior properly has 
brought following conclusions:  

 Masonry infill significantly increase lateral strength and stiffness of the structures changing their time periods
and mode shapes, consequently increasing the risk of collapse. Hence, they shall be incorporated in analysis to
fully comprehend the behavior of masonry infilled RC frames;

 Despite of significant research, still infill walls are not considered while designing, though now researchers
have started incorporating them into analysis. And it is revealed that incorporating them can be done at Macro,
Micro or Meso levels, each having their own level of complexity;

 Macro modelling approach is easier and simpler as compared to micro modelling. However, it depicts only
global behavior. Whereas, micro-modelling is time consuming and require large computations, but it captures
failure modes and infill- frame interaction effects.
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Abstract- The structures are in a continuous state of deterioration due to aging, natural 
disasters, and other environmental agents, resulting in local or global damages after a 
specific time. The timely identification of such damages can prevent the huge loss of 
assets and it can provide an ample opportunity for repair and maintenance. Therefore the 
service lifespan of the structure can be enhanced by modeling the system and identifying 
its parameters. Operational modal analysis (OMA) is one of the efficient possible 
approaches for identifying an unknown, in operation structure and estimating its modal 
properties like mode shapes, natural frequencies, and damping ratios. Many system 
identification approaches are being investigated in the literature but most of them are 
based on time-domain system identification methods which have certain limitations. So 
there is a need to develop a frequency-based structural systems identification technique 
that provides clear modal peaks and is more efficient in suppressing fault peaks. In this 
work, Weighted transmissibility-based operational modal analysis (WTOMA) is applied 
to a three-floor structure excited by a randomly simulated earthquake. Three sensors are 
placed on three floors: one of them is attached to the ground floor to record the ground 
excitations and the remaining two are placed on two floors. The response of the structure 
in terms of acceleration -time is recorded. The proposed algorithm is then applied to the 
structural response to obtain its modal parameters. 

Keywords- Singular values, Loading conditions, Weighted-transmissibility based OMA. 

1 Introduction 
The use of system identification(SI) methods in the civil engineering field has been increasing in recent years. The reason 
for this is the high success rate of the system identification methods in estimating the mathematical model. It allows civil 
engineers to make safer designs with the correct estimation of the mathematical model to ensure the integrity of structures. 
Because system identification plays a major role in reducing the gap between structural systems and their models, also it 
plays a major role in structural health monitoring(SHM) for damage identification. The system identification in the case 
of structural systems can be done in the form of obtaining structural response and identifying structural parameters. These 
parameters could be in the form of vibration signatures, stiffness, stress-strain energies, damping ratios, and mode shapes. 
In this paper SI will be used for dynamic systems, that is the structural systems that are subjected to dynamic loadings such 
as seismic, vehicular, wind, or impact loading.OMA is an output-only operational model analysis. It is a field of research 
that estimates and identifies model properties of operating structures based on output data.  

This technique assumes that input to the system is white noise sequences which is the only drawback of the classical 
output-only techniques[1]. OMA techniques are categorized into three different classes; time domain, frequency domain, 
and time-frequency domain[2] [3] [4] [5]. Transmissibility is defined as a ratio of Fourier transformation of responses 
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located at different points in a system. [6].Transmissibility-based OMA is an effective approach to identifying model 
parameters using the output data from ambient or forced vibrations. In the recent past, a new form of transmissibility that 
is based on power spectrum density transmissibility (PSDT) is introduced [7] to estimate modal parameters with single 
loading conditions. The fundamental approaches and applications of transmissibility-based system identification for 
structural health monitoring are discussed in [8]. A new OMA method based on combining PSDT under different load 
cases is proposed to enhance the robustness of current PSDT methods with non-white excitations[9].  

An efficient approach based on a new concept, that is weighted transmissibility-based OMA (WTOMA) is utilized in this 
paper to find out and calculate the natural frequencies and mode shapes of a three-story building structure. SVD of the 
WTOMA matrix and calculation of averaged normalized weighted transmissibility (ANWT) functions are used to extract 
singular values, mode shapes, and natural frequencies of the system respectively. These functions depict clear modal peaks 
in the resulting spectra therefore WTOMA is an effective strategy to aid in peak picking [10]. Recently a new time-
frequency domain method that combines weighted transmissibility and wavelet transform is proposed to properly identify 
modal properties of the numerical model under EI Centro earthquake excitation[11]. Another new approach based on deep 
learning enhanced image processing and PSDT is proposed to realize vibration measurements and identify natural 
frequencies from PSDT plots[12]. 

2 Research Methodology 

2.1 Weighted Transmissibility Function 
The Transmissibility function is obtained by taking the ratio of the Fourier transform of two output responses of a system  
at different locations[9]. 

𝑇ሺ𝑤ሻ ൌ ℱ ቆ
𝑥

𝑥
ቇ ൌ

𝑋

𝑋
ൌ
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In Weighted transmissibility, the transmissibility function gets divided by its absolute or mod  value raised  to some  power 
gamma γ.  Therefore the weighted transmissibility function is calculated as: 

 𝑊𝑇ሺ𝜔ሻ ൌ
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Whereas the weight function is given by: 
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The parameter gamma “  𝛾 ” is chosen based on the required accuracy level. This  parameter ‘γ’ indicates the extent of 
difference that is allowed between the columns of the weighted transmissibility matrix. The weighted transmissibility 
matrix is given below: 
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here ‘j’ indicates a fixed reference DOF. 

2.2 Weighted Transmissibility Based OMA 
In this paper, a very efficient approach is investigated for the identification of the modal properties of any structure using 
the weighted transmissibility operator[9]. The decomposition of the weighted transmissibility matrix can be done using 
the SVD technique as follows[10]. 
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 ሾ𝑊𝑇𝑀ሺ𝜔ሻሿ ൌ ሾ𝑈ሺ𝜔ሻሿሾ𝑆ሺ𝜔ሻሿሾ𝑉ሺ𝜔ሻሿு (5) 

The ሾ𝑉ሺ𝜔ሻሿ  and  ሾ𝑈ሺ𝜔ሻሿ are the right and left singular vectors of the transmissibility matrix. The matrix ሾ𝑆ሺ𝜔ሻሿ is a 
diagonal matrix consisting of the singular values with 𝑠ଵሺ𝜔ሻ  𝑠ଶሺ𝜔ሻ  ⋯  𝑠ሺ𝜔ሻ where “H” is representing the 
conjugate transpose. 

By calculating the product of inverses of second singular values with different degrees  of freedom  obtained from WTM(𝜔) 
can be used to calculate PIS (𝜔) function as follows: 

 PISሺ𝜔ሻ ൌ ෑ ൬
1
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൰


ே
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Along with this, the mode shapes can also be derived by calculating the product between entities of left-most singular 

vectors [𝑈ଵ(𝜔)] and the function  ห𝑇ሺ𝜔ሻห
ఊ
which is the inverse of the weight function 𝑊ሺ𝜔ሻ as follows:

ϕ ൌ 𝑈ଵሺ𝜔ሻ
1
𝑁

ห𝑇ሺ𝜔ሻห
ఊ

ே

ୀଵ

(7) 

3 Flowchart of the Algorithm: 

Figure 1:Flowchart of the WTOMA Algorithm 

4 Experimental Procedures 
The  structure chosen for the current study is shown in Figure 2. The  structure consists of three floors. The total 
length/width of the structure is 3600mm, the total height excluding footing is 7356mm, whereas each slab is 144 mm thick 
(Table 2). The total weight of the structure  is 19.873 tons.  

Figure 2: The prototype structure and its scaled model 
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Whereas the model used for analysis is obtained by scaling the structure and hence reduced model is obtained with a 
length/width of 600mm, a height of 1226mm, slab thickness of 23mm, and a total weight of 0.268tons. The structural 
scaling is performed by choosing a scale factor for each of the structure parameters and hence corresponding reduced 
model is shown in Table 1.  

Table 1: Prototype Structural scaling details 

. The dimensional details of both the prototype structure and its model are shown in Table 2. 

Table 2: dimensional details of the prototype structure and its model 

5 Results 
The results obtained through the investigated algorithm are shown below. The structure is excited by a randomly simulated 
earthquake. The response of the building structure i.e. acceleration – time history of the three sensors during the period of 
100s is shown in Figure 3. 

5.1 Use of Software 
The software used for identifying and estimating the parameters of the structure is MATLAB.  

a)    b)  

Figure 3: a. Building structure prototype with installed sensors b. sensors response time history 

The first two natural frequencies obtained through the algorithm and the mode shapes corresponding to the two estimated 
natural frequencies are shown in Figure 4 and Figure 5. 
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a) b)

Figure 4: The natural frequencies obtained from WTOMA a. 1st natural frequency b. 2nd natural frequency 

Figure 5: The mode shapes corresponding to the two frequencies 

5.2 Comparison Of Results : 

a)    b) 

Figure 6:Comparison of  a. WTOMA  and b. Welch's averaged PSD 

The results are compared with welch’s averaged PSD estimates, the frequencies obtained through the WTOMA algorithm 
are 6.38084Hz and 6.6367Hz respectively while the frequencies obtained from welch’s averaged are 6.08Hz and 6.592Hz 
respectively. As it can be seen that welch’s method suffers from noise sensitivity hence many false peaks are seen in the 
PSD plot. Whereas the WTOMA algorithm is more effective in displaying spectral peaks with strength and clarity. Along 
with this false peaks are minimized to a much extent and there is less spectral leakage as compared to welch’s averaged 
PSD. 

Page 232 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22))
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-212 

6  Utilization Of Research Results:
The method can be used for identifying and estimating model parameters in real-time in operating systems such as bridges, 
buildings, and other engineering structures. The outcome of this research can be used for the prediction of structural failures 
and damage detection in the field of SHM. 

7 Conclusion 
The following conclusions can be drawn from the study conducted in this paper: 

1. Spectral leakage is minimized hence strong and clear peaks occur in the resulting spectra.

2. Reduced noise sensitivity hence fewer false peaks.

3. Clearer mode shapes are obtained.

The results demonstrate that WTOMA is more effective in identifying modal parameters of a structure as it aids in the 
peak picking process hence strong spectral peaks occur in the resulting spectra. False peaks are minimized to a much extent 
and clearer mode shapes are obtained. Whereas welch’s method is more sensitive to noise and the concept of windowing 
function creates spectral leakages. Lower model order results in smoothing while higher order induces false peaks in 
welch’s method. 
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Abstract- The application of the support vector machine (SVM) and random forest (RF) 
algorithms to anticipate the compressive strength of fly ash-based concrete has been 
investigated in the study. A predictive performance comparison was performed for these 
two algorithms, where statistical metrics, such as coefficient of determination (R2), mean 
square error (MSE), root mean square error (RMSE), and mean absolute error (MAE), 
were used for the evaluation. The results reveal that the RF algorithm outperforms the 
support vector machine model in terms of predicting the compressive strength of concrete 
containing fly ash. The statistical checks and the investigation of k-fold cross validation 
also give confirmation of higher precision for the random forest model. The employed 
machine learning approaches successfully predicted the strength property of selected 
concrete and gives the indication that it can reduce the time, experimental efforts, and 
cost of the construction projects. 

Keywords- concrete; fly ash; machine learning; modelling; validation. 

1. Introduction
Portland cement is one of the most widely utilized ingredients in the concrete industry [1]. It is essential for developing 
the infrastructure required for social and economic growth but has a harmful influence on the environment [1, 2]. Cement 
manufacture results in substantial use of natural resources and substantial carbon dioxide (CO2) emissions [3, 4]. In 
addition, it is widely known that CO2 contributes to global warming. A few products or residues generated by various 
industrial sectors can react with calcium hydroxide to form calcium silicate hydrates similar to those formed during cement 
hydration [5-7]. These calcium silicate hydrates are referred to as pozzolans because they possess similar properties to 
Portland cement [8, 9]. The application of pozzolana in concrete can minimize the quantity of cement in it, which is one 
of the major causes of CO2 emission [10, 11]. Therefore, its use as a cement replacement appears to be a potential way to 
mitigate these issues [12] . The cement industry is responsible for around 8–10 percent of the world's anthropogenic CO2 

emissions [13]. As the demand for construction materials in the developing world continues to rise, this level of output is 
becoming increasingly troublesome, and future developments are required for the construction sector to become 
ecologically sustainable [14, 15]. 

Fly ash (FA), a byproduct of burning coal, is now frequently used as a cement component in concrete, along with other 
pozzolans [16-18]. FA is also acknowledged as an environmentally benign substance because the use of this material helps 
to reduce the cement industry's overall carbon footprint [19]. Application of FA in concrete material as a partial 
replacement of binding material plays a positive role in reducing the emission of CO2 gasses [20, 21]. This approach not 
only helps to produce an environmentally friendly concrete but also fulfill the strength and durability requirements of the 
concrete [22].  

Machine learning (ML) algorithms are widely using to forecast the strength properties of different types of concrete [23-
25]. The connection of artificial inelegance with the field of engineering is of great interest for the researchers [26]. This 
approach not only reduces the effort of experiments but also minimizes the cost of the project [27]. A variety of ML 
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techniques such as bagging, decision tree, random forest (RF), multilayer perceptron, and gene expression programming 
are widely using for predicting the required outputs. 

Investigating how well machine learning algorithms can predict outcomes is the purpose of this study. In order to forecast 
the compressive strength of selected concrete, both the support vector machine (SVM) and the RF approaches have been 
investigated. In order to validate the validity of the model, statistical checks and a method known as k-fold cross validation 
were incorporated. To estimate the compressive strength of fly ash-based concrete, this study makes use of two distinct 
kinds of algorithms—a single-label machine learning approach (SVM) and a multi-label machine learning ensemble 
technique (RF)—in order to break new ground. This approach is the primary innovation of the study. While individual 
techniques execute the model in the conventional fashion, an ensemble machine learning approach divides the actual 
models into a number of sub-models.  

2. Materials and method
Python coding was introduced in the software for each employed ML technique to run the models. The data set used for 
the models was retrieved from the literature [24]. The comparison between the experimental result and the result obtained 
from the models was shown with the regression graphs, while the amount of difference between both the results was 
indicated with the error distribution graphs. The software automatically splits the data set into 80 percent for training the 
model and 20 percent for testing the model. However, k-fold cross validation approach was adopted for validation purpose.  
All the ingredients used to prepare the concrete materials were taken as the input parameters, and the result of the strength 
was taken as the output parameter. The descriptive statistics of the input parameters taken from the mentioned literature 
are listed in Table 1. However, the relative frequency distribution for the same parameters can be seen in Figure 1.  

Table 1. Descriptive statistics of the variables 

Parameters 
Cement 
(kg/m3) 

Fly ash 
(kg/m3) 

Water 
(kg/m3) 

SP 
(kg/m3) CA (kg/m3) FA (kg/m3) 

Age 
(days) 

Mean 282.13 77.29 180.95 5.45 1003.76 794.19 44.50 

Standard Error 3.78 2.46 0.72 0.21 2.90 2.71 2.34 

Median 252.00 100.40 185.70 5.70 1006.40 794.90 28.00 

Mode 213.50 0.00 192.00 0.00 968.00 613.00 28.00 

Standard 
Deviation 94.88 61.91 17.97 5.28 72.84 68.18 58.66 

Sample 
Variance 9001.86 3832.72 322.86 27.89 5305.62 4648.69 3441.28 

Range 405.30 200.10 88.00 28.20 324.00 351.00 364.00 

Minimum 134.70 0.00 140.00 0.00 801.00 594.00 1.00 

Maximum 540.00 200.10 228.00 28.20 1125.00 945.00 365.00 

Sum 178026.90 48768.30 114176.60 3439.70 633370.90 501134.40 28082.00 

Count 631.00 631.00 631.00 631.00 631.00 631.00 631.00 
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Figure 1. Relative frequency dispersal of the variables used for running the models 
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3. Employed Algorithms

 A linear model that can be used for classification and regression issues is known as an SVM [28]. It is effective for a wide 
variety of real-world challenges and can solve both linear and non-linear issues. The basic notion of SVM is as follows: 
The algorithm draws a line or a hyperplane that divides the data into the appropriate categories. In recent years, one of the 
most effective machine learning approaches has been SVMs. SVMs have been successfully applied to numerous 
engineering related applications, including those of the petroleum and mining industries. 

RF is a type of classification technique that is made up of several different decision trees [29]. When building each 
individual tree, it employs bagging and feature randomness to try to produce an uncorrelated forest of trees whose 
prediction by committee is more accurate than that of any individual tree. This forest of trees would then be used to make 
a prediction. This is among the most important aspects of the RF Algorithm, as it can handle a data set containing both 
continuous variables, which is used in the case of regression and categorical variables for classification. This capability is 
one of the most significant characteristics of the Random Forest Algorithm. The outcomes of categorization issues are 
improved, as a result of its use. 

3. 4. Result and discussion 

4.1. SVM algorithm’s outcome. 

The relationship between the experimental result for compressive strength (C-S) and the result obtained from the SVM 
model is depicted in the upper part of Figure 2 (a). The fact that the R2 value is equal to 0.95 demonstrates that the 
relationship is both reasonable and strong. Figure 2 (b), on the other hand, illustrates the disparity between the observed 
C-S data and the predicted data. The difference between these two values demonstrates that the highest value is equal to 
9.16 MPa, while the lowest value that was reported was equal to 0 MPa. 

a) 

b) 

Figure 2. Regression and error’s graphs: (2a) Experimental and predictive result’s relationship of the C-S from SVM 
model; (2b) Difference of the predictive results and experimental C-S results from SVM model 
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4.2. RF algorithm’s outcome. 

Figure 3 illustrates the relationship that exists between the actual C-S and the output that the model produces for the C-S. 
(a). When compared to the output of the SVM model, this relationship reveals a predictive result that is both more 
effective and accurate, as indicated by the R2 value, which is equal to 0.97. Figure b presents the error distribution that 
pertains to the RF model, which is another point of interest (b). This dispersal has a range of values, the lowest of which 
is 0.0092 MPa and the highest of which is 8.32 MPa. 

(a) 

(b) 

Figure 3. Regression and error’s graphs: (3a) Experimental and predictive result’s relationship of the C-S from RF model; 
(3b) Difference of the predictive results and experimental C-S results from RF model 

5. K-fold cross validation (CV)
This method was used to validate the employed models. The legitimacy of the models was confirmed by the adoption of 
the CV approach. It uses nine out of ten subsets, with the exception of one subset that is utilized for the purpose of model 
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validation. The results of the C-V analysis are evaluated using the root mean square error (RMSE), the mean absolute error 
(MAE), the mean square error (MSE), and the correlation coefficient (R2). In comparison to the SVM model, the RF model 
demonstrates a significantly lower result of the specified errors and a significantly higher result of R2. The average values 
of the MAE, MSE, RMSE, and R2 from the validation process for SVM models were 5.92 MPa, 8.14 MPa, 2.83 MPa, and 
0.89, respectively, as shown in Figure 3 (a). Similarly, the average results for the same parameters from the RF model 
during the validation process were noted as 5.17 MPa, 6.24 MPa, 2.46 MPa, and 0.90, respectively, as depicted in Figure 
3 (b). 

(a) 

(b) 

Figure 4. Validation results of the employed models (4a) K-fold CV for SVM algorithm; (4b) K-fold CV for SVM 
algorithm 
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Table 2. Statistical metrics for SVM and RF models 

Algorithms MAE (MPa) MSE (MPa) RMSE (MPa) 

SVM 2.54 8.76 2.96 

RF 1.97 6.25 2.50 

6. Conclusions

This study describes the comparative study of two ML algorithms towards the prediction of C-S of concrete containing fly 
ash. The SVM and RF approaches have been introduced for the required outcome. However, the following conclusion can 
be drawn from the study. 

 The RF model showed the affective predictive performance by giving an R2 value of 0.97 as compared to the
SVM model’s R2 value of 0.95.

 The lower values of the errors (MAE, MSE) also confirm the high accuracy of the RF model.
 The K-fold cross validation method was adopted to validate the employed models and confirm their legitimacy

towards the predicted C-S of the concrete.
 The ML algorithms can be successfully applied to the selected data set to anticipate the required outcome.

This research has the potential to benefit the construction industries by reducing the overall cost of the projects that are 
being undertaken. The utilization of such techniques to predict the performance of composite materials in a limited time 
period is beneficial. This not only reduces the physical effort on the tests in the laboratory, but it also saves the valuable 
time of the project, which is a significant advantage. 
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Abstract- This research is carried out to check the stability of a concrete gravity dam 
under the extreme loadings of combined seismic and flood waves. Concrete gravity dams 
are provided in highly seismic regions. These dams are not designed on experimental 
validation, but are simulated by finite element method on software. The environmental 
and other loadings and actions are then implemented on these simulated models and 
response of the system is checked. One drawback or ignorance of such system is, if a peak 
wave is generated and at the same time any seismic activity happens, then what will be 
the response of the dam, will it be stable in safe limit or not, will it survive combined 
loadings or not? That’s why this study is based on such response prediction to evaluate 
the maximum stresses generated in the dam under such extreme loadings. In this study, a 
gravity dam is modelled on SAP2000 with finite element method. Blue Stone Dam from 
USA is selected and modelled on SAP2000. After that combined loadings i.e., seismic 
and flood wave are applied and response is predict of this simulation based model of the 
dam. After the successful run of the model, it is predicted that maximum stresses are 
generated on the top of the dam. 

Keywords- Concrete gravity dam, Seismic loads, Flood wave loads, SAP2000, Finite element method 

1 Introduction 
Dams are obstacles that carry pounding of water or underground streams for different purposes such as power generation, 
storage of water, irrigation for agriculture, stabilization of flow, prevention of areas from floods, navigation, diversion of 
water channels and source of drinking water. The significance of these structures passes on the possibility of tragic disasters 
which can happen because of its failure, error in spillway design, piping through foundation, soil instability due to upstream 
fluctuation in water levels, poor maintenance, extreme precipitation events and flood waves, and seismic shocks and 
earthquakes [1]. The dynamic responses of concrete gravity dams due to earthquakes are affected by several factors. These 
factors include the dam’s interaction with the water stored in the reservoir and foundation, sediments accumulation at 
reservoir’s bed and non-linear behavior of dam’s concrete. Recent studies indicated that the magnitude of the response of 
the concrete gravity dams is reduced generally due to the presence of sediments at the reservoir’s bottom [2]. The concrete 
gravity dam’s structures also face various flood wave loadings. These wave loadings occur in different scenarios including 
the wave loading relevant to the environmental data of the area is applied on the structural members together with gravity 
and buoyancy loads but without considering the wind loads (remote storm scenario) and the scenario where the load 
generated by extreme wave conditions, buoyancy and gravity loads are applied (extreme wave scenario) by neglecting 
wind load [3]. Different loadings are evaluated while design the concrete gravity dam. These loadings include earthquakes, 
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floods, sedimentation, ice and wind loads etc. In this study the combined effects of seismic and flood waves are investigated 
to predict the portion of the dam with maximum stresses. Designing earthquake-resistant dams and assessing the safety of 
existing dams both rely on a reliable analytical method that can identify the stresses and deformations brought on by an 
earthquake [4]. However, when taking into account the various definitions of a strong motion duration, it is still unknown 
how different durations may affect the seismic analysis of gravity dams. Furthermore, no definitive conclusion about the 
best option for the duration of a powerful ground motion has been reached. Due to its high accuracy and cheap 
computational effort for computing the dynamic reactions of structures, the endurance time analysis (ETA) approach, a 
high-efficiency seismic performance method, is frequently employed [5]. In this study, the stresses generated due to 
combined loading of earthquake and flood wave are evaluated. The response of the results shows that due to these 
combined loadings, damage in dam will be occurred at top portion of dam.   

2 Research Methodology  

2.1  Model Development. 

Blue stone dam located in USA is selected to conduct this study [6]. The dam is modelled on SAP2000 software with 
Finite Element Method. Concrete is used as material and compressive strength of concrete is selected as 5000 psi. Solid 
body is selected to model it instead of members, due to the fact that dam is a solid body. The height of the dam is selected 
as 173 feet and length of the dam is selected as 600 feet. Six joints are provided in y-direction at interval of 100 feet for 
each and 4 joints are provided in z-direction at an interval of 34.7 feet each. To check the validation of model, the sum of 
masses in x-direction and y-direction for different modes of the model is computed more than 90% and the period is 
computed less than 8 seconds [7]. Hence the model developed for this study has shown validation. The model of the dam 
is shown the Figure 1. 

Figure 1: Model of dam developed on SAP2000 

2.2 Load Definition. 

For defining the load combination Time-History Analysis is used. Three earthquake loads are used and combined with 
peak flood wave of 6 feet height on the upstream side, in this study. Earthquake loads are downloaded from peer data base 
and imported in SAP2000 [6]. In this way 3 load combinations are created and model is run for these combinations. The 
earthquakes with magnitude greater than 6.5 are selected. The details of earthquakes used are available in Table 1 and 
definition of flood wave is shown in Figure 2. 
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Table 1:  Earthquakes used in this study. 

Earthquake Year Magnitude 
Epicentre Distance 

(KM)

Sitka Alaska  1972 6.68 34.61 

El Centro 1940 6.95 6.09 

Northridge 
1994 6.61 7 

Figure 2: Definition of flood wave in SAP2000. 

3 Results 
The responses for the three earthquakes in combination with flood wave are represented below to check the stress contours 
for each case. The average of these three responses is taken to get the final results.  

3.1 Stress contours of Sitka Alaska Earthquake and Flood Wave 

After running the model for load combination of Sitka Alaska earthquake and flood wave, the maximum stresses developed 
are found at top of the dam, equal to 8400 psi. The breach point of the concrete was selected as 5000 psi during modelling. 
So, it is predicted that as a response of aforementioned combination, the top of the dam will be damaged initially. The 
results of this combined loading have shown that there is 68% increase in the stresses at the top portion of the dam. The 
stress contours generated due to this type of combination in z-direction and y-direction are shown in Figure 3 a) and b) 
respectively. The stresses generated for a period of 4.35 seconds are presented in Table 2 and Graph 1. 
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 Figure 3 a): Stress contours in z-direction  Figure 3 b): Stress contours in y-direction 

Table 2: Stresses generated for a period of 4.35 seconds for Sitka Alaska Earthquake and Flood Wave 

Sr. No. Stresses (psi) Time (Seconds) 
1 0 0 
2 4 0.5 
3 28 1 
4 52 1.5 
5 104 2 
6 175 2.5 
7 208 3 
8 347 3.5 
9 4167 4 
10 8400 4.35 

Graph 1: Stresses generated for a period of 4.35 seconds for Sitka Alaska Earthquake and Flood Wave 

3.2 Stress contours of El Centro Earthquake and Flood Wave 

After running the model for load combination of El Centro earthquake and flood wave, the maximum stresses developed 
are found at top of the dam, equal to 7500 psi. The breach point of the concrete was selected as 5000 psi during modelling. 
So, it is predicted that as a response of aforementioned combination, the top of the dam will be damaged initially. The 
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results of this combined loading have shown that there is 50% increase in the stresses at the top of the dam. The stress 
contours generated due to this type of combination in z-direction and y-direction are shown in Figure 4 a) and b) 
respectively. The stresses generated for a period of 4.27 seconds are presented in Table 3 and Graph 2.  

  Figure 4 a): Stress contours in z-direction   Figure 4 b): Stress contours in y-direction 

Table 3: Stresses generated for a period of 4.27 seconds for El Centro Earthquake and Flood Wave 

Sr. No. Stresses (psi) Time (Seconds) 
1 0 0 
2 0 0.5 
3 14 1 
4 39 1.5 
5 175 2 
6 393 2.5 
7 664 3 
8 1753 3.5 
9 4254 4 
10 7500 4.27 

Graph 2: Stresses generated for a period of 4.27 seconds for El Centro Earthquake and Flood Wave 

3.3 Stress contours of Northridge Earthquake and Flood Wave 

After running the model for load combination of Northridge earthquake and flood wave, the maximum stresses developed 
are found at top of the dam, equal to 6200 psi. 
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 The breach point of the concrete was selected as 5000 psi during modelling. So, it is predicted that as a response of 
aforementioned combination, the top of the dam will be damaged initially. The results of this combined loading have 
shown that there is 24% increase in the stresses at the top of the dam. The stress contours generated due to this type of 
combination in z-direction and y-direction are shown in Figure 5 a) and b) respectively. The stresses generated for a period 
of 4.12 seconds are presented in Table 4 and Graph 3. 

  Figure 5 a): Stress contours in z-direction                                          Figure 5 b): Stress contours in y-direction 

Table 4: Stresses generated for a period of 4.12 seconds for Northridge Earthquake and Flood Wave 

Sr. No. Stresses (psi) Time (Seconds) 
1 0 0 
2 1 0.5 
3 36 1 
4 66 1.5 
5 248 2 
6 393 2.5 
7 556 3 
8 1042 3.5 
9 3819 4 
10 6200 4.12 

Graph 3: Stresses generated for a period of 4.12 seconds for Northridge Earthquake and Flood Wave 
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4 Practical Implementations 
As this study is based on response prediction, the practical implementation of this research work can be verified by the 
future researchers by conducting experiments.  

5 Conclusion 
The results of this study have the following conclusions: 

1 As an average response of three combinations, it is concluded that maximum stresses are produced at the top of the 
dam with strength greater that 5000 psi. Hence, the top portion of the dam will be damaged first under such type of 
extreme loadings. 

2 Due to complex design of a concrete gravity dam, the combination of seismic and flood waves is ignored due to very 
less probability of such event to be occurred, but this study has shown some responses that have predicted that it 
should not be ignored. 

The above study can also be carried out to predict the critical location of concrete gravity dams under such extreme 
loadings. 
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Abstract- Triple constraints of a project i.e. cost, time and scope are considered as the key 
factors for defining the success of a project. At the same time, construction industry faced 
the challenges of time delays and cost overruns from the very beginning of its evolution 
till present. Multiple efforts are made by researchers in the past to identify the causes of 
such problems and proposed solution for them. This study focusses on the review of all 
the past studies conducted over the period of last decade. For this, number of relevant 
research papers are retrieved and filtered. After that frequency analysis was performed to 
find major factors throughout the world which significantly affect the project time and 
cost. Findings of this research show that lack of planning and design changes are the most 
important factors which affect the timely completion and total cost of a project. Further, 
emerging technologies like Building Information Modeling (BIM), Fuzzy techniques and 
Symbiotic Organism Search (SOS) can be used to control these problem in a project. 

Keywords- cost overrun, fuzzy techniques, time and cost control, time delays 

1 Introduction 

Construction industry is considered as the main contributing factor to the development and economic growth of a 
country[1]. It accounts for approximately 10% of the global economy [2]. However, due to the uncertain and complex 
nature, it has been encountered by time delays and cost overruns over the years [3]. Researchers found that on average 
project time and cost changes 26% from its planned values [4, 5].  

In order to reduce such kind of uncertainties from a project, critical factors need to be identified which directly or indirectly 
affect cost and duration of a project. Multiple studies have been conducted over the decades to determine these factors 
which are causing time delays and cost overrun [28-31]. This study will focus on reviewing these factors which appear in 
different past studies over the last one decade and synthesize the results. Further, this research will also provide insight 
about the methods for controlling time delays and cost overruns by using modern tools. 

2 Causes of Time Delays: 

Since the time delays do not only affect the timely completion of project but also it affects the project cost as well. Indirect 
cost which includes overheads, profits, and expenses etc. increases with the time. In Table 1, causes of time delays are 
reported in details from past studies conducted in different developed as well as developing countries. Most of the reported 
studies here are from one last decade. 

3 Causes of Cost Overruns: 

Similarly, causes of cost overruns in construction projects are also retrieved from one last decade studies which were 
conducted in developed as well as developing countries. Table 2 summarizes the results from 18 different research papers. 
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Table 1: Causes of Time Delays 

Reference Country Causes of Time Delay 

[6] Oman Site conditions, poor contract management, delayed payments, lack of skilled 
labor, late supply of materials, poor supervision, poor communication, change in 
drawings, change of policies, weather conditions, price escalation and inflation. 

[7] Indonesia Delay in land acquisition, delay in approvals, site location, unions strikes, design 
changes, rework, performance of specialty contractors  

[8] Dubai, UAE Changes in design, wrong estimation of project durations, delay in getting 
approvals from law agencies,, change of scope 

[9] Saudi Arabia Modification of design and scope changes 

[10] Pakistan Cultural Risks: Language barriers, Poor communication b/w parties.         
Financial Risks: Price escalation, inflation, budget overrun.         

Management Risks:  Incompetency of project team, Improper planning of project, 
Poor relations with Governmental agencies, Inadequate organizational structure.    

Legal Risks:  Lack of enforcement of legal laws.        
Political Risks:  Change in policies, involvement of political partner in project, 

corruption  

[11] Malaysia Poor weather conditions, poor construction material, poor estimation of 
productivity of equipment, unavailability of skilled labor, poor planning, and 

design changes. 

[12] Turkey Security issues, high number of contracts to one contractor, poor labor 
productivity, design Change, poor supervision, poor construction material, 

change of drawings, poor planning 

[13] Australia, 
Malaysia and 

Ghana 

Poor planning and scheduling, poor supervision, delayed payments, 
inexperienced contractor, complexity of project 

[14] Rwanda Delay in payments, late material procurement, poor supervision 

[5] Denmark Lack of project funding, delay in obtaining governmental approvals, lack of 
planning, lack of identification needs 

[4] Jordan Site  condition, weather condition, variation order, un-availability of trained 
labor, mistakes in design, Price escalation, inflation, payment delays, political 

influence, poor construction materials, poor planning 

[15] Malaysia Cash flow problem and storage on site 
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Table 2: Causes of Cost Overruns 

Reference Country Causes of Cost overruns 

[16] Vietnam inflation, interest rate, costly equipment, incompetency of parties, poor 
communication  

[6] Oman Change of scope, poor planning delay in payments, poor site conditions, 
inadequate trainings and experience, lack of skilled labor 

[7] Indonesia Poor estimation of budget, price escalation, inflation, delays in payment, poor cash 
flow, weather conditions, rules and regulations  

[8] Dubai, UAE Design changes, delays in approvals by client, wrong estimation of project costs, 
lack of capital availability of contractor, poor bidding method 

[9] Saudi Arabia Poor cost and time estimation  

[17] India Price escalation, inflation, poor bidding procedures, poor government policies, 
change of scope, wrong estimation of project cost,, change of  design, weak cash 

[18] Pakistan Payment delays,  delays in approvals by client, poor contract management, poor 
financial health of contractor, lack of  planning, change of scope 

[10] Pakistan Violation of contract, contractual terms not clear, less availability of information, 
delays in payment  

[19] Qatar Change of scope, poor planning and scheduling, lack of skilled labor, inflation, 
poor cot estimation, poor construction materials, poor estimation of project 

[11] Malaysia Weather conditions, poor construction material, poor cost estimation, lack of cost 
planning, lack of understanding to local rules and regulations 

[20] Malaysia Weather conditions, poor construction material, poor estimation of productivity of 
equipment, unavailability of skilled labor, poor planning, design changes, poor 

[12] Turkey Lack of skilled  labor, foreign contractor’s dominance in industry, poor 
communication and cost control, scope changes, use of costly equipments, 

[21] Malaysia Change of scope, poor communication among stakeholders, change in design, poor 
contract implementation, procurement problems, delay in payments, poor site 

[14] Rwanda Design changes, lack of funds. 

[5] Denmark Change of scope, design changes, inexperienced consultants, poor contract 
management 

[4] Jordan Terrain condition, weather condition, variation order, un-availability of trained 
labor, mistakes in design, Price escalation, inflation, payment delays, political 

[15] Malaysia Scope of work, tendering methods 

[22] Palestine Political factor, escalation, unstable economy 

So, it can be deduced from table 1 & 2 that these causes are related to each phase of project like planning, estimation, 
design, execution and supervision. Further, external factors such as political influence, change of policies, escalation and 
inflation also affect the projects in terms of time as well as cost. By controlling these factors, risks of time delays and cost 
overruns can be reduced. 
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4 Research Method: 

A comprehensive literature review was conducted by retrieving around fifty (50) papers from multiple journals such as 
“Alexandria Engineering Journal”, “International Journal of Engineering & Technology”,“International Journal of 
Project Management”,“Journal of management in engineering”, “International Advanced Researches and Engineering 
Journal”, “International Journal of Construction Management”and others.Then these papers were secrutinized and 
filtered depending upon its relevancy with the the research topic.  

Initially, thirty four (34) factors,appearing in different journal and conference papers were identified which affect the 
project completion time. Considering the fact that factors appearing more frequently in different construction industries, 
will have significant effect on delays of project. So, these factors were shortlisted by using Equation-1, where frequency 
is considred the basic criteria for getting high score value. More the frequency of a factor means, more score value, more 
important that factor will be.  

Score =∑𝑭𝒏/𝑵 (Equation-1) 

Here: 

Fn= Factor appearing in number of papers N= Total number of papers 

Similarly, twenty-nine (29) factors for cost overruns were identified and shortlisted in the same ways as explained earlier 
for time delays. 

5 Results and Discussion: 

Based on the frequency analysis of past studies, it was synthesized that design changes and lack of planning are most 
influential factors that causes time delays as well as cost overruns as shown in Table 3. Similar results were also found in 
other studies that lack of planning and change of design are major factors of cost overrun and delay in time of a project 
[23-25]. The reason is that projects gets delayed in the absence of detailed planning, because there are no well-established 
baselines with which progress of project will be compared. In the absence of baseline schedule, it is very difficult to know 
either your project progress is up to the mark or not till date. Similarly, design changes ultimately cause the change of 
scope, where contractors have to perform rework sometimes, if that design change was suggested after construction of 
some elements. Therefore, this additional task demands extra time as well as extra money. So both of these factors 
discussed above significantly affect the time and cost of projects. 

Further, lack of skilled labor and weather conditions are found as the other major causes of time delays and cost overruns. 
Since unskilled labor compromises the quality of work frequently and client rejects the work on the basis of poor quality. 
In that case, rework has to be performed. Further, weather conditions also affect the timely completion of project due to 
wastage of time in rainy season and then wait for site conditions to be dried. So time delays ultimately cause cost overrun 
as well because contractor has to bear project overheads (indirect cost). However, poor supervision, delayed payments, 
incompetent team and poor quality of materials are found as the influential factors only for time delays. On contrary, 
change of scope, inflation, poor estimation of cost and procurement issues such as awarding contract to lowest bidder are 
the factors which only affect the project cost significantly.  

The major implication of this study is to provide the root causes of core issues of contraction industry since its inception 
i.e. time delays and cost overruns in the light of research conducted worldwide. The major issues found in this study are 
poor planning and design changes along with other factors as given in Table 3. So in order to overcome these issues detailed 
planning and right design should be ensured with help of BIM, Fuzzy techniques and SOS etc. at early stage of project life 
cycle. 
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Table 3: Ranking of most important factors affecting project time and cost 

Ranking Factors affecting Project Time Score Factors affecting Project Cost Score 

1 Design Changes 61.5% Design Changes 44.4% 

2 Lack of planning 46.2% Lack of planning 44.4% 

3 Poor supervision 38.5% Change of Scope 38.9% 

4 Delayed Payments 38.5% Lack of Skilled Labor 33.3% 

5 Incompetent Project Team 30.8% Weather Conditions 27.8% 

6 Weather Conditions 30.8% Inflation 27.8% 

7 Lack of Skilled Labor 30.8% Poor estimation of schedule 27.8% 

8 Poor Quality of Construction 
Material 

30.8% Procurement issues 27.8% 

6 Conclusion and Recommendations: 

It is concluded that design changes and lack of planning are the factors which significantly affect the performance of a 
project in terms of time and cost. Further, other factors such as lack of skilled labor and poor weather conditions also found 
as major causes of time delays and cost overruns. By controlling these factors through latest management tools, project 
performance in terms of time and cost can be improved. 

 It is recommended to overcome major causes such as lack of planning and design changes, change of scope, poor 
estimation and quality of construction materials, latest tools can be used. Amandin and Kule [14] studied that Gantt Bar 
Chart, Critical Path Networks/Method (CPM), Program Evaluation and Review Technique (PERT), Elemental Trend 
Analysis/Line of Balance (LOB), Precedence Network Diagram (PND), and Simulation are very much effective for 
controlling time delays and problem of poor planning. Further, design changes, scope changes, accurate estimation, clash 
detection and issues of quality control can be controlled through Building information modelling (BIM) [20]. Moreover, 
Fuzzy Analytical Network Processing, Fuzzy Artificial Neural Network, Fuzzy Monte-Carlo Simulation, and Fuzzy 
Bayesian Belief Network are used to understand the uncertainties in a project in terms of time delays and cost overruns 
[26]. After that Symbiotic Organism Search(SOS) algorithm can be used to find out multiple feasible solutions for project 
manager[27].Lastly, issues of procurement and lack of skilled labor can countered by adopting Quality Based Evaluation 
of firms and rigorous trainings of workers respectively.  
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Abstract- Compare commercially available BIM estimating tools, performance, and new 
construction workflows in a 5D BIM-based construction project At this point in the design 
process, the cost of the project is usually approximated due to industry segmentation and 
the design line's segmentation. Very far along in the design process, which means it's too 
late to assist various stakeholders in making well-informed judgments. Perform In the 
design phase, value engineering and calculating early expenses have the ability to speed 
things up. High-quality, cost-effective buildings are the result of a more efficient project 
delivery procedure. There is a focus on changes in the workplace as part of the initiative. 
The Building Information Model (BIM) Estimation Process has been implemented in the 
construction project. Several BIM-based cost estimation software packages have been 
evaluated to support the various stages of design in this project. Examined the benefits 
and drawbacks of working with this software. The project's BIM-based estimation process 
was analyzed for its work practices and workflow [1]. Ultimately, we came up with a 
multi-stage technology adoption plan. 

Keywords- BIM, Informed-decisions, multi-stage technology, Stakeholders, Workflows 

1 Introduction 
The cost of the design process is typically assessed over time due to the segmentation and percentage of the building 
industry. Because of this, it is a long way behind in terms of design. Assistance in decision-making for a wide range of 
stakeholders. Budget difficulties and the cost development process are typically highlighted in this Cost feedback [2]. The 
majority of construction engineering methods lower construction costs, performance, and quality of the build. There are 
numerous ways in which a company can speed up the process of producing high-quality, cost-effective projects, such as 
through value engineering. As long as BIM-based technologies have been available, expenses are based on just a few large 
ones. For construction companies, this functionality has been a boon. 

CAD-based (Computer-Aided Design) documentation is being replaced with BIM-based (Building Information Modeling) 
documentation in today's business. One of the advantages of BIM over CAD drawings is that it has a huge amount of 
information that can be digitally extracted. Construction projects can benefit from the application of BIM-based cost 
estimating methods.  

The primary goal of this project is to test and evaluate various workflows in BIM-based projects. As the first project to use 
BIM for cost estimating, this is an exciting step forward for the construction industry. Data and workflow modelling and 
comparison studies are the second building aspect. Lastly, to increase interest and awareness in implementing 5D BIM 
among key stakeholders of the Pakistan construction industry 
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2 Experimental Procedures 
The modelling process begins with the selection of a representative design project. Building Information Modeling (BIM) 
will be used for the modelling process. Revit 2019 is the tool of choice for modelling applications. After the project has 
been modeled, cost information will be added to the building components. 5D BIM Cost Estimation will then be done 
using tools like Autodesk Navisworks Manage 2019 and Sigma Estimates. In order to complete this task, we must:  

1. Several BIM-based cost estimating tools will be examined to assist different phases of design, including an
assessment of current estimation methods and a comparison with BIM, suggested processes gathered from the
literature (Eastman et al., 2011).

2. This software's advantages and drawbacks will be examined.

3. There will be a review of BIM-based estimating procedures and workflows.

2.1  Existing Estimation Processes and Workflows. 

The estimating process in the classic design-build procurement paradigm is simple and easy. Paper-based and prescriptive 
bidding documents are still common. In order to establish a project budget for the purpose of validating sub-trades and 
supplier costs, documents are scanned for on-screen take-off and quantity data is entered into cost estimation software 
(MS Excel). There are many advantages to using integrated procurement modes, such as iterative cost and constructability 
validations or checks during the design phase (Figure 1). 

Figure 1: Existing Cost Estimation Workflows 

3 Research Methodology  

3.1 BIM-based Cost Estimation Using Autodesk Revit 2019 

All views (with some exceptions) in Rivet are live demos of the model. This is done evenly to planning as well as 
Schedules. When it comes to Schedules, the model data appears in tabular form, but still offers a live view of the model. 
This means that there is no difference between the values shown in the schedule and the model and it also means that we 
can add and/or modify data in it (within logical limits) through the schedule itself. 
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3.2 BIM-based Cost Estimation Using Autodesk Navisworks Manage 

Navisworks® is a BIM (Building Information) project evaluation software that helps teams operate more efficiently 
together. 

1. Streamline the design and construction process by integrating the two.

2. Before building begins, identify and resolve issues and countermeasures.

3. To better control the outcome, gather data from many deals.

4. Simulate model objects by animating and interfacing with them.

5. Sample projects can be used to generate schedules.

6. External project management programmes can be used to import schedules and costs.

Autodesk design applications like AutoCAD Architecture, AutoCAD Civil 3D, and Revit are common places to start a 
normal workflow. It is the job of an architect or engineer or other designers to determine what features (model, layouts, 
layers and features) to include in a design file before it is published. Once the content is selected, the drawing is published, 
and the file is sent to the Estimator. Designers may scan or save their work as an image file before sending it out for 
assessment. The process of rectifying the Quantification workflow begins after the files are received. 

Open a design data source file in Navisworks. Open the Revit file by selecting Open and then browsing it. 

1. Open the Workbook for Quantification

2. Create a project plan

3. Takeoff items can be created or selected.

4. Hide anything you don't want on display.

5. For objects that aren't listed in the catalogue, use measurement tools (for virtual takeoff).

Any time you wish to takeoff objects that aren't related to a model object or item, such as objects with geometry but no 
properties (or objects without geometry but no properties), you can use virtual takeoff. If you haven't saved the properties 
from the original design programme with your file, or if what you wish to remove doesn't exist in the model, this could 
be a problem. A viewpoint can be assigned to the virtual takeoff item in either case, making it easier to find it later on in 
the takeoff process. As soon as you remove the virtual object from the equation, you may begin to add characteristics to 
it. 

3.3 BIM-based Cost Estimation Using Autodesk Revit and Sigma Estimates 

Software for estimating construction costs that is simple, quick, and accurate. The Live 5D Link between Revit and Sigma 
Estimate is the primary feature of this program. 

Open the project and add the sigma estimate extension to it: 

1. Select objects of the project and click on Element Properties as shown:

2. Link the objects with respective assemblies in Sigma. Make sure all objects have linked.

3. Click on Export to Sigma.

4. Select settings if required.

5. Open Sigma Estimate, see all the quantities extracted.
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Go to Libraries and click update from library-it will connect the Revit model with sigma cost libraries. It will add prices 
to the activities. Check Resources Tab for all the resources required. Data can be exported to MS Project for scheduling 
and analysis. 

4 Results 
Based on our experience of these 5D BIM applications usage following are the 
results: 

Table 1 Comparison of different software’s for 5D Cost Estimation 

Parameters Autodesk Revit Autodesk 
Navisworks 

Sigma Estimates 

Time Saving as compared to 
traditional methods 

10 % 20 % 30 % 

Accuracy of Cost Estimate High Medium High 
Difficulty Level of operating 

software 
Low High Medium 

Investment Cost for buying 
software 

Low Medium High 

Cost Analysis & 
Management 

Low Medium High 

Cost Databases No No Yes 
Suitable Stage for 

Estimation 
Early Stage After Final Design All Stages 

BOQ’s Short Detailed Highly Detailed 

4.1 5D BIM Status in Pakistan 

In spite of this, Pakistan has a long way to go in terms of infrastructure development due to shoddy construction methods 
in the industry (Maqsoom et al., 2013). It is clear that Pakistan's construction industry has a wide range of risks, including 
early failure and lack of facilities, planning and management changes in the scope of work/design, and corruption, 
complaints, and conflicts (Shabbar et al., 2017). Design errors and omissions, variations in drawing preparation and 
approval, deviations from drawings and specifications, unrealistic deadlines and cost estimates, improper planning, poor 
coordination among project stakeholders, and poor contract management have all been cited as the primary causes of the 
significant delay and increase in costs (Gardezi et al., 2014). 

Contractors are expected to review construction drawings, specifications, and amendments as quickly as possible after 
they are presented to a contractor to begin building a facility and to notify any changes. In order to match CAD files and 
layout drawings, it requires time to analyze and compare the two. Inadequate vision, inaccuracies, and a lack of accurate 
information plague it (Fatima et al., 2015). As a result, the project manager will have to spend a lot of time and effort 
managing the site for valuable information (such as plans and specifications) and communicating with construction 
participants on the site and in the office (Park et al., 2016). Eventually, this results in conflict. Consequently, the Objectives 
of this project are on the line. A growing number of scholars in developing nations, such as Pakistan, have recognized the 
importance of BIM in today's building sector and have begun spreading the word about its advantages to all parties involved 
(Fatima et al., 2015). 

In order to learn more about the current state of BIM models in Pakistan, we polled construction managers and project 
managers from organizations that are members of the Pakistan Engineering Council. BIM was found to be moderately 
well-known by 51% to 12% of respondents, while 8% were unaware of the advantages or uses of BIM. According to a 
survey conducted by (Maqsoom et al., 2014) [3], just 27 percent of AEC organizations in Pakistan employ BIM, while 73 
percent of organizations are not involved in the BIM adoption process at all. According to these findings, Pakistan's 
construction industry is lagging behind in the adoption of BIM [4]. A few studies have examined Pakistani construction 
companies' reluctance to use BIM (Maqsoom et al., 2014). Problems that arose during the implementation of BIM were 
viewed as opportunities for awareness and instruction (Ismail et al., 2017 & Masood et al., 2014). 
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Drawings and construction data for an existing building should be redrafted using BIM concepts in order to illustrate the 
benefits of BIM to stakeholders in the construction sector in Pakistan. If you compare that to the typical way of doing 
things (Maqsoom et al., 2014) [5]. Our goal in creating this case study is to raise interest in and knowledge about the use 
of 5D BIM among Pakistan's construction industry's major stakeholders. 

4.2 Recommendations to implement 5D BIM in Pakistan 

1. BIM education should be made available in universities.

2. Complete courses of BIM should be introduced in degree programs in Architecture, Civil Engineering & Building
Engineering.

3. Awareness of the benefits of 5D BIM should be given to engineers in practice by arranging seminars and
workshops.

4. Private Cost database should be developed and should be available at a low price.

Technical experts of 5D BIM should be hired to get the maximum benefits of 5D. 

5 Conclusion 
The construction sector is undergoing a paradigm shift as a result of the rise of BIM. Although it is possible to integrate 
more than five dimensions of information, the complexity of BIM implementation may increase significantly if more 
information is included. This initiative, therefore, aims to measure the next benchmark, 5D BIM, by conducting qualitative 
research. Observations clearly show that 5D BIM applications are practicable on a significant level. Decision-makers have 
been able to perform a sophisticated interpretation of information that is nearly impossible with the typical 2D CAD 
workflow because of information integration. A further finding implies that stakeholders who are unable to use BIM 5D 
may be unable to take full advantage of its features. Therefore, stakeholders who are unable to use BIM commit to building 
BIM capability benchmarking in the 5D BIM process. By virtualization of the 5D BIM, the project's clients will be able to 
participate in it with less of a learning curve. When the gap between expectations and results is filled, clients will be 
happier. Research on the development of best practices for 5D BIM is needed in general. Following extensive testing and 
evaluation, we can conclude that any of these tools can be used to create a more accurate, faster, and complete cost estimate, 
but it requires technical experience and expenditure. 
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Abstract- Building Information Modeling (BIM) is a 3-D Model-Based process of 
creating and managing data, which assists designers, contractors and engineers. 
Moreover, contemporary technologies are assisting engineers to fulfill the expectations 
of customers in an effective way, as the demands of designs are getting complicated with 
every passing day. As a result, by utilizing the theory of BIM, engineers can build, design 
and handle infrastructures and buildings in a facile way. The implementation of BIM in 
Pakistan is very low as compared to the gulf and other developed countries. In Pakistan, 
the ratio of BIM is only 11% [1] because of using traditional methods, which can easily 
be handled with the help of BIM. BIM is more economical than using traditional methods 
of construction in terms of cost and time. The implementation of BIM in Pakistan faces 
many barriers, for instance, awareness issues, shortage of BIM professionals, problems 
of investment in new technologies, etc. This paper aims to identify the problems that 
hinder the acquisition of Building Information Modelling (BIM) in Pakistan. Also, we 
highlight the solutions to implement Building Information Modelling (BIM) in Pakistan. 
Furthermore, we have suggested a roadmap to improve the implementation of BIM in 
Pakistan. 

Keywords- Building Information Modelling (BIM), Barriers in BIM implementation, Solutions, Road map. 

1 Introduction 
 Building Information Modeling (BIM) is a 3-D Model-Based process of creating and managing data, which assists 
designers, contractors and engineers. Moreover, contemporary technologies are assisting engineers to fulfill the 
expectations of customers in an effective way, as the demands of designs are getting complicated with every passing day. 
As a result, by utilizing the theory of BIM, engineers can build, design and handle infrastructures and buildings in a smooth 
way, as it assists professionals having better collaboration by yielding vital insights of the under considered project. BIM 
is not only a 2D or 3D modeling process of visualization, but it is more about providing details and information about how 
buildings will function effectively. The model components are correlated, and design parameters are defined with the help 
of the data in the model. By varying the parameters of the model, whole window gets updated with respect to the variations 
in terms of elevation, sheet views and section. The management of building design and project data in digital form across 
the course of a building's life cycle is now possible thanks to the new approach known as BIM, which also allows for 
information sharing and interoperability among stakeholders. Construction industry players have adopted it and are 
increasingly implementing it in a variety of fields due to its potent benefits for reducing costs and time while enhancing 
production and efficiency [2]. 

BIM is very popular in the world because, in BIM based software’s like Revit, we can collaborate with Structural, MEP 
(Mechanical, Electrical, and Plumbing), and Architectural. When we open a file in Revit, then Structural, Architect, and 
MEP can access the file and start their working. Since its release in 1997, Revit has been revolutionizing the field of 
architecture and construction. Contrary to other software’s that are dependent upon one thing, in Revit, we can perform 

Page 261 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-336 

Structural, MEP, and Cost Scheduling work simultaneously, and in fact, Interior, Exterior, and landscape views are also 
visualized in Revit through BIM. In BIM software’s, we can quickly generate a design during the planning by automatically 
generating the view in 3-D on an alternate window. The main and the most important feature of BIM is collaboration and 
communication, so that builders and architects can do their work on the same project without any disturbance. Also, the 
model gets updated when one work is done, while others who are associated with the project can access it. BIM is 
significantly vital in terms of improving efficiency, particularly during the time intervals of construction and designing, as 
it assists in decreasing the required time without compromising on cost and efficiency. Furthermore, better clearness can 
be achieved, if we opt for BIM from starting to the completion of a construction project. It enables important stakeholders 
to view digestible, day-to-day pictures of development on the construction site, in addition to the benefits provided for 
subcontractors. 

These real-time summaries aid communication and reduce the amount of rework that a project requires overtime. Because 
all subcontractors on the project have access to the same centralized BIM designs, they can communicate with one another 
and share critical information. If someone is making a change in the project, then everyone who is associated with the 
project can see it. By using old methods of construction, there are lots of chances in terms of materials wastage like cement, 
sand, bricks. A BIM based 3-D model can also assist in reducing the quantity of the required materials. With the help of 
BIM, we can know the material quantity by cost scheduling during the pre-construction. For example, if we want to 
construct a wall of building, then we will already have the estimations such as how much bricks and mortar are required 
to construct the wall, as we already have visualized the wall in 3-D. Actually, BIM can be applied in variety of disciplines 
in terms of construction life cycle, from conception to implementation of the finished structure.  Kreider & Messner used 
BIM 25 times during the project, from start to finish. Because of many factors such as cost, time, and resources, the specific 
usage is dependent on the project's goal [3]. 

In the planning phase, we create the 3-D of the project and then we move to the existing condition modelling in which we 
create the 3-D model of the present situation of the site along with the available facilities on the site. This model can be 
created in many ways like by conducting surveys depending on which method is suitable for the present condition. We can 
make cost estimation more accurately and in a detailed way using BIM. It has ability to attach information about materials 
and their cost, and we can make changing for the future.  We then move to the phase planning stage in which we make the 
scheduling (4D) that tell us the start and the finish time for our project. The site analysis for that BIM/GIS tool is then 
utilized to compute the parameters in the desired region to compute the most favourable site region for the upcoming 
experiments. The design phase involves scheduling and estimation (4D&5D). The scheduling ensures the building will be 
ready within the time and the estimation gives the idea about the cost of the materials. We then analyse our structures to 
establish the distribution of internal forces, moments, stresses, and displacement on the building to investigate the stability 
of the structure. Energy analysis can also be done to calculate the building energy performance. After completing the 
design process, the next step is to start the construction. As we have already computed the estimated cost and scheduling, 
we will have the idea, such as which and how much required amount of materials are needed to be purchased from the 
market. BIM assists to manage price and schedules, improving accuracy, efficiency and quality during the construction. 
In terms of operation, it involves the building maintenance scheduling, which proves to be quite beneficial in maintaining 
buildings along with their working functionally. The building system analysis then assesses how well a structure performs 
in comparison to its design. This entails how a building's mechanical system works along with the power consumptions. 
We then come to the asset management and disaster planning of the building [4]. The purpose of this paper is to identify 
the barriers that Pakistan is facing in way for the implementation of BIM, its solutions. At last provided a road map to 
implement BIM in Pakistan. 

2 Literature Review 
Building information modelling (BIM) is a procedure that turns the building industry's fragmented, antiquated methods 
into a seamless, modern one. To collect, generate, analyze, and manage the digital representation of the produced project 
model, many tools, technologies, and contracts are used. Scheduling, costing, and facilities management are just a few of 
the applications of BIM, a well-known n-D modelling platform for effective communication and cooperation. The 
construction sector benefited greatly from the deployment of BIM across the project life cycle [5]. BIM has demonstrated 
its ability to increase productivity and efficiency during the design phase. BIM can combine automatic scheduling and cost 
analysis during the construction stage, allowing for improved project delivery coordination and quality [5]. BIM’s origins 
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may be traced back to the 1950s, when computer-aided design, or CAD, was first used. During 1960s, Hanratty created 
the first commercial Computer-Aided Machining (CAM) in 1957. In 1963, Ivan Sutherland created CAD software by 
developing a Sketchpad, which is a graphical user interface. Actually, Sketchpad was an application that allowed the user 
to create drawings. Interface with the application graphically using a display, a light pen for drafting, and a pair of tabs on 
which the designer could input settings and limitations. In 1970s, during the transition from two-dimensional (2D) to three-
dimensional (3D), CATIA was created by the French Aerospace Company. CATIA is a well-known software program. 
Actually, the creation of BIM takes us to the era of 1970s, when AIA journal published a paper, written by Charles M. 
Eastman, related to the prototype functioning which debated on the vital parameters that collect information from facades, 
maps, sections, and viewpoints. Moreover, instead of entering changes many times, all the relevant drawings get updated 
with merely a single change, which helps in the computation of cost with the aim of having the desired supplies and tools 
being accessible rapidly [6]. 

2.1  Barriers in BIM Implementation 

Most people in our country do not know about BIM because there is a lack of awareness. They complete their projects 
without using BIM. The ratio of BIM used to complete projects in Pakistanis is quite low due to using old methods of 
construction which enhance both cost and time. Also, the initial investment cost of BIM software and Hardware is quite 
high, as the training is also expensive and there are not enough resources available to install BIM in system hardware. It is 
expected that BIM will yield crucial advantages to industries (AEC), but its adoption and execution demands price as with 
contemporary devices. The implementation of BIM technology requires a lot of financial resources in terms of training, 
education, administrative and initial investments, and costs during the transitional period. Due to the requirements of high 
financial resources, mostly large industries opt for BIM. Also, we require high storages devices and certain software’s for 
the execution of BIM, which further enhances the required amount. These high-cost issues enhance the distance between 
professionals and BIM in terms of its adoption [7&8]. There are less experts in Pakistan who can implement BIM in the 
construction sector because of the BIM software issues in terms of learning and complexity among the engineers, and they 
prefer the old method to complete the project. The construction firms of our country are also not affiliated with BIM, and 
they complete their construction projects without using it. In fact, clients also don’t know about BIM; therefore, they do 
not demand to complete their projects by using BIM [9]. The lack of skilled or well-trained BIM professionals is one of 
the main obstacles in terms of adopting BIM in the development section, since productivity of BIM is completely 
dependent on the qualification of the person using the BIM tool. For the successful implementation of BIM, the project 
team members must be skilled in their respective specific field regarding BIM. Implementation of BIM has the barrier of 
several legal aspects. One of the most important aspects is related to the ownership of data. There is always a conflict of 
interest among the owner and developer, but sometimes the claims are also made by architects and designers. There is no 
universal solution to this problem, but can be managed by case to case and project to project depending upon the 
circumstances of each project. Another important problem in this field is related to the rights of accessing and controlling 
the data, as every partner claim to possess access and rights to keep, modify and control the data. In case of multiple 
accesses, the issue of inconsistency, inaccuracy, and irregularity of data may happen, and no one will be ready to take 
responsibility of that issue [10]. 

2.2 Solutions 

The top three strategies for increasing the adoption of BIM in Pakistan are Workshops, Lectures, and Conference Events 
[11]. To familiarize people with BIM, it is required to conduct workshops, arranging seminars, and group discussions to 
spread awareness of BIM among people. The advantages of BIM should be emphasized to the organization's decision-
makers, so that they support and set up seminars, conferences, and workshops on BIM for their staff. By providing 
incentives and compensation, businesses should keep their skilled and knowledgeable workforce. The next step is to open 
coaching centers to teach about BIM with no or minimum amount of fees. Top management should train workers on 
contemporary advancements in the field to overcome conventional ways of thinking. 

By overcoming the reluctance to co-operate with other BIM professionals [12], clients should be informed about the 
benefits of BIM technology so they can better understand its uses. A standardized approach should be taken by the 
government when deploying new technologies. Consistent policy should be followed and legal difficulties should be 
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resolved [13]. It is essential to equip students with the theory of BIM in educational institutes with the aim of improving 
the skills of upcoming young generation. Conference events should be organized to enhance public awareness. 

2.3 BIM in Pakistan 

Undoubtedly, the development sector is considered as the backbone of Pakistan's economy. It is one of the most 
employment-producing sectors in Pakistan. From 2016 to 2017, Pakistan has witnessed a growth of approximately 9.05 % 
in the development sector [14]. Unfortunately, the percentage of using BIM in Pakistan is only 11% [1]. This is because 
we are still using traditional methods of construction which enhance the cost and time. Also, the development sector of 
Pakistan is experiencing serious issues due to inadequate organizing, misconduct problems, alternations in the design and 
scope, and quality problems [15]. Moreover, in addition to the above discussed issues, other issues, such as improper 
designs, time problems, delays in terms of accepting projects, disputed between the organizing staff members, insufficient 
actions, and the communications issues between the required organizations [16]. 

Meanwhile, BIM is utilized in many developed nations, such as in Germany, it is 90%, in the U.S.A, it is 79%, in Canada, 
it is 78%, in the U.K, it is 74%, in China, it is 67%, in Europe, it is 42%, in the Middle East, it is 25%, in India, it is 22%, 
and in Pakistan, it is only 11% [1]. We can see the difference in terms of implementing BIM in developed countries and 
other developing countries like Pakistan. It is pivotal to resolve the issues of development sector by introducing national 
polices at the government level. It is essential to make action plans at the national level along with taking all the required 
steps in terms of resolving the issues of the construction industry [17]. 

3 Future Frame Work  
The Higher Education Commission (HEC) may start BIM as an academic course in colleges and universities to aware 
people about BIM. In Pakistan, most of the clients do not want to create their house or building in a 3D model because 
they do not want to spend money creating 3D models, as they are unaware about the benefits of BIM. Therefore, the 
benefits are required to be discussed with customers with the aim of raising awareness related to BIM applications. 

Figure 1: Proposed plan to improve the implementation BIM in Pakistan 

The Implementation of BIM in Pakistan is only 11% [1], which is extremely less by comparing it with other developed 
nations. To increase the implementation of BIM, we will have to initiate some important steps ourselves by creating a BIM 
society and engage with people which are interested in BIM like architects and engineers working in different firms of 
Pakistan. After creating the society of BIM, we can possibility expand it towards different major cities across Pakistan 
where the construction ratio is high like Islamabad, Karachi, Lahore, Peshawar, and Quetta, and also advertise it on social 
media platforms as possible. People in developing countries like Pakistan do not know BIM. They complete their 
construction project without BIM because the implementation of BIM is quite low. Furthermore, the people of the society 
like architects, and engineers working in different firms should share the advantages of BIM with their clients, so that the  
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maximum number of people get interested to complete their construction project by using BIM. In addition, the BIM 
society should collaborate with the government and raise our concerns about the implementation of BIM. For its 
implementation, we should open coaching centers to teach about BIM. BIM society which is working across Pakistan 
should conduct more workshops, and conference events on a domestic level and also some lectures in the universities, so 
that people have better information about BIM. Conducting workshops, and conference events will help to deliver our 
message to more people, allowing more interest of people in this field along with helping to create more BIM professionals. 
As the number of BIM professionals increases, there will be more chances of increasing the implementation of BIM in 
Pakistan. 

4 Relevance of Research 
The purpose of this paper is to implement BIM practically in those regions where the ratio of BIM is very low. So, the 
results of this paper will prove useful for them to implement BIM practically in their field. 

5 Conclusions 
The following conclusions can be drawn from the conducted study: 

1. BIM is a suitable platform for the AEC professionals because it helps to eradicate communication gap among
various stakeholder’s communication, collaboration, and reduce fragmentation. As a result, understanding the
concept of BIM is required to assist stakeholders in the AEC industry in adopting and implementing BIM.

2. There will be less wastage of time and materials in construction, as BIM aids in finding the exact material quantity,
cost estimation and scheduling during the pre-construction phase. BIM is helpful in detecting the clashes amongst
various models of any construction project prior to the real execution. Thus, it reduces the design and execution
complexities.

6 Recommendations  
Following recommendations can be drawn from the conducted study: 

1 Workshops, seminars, lectures, and conferences on BIM can help spreading awareness about the benefits of BIM. 
They will also help in bringing the professionals at different levels in contact with each other. 

2 A dedicated society of BIM can play a vital role in the implementation of BIM at gross levels even in developing 
countries. 

3 Collaboration with BIM professionals at national and international levels can help in capacity building of 
developing countries. 

Acknowledgment 
We would like to thank our parents, respected teachers who helped thorough out the research work, especially Civil 
Engineering department. The careful review and constructive suggestions by the anonymous reviewers are gratefully 
acknowledged. 

References 
[1] Imtiaz Ali Bhatti, Abd Halid Abdullah, Sasitharan Nagapan, Nbi Bux Bhatti, Samiullah Sohu and Ashfaque Ahmed Jhatial, 

"Implementation of Building Modelling(BIM) in Pakistan Construction Industry," Engineering, Technology and Applied 
Science Research, vol. 8, No. 4, 2018, 3199-3202. 

[2]     Ilhan B, Yaman H. Meta-Analysis of Building Information Modeling Literature in Construction. Int. J. Eng. Innov. Technol. 
2013;3(4):373–9. 

[3] Wan Nur Syazwani Bt Wan Mohammad, Mohd Rofdzi Bin Abdullah and Sallehan Ismail, " Understanding the Concept of 
Building Information Modeling: A Literature Review," Vol. 8 , No.1, January 2018, , E-ISSN: 2222-6990. 

[4] https://www.letsbuild.com/blog/a-history-of-bim 
[5]     C. Eastman, P. Teicholz, R. Sacks, and K. Liston, A Guide to Building Information Modeling for Owners, Managers, 

Designers, Engineers, and Contractors 
[6]       Branz, ‘‘Productivity Benefits of BIM 

Page 265 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-336 

[7] Bilal Manzoor, Idris Othman, Syed Shujaa Safdar Gardezi and Ehsan Harirchian, "Strategies for Adopting Building 
Information Modeling (BIM) in Sustainable Building Projects: A Malaysian case study, Buildings 2021, 11, 249. 

[8]      Olawumi TO, Chan DW, Wong JK, Chan AP, "Barriers to the integration of BIM and sustainability practices in    construction 
projects, " A Delphi survey of international experts,Journal of Building Engineering. 2018; 20:60−71.  

[9] Umar farooq, Dr. Kashif ur rehman, Rafaqat sohaib, Nasir khan and Adnan haider, "Adoption and Awareness of Building 
Information Modelling (BIM) in Pakistan," 1st Conference on Sustainability in Civil Engineering, August 01, 2019, Capital 
University of Science and Technology, Islamabad, Pakistan, Paper ID:308. 

[10]   Liu S, Xie B, Tivendal L, Liu C, "Critical barriers to BIM implementation in the AEC industry, " International Journal of    
Marketing Studies. 2015, 7(6), pp. 162.  

[11]        Memon AH, Rahman IA, Memon I, Azman NIA, "BIM in Malaysian construction industry: status, advantages, barriers and  
strategies to enhance the implementation level, " Research Journal of Applied Sciences, Engineering and Technology. 2014; 
8(5):606−14. 

[12]      Fida Siddiqui, Muhammad Akram Akhund, Tauha Hussain Ali , Shabeer Hussain Khahro, Ali Raza Khoso and Hafiz Usama 
Imad Vol 12(25), DOI: 10.17485/ijst/2019/v12i25/142325, July 2019 

[13]     Sardar Kashif ur Rehman, Arbab Faisal, Mohammed Jameel, Fahid Aslam Appl. Sci. 2020, 10, 7250; 
doi:10.3390/app10207250 

[14]     Pakistan economic survey August 2018 
[15]    Shabbar, H.; Ullah, F.; Ayub, B.; Thaheem, M.; Jamaluddin; Gabriel, HF, "Empirical evidence of extension of time in 

construction projects, "J. Leg. Aff. Disput. Resolut. Eng. Constr. 2017, 9, 04517008. 
[16] BIM Process through A360 Cloud. Available online: 

https://bimandbeam.typepad.com/.a/6a00d83453439169e201b7c73706ed970b‐pi (accessed on 14 August 2020) 
[17]  Haron, A.T.; Marshall‐Ponting, A.J.; Aouad, G, "Building information modelling in integrated practice,". In Proceedings of 

the 2nd Construction Industry Research Achievement International Conference (CIRIAC 2009), Kuala Lumpur, Malaysia, 3–
5 November 2009. 

Page 266 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-337

FIBERGLASS AS AN INSULATION LAYER IN      

ROOF GARDENING 

 a Hoorab Shoaib*, b Hafiz Aiman Jamshaid, c Hassan Sardar Cheema, d Umar Waqas

a:. Department of Civil Engineering, University of Central Punjab, hoorabshoaib6@gmail.com  
b:  Department of Civil Engineering, University of Central Punjab, aiman.jamshaid@ucp.edu.pk 
c: Department of Civil Engineering, University of Central Punjab umarwaqas1998@gmail.com 

d: Department of Civil Engineering, University of Central Punjab,  
Corresponding Author Email ID: hoorabshoaib6@gmail.com 

Abstract - The purpose of this case study, document review is to create awareness 
among people about the benefits of fiberglass insulation and to recommend its use to 
reduce heat loss in summer as well as prevent heat loss in winter. A low-cost option 
is based on the use of a fiberglass insulation layer to ensure light barriers and 
insulation with reflective elements. Anyone can use it and install it on the roof of their 
house.The insulation layer is one of the essential layers of roof gardening. After 
providing insulation material to the roof building use less energy for heating and 
cooling.  Just like in summer it prevents the building from overheating and in winter 
it prevents the building from getting too cold. So fiberglass insulation is the best way 
to protect the building from overheating.  Fiberglass insulation makes building more 
energy-efficient. There is a lot of pollution in Pakistan cities like noise pollution, 
water pollution, and air pollution. Fiberglass keeps noise out of our homes. The major 
purpose of writing this paper is to make fiberglass more efficient and economic so 
that people can easily use it as insulation material in buildings to prevent heat and 
cold. 

Keywords – Insulation layer, roof gardening, advantages of roof gardening, cost estimation. 

1     INTRODUCTION 

Roof gardening is simply defined as a garden on the roof of our houses. Roof gardens provide a lot of benefits. 
These include increment in oxygen, reducing pollution, cleaning the environment, reducing the heat of building, 
reducing the energy cost, and protecting our roof from moisture in the rainy season. With the increment in 
population, pollution is also increasing over time. People use different vehicles that produce harmful gases and 
these gases affect human health. Air pollution is a major problem today because it causes dangerous diseases in 
humans. So rooftop gardening is a great way to keep the air clean and free of hazardous gases. This study 
emphasizes knowledge based on journals, Various reports from research organizations, the Internet, and a visit to 
an Urban Landscape Architectural firm called eGarden.  
The visit to eGarden was essential to understand the benefits, components, materials, and alternatives (depending 
on the condition of a roof), and their cost. Roof gardening consists of  some key components. The components 
include the following layers : Waterproofing, Protection layer, Lightweight fills and thermally insulating layers, 
Drainage, Filter layer, The soil layer, Vegetation, Irrigation, and Maintenance considerations. Roof gardening also 
provides fresh food, fruit, and vegetables.  
Pakistan is one of the main victims of climate change. In Pakistan, the rapid population growth, and poor urban 
planning have resulted in an unhealthy and fragile environment in the major cities like Karachi and Lahore. Still, 
the Government of Pakistan does not have any specific policy provision or legislation that promotes urban 
agriculture or rooftop garden in particular. So roof gardening is the cheapest way to enhance gardening, reduce 
pollution and make the environment healthy.  
Roof gardening consists of different layers that protect our roof from damage.These layers involve the 
waterproofing layer, protection layer, insulation layer, drainage layer, and vegetation layer. Every layer has its 
purpose.  These layers protect our roof in different ways. My aim is to discuss the insulation layer, its types, and 
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its advantages. Insulation material is used to control the entrance of heat, cold, and noise from entering the 
building. Now a day’s people have a lot of options to use insulation material but the best insulation material is 
fiberglass. 
Fiberglass is the best insulation material. It is made of special fine glass fibers. It has high tensile strength. It is 
used in different types of insulation materials like batts, rolls, and loose fills. It is also used in the form of rigid 
boards. Fiberglass can get molded into different difficult shapes. Just like we can use fiberglass in boats, roofing, 
and aircraft as well. We have a variety of materials that provide insulation to our home by creating small spaces, 
where air pockets can control the flow of heat.  
Fiberglass insulation does the same job. Fiberglass is made up of small, thin glass fiber that forms several air 
pockets that help control the flow of heat and cold [2]. So the main purpose of writing this paper is to inform 
people about the major benefits of fibreglass insulation which are saving of money  and sound control. Installing 
fiberglass insulation helps you maximize your home's energy efficiency and saves your money each year by 
reducing your heating and cooling costs. 

2    LITERATURE REVIEW 

Below are the common types of insulation material, 

2.1 Cellulose insulation 

It is the oldest form of insulation that people can use in their houses. It is in form of loose-fill or blow-in insulation. 
Both these forms can be used in both old and new houses. Cellulose is fiber insulation.  It is used in enclosed 
existing walls and unfinished floors. Now a day's mostly companies make cellulose insulation. It is primarily 
made from recycled newsprint. Mostly 75-85% of cellulose insulation is made by recycling paper [3]. 

2.2  Polyurethane foam 

Polyurethane foam insulation is a new and effective method of insulation for buildings. Labour applies it by 
spraying, in this way it reaches the smallest of gaps. Its perfect installation is an important step. It provides the 
damage-resistant insulation of a house. It also improves living comfort and reduces bills. 

2.3   Mineral wool 

Mineral wool is also known as mineral fiber and mineral cotton. It is made of fibrous material which is formed 
by spinning molten mineral or rock material like slag and ceramics. It is used for soundproofing. Most people 
avoid it because it is an expensive type of Insulation. The high cost of mineral wool is its major drawback  

2.4   Fiberglass 

 Fiberglass is the best insulation material. It is made of special fine glass fibers. It is used in different types of 
insulation materials like batts, rolls, and loose fills. It is also used in the form of rigid boards. Now a day’s mostly 
manufacturers made medium and high-density fiberglass batt insulation because these have a higher R-Value than 
simple and low-density fiberglass batts, according to the U.S Department of Energy [2].  Most people use batt 
because it is a common type of batt.  

o Less in weight

o High strength

o Less brittle

These batts are available in different thicknesses mostly in the range of 3 to 6 inches.  Fiberglass is primarily used 
in all types of buildings to prevent or slow down the transfer of heat in summer and cold in winter. Fiberglass is 
a great option for homeowners who want to save money cheaply. The properties of fiberglass are as follows, 
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     Figure 1 : Fibreglass insulation diagram 

2.4.1     Types of fiber insulations 

Nowadays manufacturers are making several different types of Fibreglass insulation. We've to carefully choose it 
according to our house area like if we're only looking to install insulation in the roof so it is different from wall 
insulation.  There are three main types of Fibreglass insulation which are as follows: 

2.4.2 Batt insulation  

This is the most common insulation type used to insulate walls and ceilings. The insulation batts are long having 
circular shapes like rolls. These batts are made of a very fine layer of fine glass stands. It is a very thick blanket. 
Batt insulation can also be made from cotton or stone wool. 

The hugest advantage of batt insulation is its lowest price. It is the least expensive way that we can use for our 
home insulation. So most people have to prefer this insulation for their houses. People can save their electricity 
bills most cheaply. Secondly, it is so easy to install. We can also install it in our houses by ourselves and in this 
way, we can reduce labor costs as well. 

2.4.3  Loose-fill insulation 

Loose fill is made of cellulose, fiberglass, and mineral wool. All these materials are produced by recycling the 
waste materials. It consists of small particles of fiber and foam. So we can easily conform them to any place in 
our house.  

It gives us the following advantages 

1. We can install it in any roof shape
2. It can provide better insulation by up to 22% [2]
3. We can achieve a higher R-value starting with a loose fill
4. Not too much expensive/cheap
5. Only 2 persons can install it easily

2.4.4 Rigid fiberboard insulation  

It is mainly made of fiberglass or mineral wool material.  It is mostly used for insulating air ducts in homes. It is 
also used in places where the temperature is high. Its range is 1 – 2.5 inches. It gives us the following advantages: 

\/\/\/\/\/\/\/\/\/\/\/\\/\/\/\/\/\/\//\//\\//\\\/////\/\/\/\/\/\/\/\/\/\/\/\/\/\///\/\/\/\/\/\/\/\/\/\/\/
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1. High R-value
2. It can control moisture
3. We can use it on both sides of the wall or ceiling
4. It prevents air leakage

3    METHODOLOGY  

This study emphasizes knowledge based on journals, Various reports from research organizations, the Internet, 
and a visit to an Urban Landscape Architectural firm called eGarden. The visit to eGarden was essential to 
understand the benefits, components, materials, and alternatives (depending on the condition of a roof), and their 
cost. The thickness of the glass wool insulation has a great influence on the audile and thermal insulation value. 
The thickness of fiberglass insulation starts at 60 mm and increases to 20 mm (80, 120, 140, 160, 180,…)[6].A 
minimum thickness of 160 mm is recommended to insulate a pitched roof. You can also work with two alternating 
layers to make sure there are no seams[6]. Insulation values and properties of blankets and fiberglass batts are; 

1. High storage capacity  : 800 J/kgK
2. Lamda value      :  0.032 to 0.040 W/mL-K 
3. Density  : 25kg/m3 
4. Diffusion resistance     :  1

The important point about fiberglass insulation is its R-value and its thickness. The R-value tells us about the 
efficiency of insulation material.  The greater the R-value shows the more efficiency of insulation material. Simply 
the R-value tells us about the resistance of heat transfer through the 2D barrier. These barriers can be a layer of 
insulation, a window, or a complete wall or ceiling.  If you want to know about the perfect type of fiberglass 
insulation so it depends on the thickness of the batt. According to the US Department of Energy reports that if 
you want to use 3.5-inch thick fiberglass batt so it will offer an R-value of R-15 at (68 -80 Rupee)[1]. If you want 
to use 8-inch thick batt so it'll offer an R-value of R- 25 at (74 -90 Rupee) per square foot [1].  

TYPES  OF INSULATION R-VALUE 
BATTS 3.1 – 3.4  per inch  of thickness 

LOOSE FILL (WALL) 3.7  - 4.3  per inch of thickness 
RIGID FIBROUS 4 – 5 per inch of thickness 

Now if we talk about the synthesis of fiberglass, it is made of limestone, soda ash, feldspar, nepheline syenite, and 
silica sand. Silica sand is commonly used as a precursor to glass in fiberglass. The limestone and soda ash are 
used to help reduce melting temperatures. We need to carefully add all the ingredients to make the perfect quantity 
and quality of fiberglass. During the formation of Fibreglass insulation, all the materials are sampled at various 
steps in the process of formation just to maintain the quality.   

One of these steps is the batch of raw materials is fed into the melter then the glass fiber leaves the machine and 
last, the final cured fiberglass insulation product appears from the end of the production line. Most manufacturers 
of fiberglass insulation follow different ASTM testing procedures to adjust, measure and optimize the product's 
sound barrier performance and noise absorption. Manufacturers efficiently control their physical properties by 
adjusting the manufacturing variables like binder content, bulk density, fiber diameter, and the thickness of 
fiberglass insulation.  

3 COST ESTIMATION 

However, fiberglass insulation is not too much expensive. Most house owners can easily install this in their houses. 
The average cost to install fiberglass insulation starts at (175 – 320 Rupees) per square foot [5]. Installing 
fiberglass insulation in our houses reduces our electricity bills and saves our money. Its cost also depends on its 
installation method.  
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5    RESULT 

Make rooftop gardening a trend in Pakistan as its every layer offers many benefits. In this paper I have only 
explained the insulation layer and its benefits. If we talk about other layers then each layer is providing 
individual benefits. The biggest advantage of these layers is that you can use them individually on the roof of 
your homes. Now if you talk about insulation layer then following are the results that people will get after 
installing it. 

5.1    Energy Efficient and saves the bills 

Normally fiberglass insulation can reduce our electricity bills by up to 40-50%. It can also reduce noise pollution. 
Fiberglass insulation reduces heat in the summer and cools your roof. 

5.2   Environment friendly and flexible  

30 % Fiberglass is made from recycling waste material. This factor makes it environment-friendly. People can 
easily install it on their roofs because it is flexible.  Its flexible nature reduces its cost.  

         Figure 2 : Installation of fibreglass insulation in the walls and ceilings [9] 

5.3   Easily available and less expensive  

Fiberglass insulation is easily available in the market. Manufacturers mostly made batts and these are available at 
low prices in the market. The low cost of fiberglass insulation makes it the most useable insulation material. 

5.4    Incombustibility 

Fiberglass is a mineral material, it is incombustible in nature. It does not support a flame. It does not emit smoke 
or toxic products when exposed to heat.     

5.4 Practical implementation  

In this paragraph I've briefly explain the practical implementations of fibreglass as an insulation material. The 
best thermal barrier for industrial gaskets is a high temperature insulating material. Because fiberglass is enduring, 
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safe and offers superior insulation, fiberglass is one of the widely preferred materials in industrial gaskets. It also 
provides safety of machinery and professional manpower. Its biggest practical use is to wrap pipes and tanks 
because it can protect cold and hot surfaces from -60°F to 650°F. Fiberglass grating is used in bottling lines and 
wineries. Due to the salt water of the sea, the docks rust and fiberglass is used to protect it[8].     

6    CONCLUSION 

Fiberglass insulation is one of the cheapest types of insulation. Now the weather is very hot in summer and very 
cold in winter. People use air conditioners to reduce the heat from their homes in summer and this increases their 
electricity bills. So the best solution to this problem is to install fiberglass insulation in homes. It resists heat waves 
in summer and keeps our homes cool. It also reduces electricity bills by up to 50%. Plus, it's easy to install and 
less expensive. Nowadays, with the increase in population, noise pollution is increasing day by day. The 
atmosphere is getting hot and humid. Therefore, the installation of fiberglass insulation in your home also reduces 
noise pollution. 
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Abstract- Innovations have started to emerge in the construction sector with the 
developing technology. One of these innovations is the utilization of 3-dimensional 
printing technology. Civil engineers build structures using materials and techniques 
available in the times. 3D printing technology attracts attention since it is faster than 
traditional construction, less costly, less labor and less error margin in today. It is possible 
to produce structures with complex designs and small scaled various products, under 
favor of this technology. First of all, 3D model design is needed in order to produce 
structures with 3D printing printers. Optimized cement-based mortar material is used in 
3D printing printers. In order to be able to build layers on top of each other without 
collapse, and to perform 3D printing without shrinkage cracks, a building material recipe 
should be prepared by obtaining appropriate mixing ratios. While placing the building 
material, layered production is made without using a mold, and the width and thickness 
of the printing layer is constantly controlled during placement. Attention is paid to the 
use of sustainable building materials in buildings built using this technology. In addition, 
studies are carried out for zero waste in the use of materials. In this study, it is aimed to 
briefly introduce this new generation method along with its benefits, shortcoming and 
possible use as future of construction industry after eliminating these shortcomings. 

Keywords- 3D printing, Cementitious material, Construction automation, Digital construction, Sustainability. 

1 Introduction 
Industries have begun to re-establish their production systems with the developing technology. 3D printing technology has 
also been improving of late years, along with additive manufacturing. 3D printing technologies enable design optimization 
and have advantages over traditional manufacturing methods. It is necessary to keep up with the new age in order to survive 
in the variable sector with the increase in the competitive environment. The construction industry is also under the pressure 
of change due to technological developments. Therefore, it is attracting great attention in the construction industry as a 
new strategic challenge [1]. The application of 3D printers has taken its place in the field of engineering, especially in the 
field of medicine and automotive. There have been developments in additive production technology in layers with cement 
and various materials. This technology has emerged as a joint product of materials science, robotic coding and architectural 
design studies, using the advantages of shotcrete and self-compacting concrete. In this type of printing, the ability to pump, 
workability and construct of fresh concrete and the strength of hardened concrete are of great importance [2][3]. 
Rheological properties such as viscosity and yield stress are also considered critical properties to control the printable 
property of printer concrete.  

The lack of a certain standard in the mixture design and the insufficient number of studies affect these properties negatively 
[4]. Ultra-high strength concrete was also developed by [5] and it was revealed that the concrete samples printed by 3D 
printing technology provided high toughness than conventional method. A few researchers have also developed ways to 
print foam concrete by the 3D printing technology for various civil engineering applications. The type of concrete was 
found as sustainable and lightweight. This foam concrete developed by those researchers is applicable where the weight 
of structure matters [6].  The main purpose of this paper is to briefly review 3D printing technology and its applications in 
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the construction industry. The studies discuss the future of 3D printing technology in the field of construction and 
suggestions are made for possible uses in the construction industry.  

2 3D Printing Technology 
Traditional manufacturing methods are based on the principle of subtracting material from the raw material during the 
manufacture of parts. In additive manufacturing, which is one of the new production techniques that has become 
widespread today, unlike traditional manufacturing methods based on material reduction techniques from the part, the part 
is produced directly from the material. The device used in manufacturing manufactures the part layer by layer by following 
a tool path derived from the geometry of the part to be produced. It is possible to produce parts with complex geometries 
and the loss of material during manufacturing is at a minimum level due to this unique feature of additive manufacturing 
[7]. The foundations of the additive manufacturing method date back to the 1980s. It is known that the SLA-1 device 
produced by the 3D System company is the first 3D printer system [8]. Additive manufacturing is one of the modern 
manufacturing methods that has gained importance in recent years. It is a form of manufacturing in which the 3D model 
is obtained by adding layer by layer the powders to be built using geometric data. With additive manufacturing methods, 
parts with complex geometry can be obtained quickly [9]. The 3D manufacturing process is divided into subclasses such 
as SLA (Stereolithography), SLS (Selective Laser Sintering), FDM (Fused Deposition Modelling), DLP (Digital Light 
Processing), EBM (Electron Beam Melting) and LOM (Laminated Object Manufacturing) according to the materials used 
and the principle of combining materials. Table 1 shows a comparison of some additive manufacturing methods [10]. 

Table 1 Comparison of additive manufacturing methods [11] 

Method FDM SLA SLS EBM LOM 
Working 
principle 

Extrusion Stacking 
Technique 

Solidification of
photopolymer 
material with 

UV 
light 

Sintering of 
powder with 

CO2 
laser 

Electron 
Beam 

Melting 

Laser Cutting 
and 

Gluing of 
Sheets 

Material 
used 

ABS, polyamide, 
polycarbonate, 
polyethylene, 

polypropylene and 
investment casting wax. 

Resin-based 
materials, 

acrylic 
epoxy, 

polypropylene. 

Polyamide, 
polystyrene, 

carbon 
fiber and 

Aluminum 
added 

polyamide, 
polycarbonate, 
stainless steel, 
cobalt chrome, 
nickel chrome, 

titanium, 
ceramic. 

Cobalt 
chrome and 

titanium 
alloys, 

ceramics. 

Paper, plastic 
foam, metal and
ceramic powder

impregnated 
materials. 

Resolution Medium Good Weak Weak Medium 

Strength Good Medium Good Good Medium 

Roughness Medium Good Weak Good Medium 

3D printing technology, which has caused changes by breaking new ground in diverse sectors, has moreover affected the 
construction sector. Building production in construction contains of significant stages like design, projecting and 
implementation. With the improvement of innovation, digital manufacturing has been used for a long time in the design 
and projecting phase of buildings. The design and projection of the building is supported two-dimensional (2D) drawings 
and scale models. Today, 2D drawings and prototypes are replaced by three-dimensional (3D) modelling techniques. 
Designers, architects and engineers have had the advantage of making the necessary changes in their projects easily, seeing 
the problems that may arise before the implementation and making the changes that occur in unforeseen situations during 
the implementation phase with digital modelling methods. The implementation phase of building production, on the other 
hand, did not change as fast as the design process and remained dependent on the traditional method of building production. 
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İn the last years, the interest in 3D printing technology has increased because of the act that it provides design freedom, 
less error margin, less material wastage, less waste material, and reduced cost compared to the traditional method in the  

Figure 1: Comparison diagram of 3D printing automated building production with the traditional method [11] 

Figure 2: 3D concrete printed objects at SC3DP (prototype) [12] 
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construction industry [11]. Figure 1 shows the comparison of 3D printing and conventional methos whereas figure 2 shows 
the 3D concrete printed objects. A Chinese construction company produced 2 buildings with 3D Printer. Recycled concrete 
was used to produce the structures with a 3D Printer. After the 1100 m2 building was produced in the factory, it was moved 
to the place where the building will be installed to be combined. A 3D Printer cement-like material is used to produce parts 
with a length of 32 m, a width of 10 m and a height of 6 m. This proprietary material includes fiberglass, concrete powder, 
sand and hardening material. It is also stated that it is a very earthquake proof material [13]. This 3D printed building is 
shown in figure 3. There are many restrictions which are imposed by material processing constraints but on the other hand 
progress of 3D printing study is quite rapid. Due this phenomenon the additive manufacturing technology’s potential can 
be fully utilized [14]. Biomimicry and bio-inspiration provides the background for the making new structures and low 
consumption of materials at same time so, this idea is critical. However, these techniques provide high sustainability and 
better mechanical qualities [15]. The primary importance is the evaluation of printing techniques and about thirty 3DCP 
initiatives has been taken around the globe. In 3DCP, by the use of material stacking deposition, target components are 
formed. The precision of extrusion control is a major concern during extrusion quality control [16]. In this regard, the use 
of real-time feedback control is a workable option. Real-time control systems have been developed by the researchers that 
not only controls the motions of robot arm use in 3D printing but also monitors the extrusion parameters. Conventional 
building techniques cause high accidents and rates of injuries are also countless while traditional techniques of building 
are connected with higher prices, lower efficiency and labor resilience [17]. 

(a) Connection details of the 3-D printed villa (b) The concrete mould printed 

Figure 3 (a & b): 3D printing production by WinSun [18] 

3 Usability of 3D Printing Technology 
Kazemian et al. (2017) carried out several experiments on the workability, printing accuracy and durability, and ease of 
printing of cementitious printing mixtures. In the experimental results, it was observed that the use of silica fume and 
Nano-clay for four types of mixtures increased the stability of the printing mixtures considerably [19]. Hojati et al. (2018) 
investigated the physical and mechanical properties of 3D printer concrete. The rheological properties of the mixture were 
considered in the design of the appropriate printhead. In addition, the length of the fiber to be included in the mixture in 
accordance with the diameter of the print head was investigated in the relationship between the interlayer bonding. The 
3D printer machine consists of a fixed pump with a 15 mm diameter printer head and a 6-axis robotic arm that can provide 
various movements in different axes so that the material can be extruded properly. Consequently, it was defined that the 
hardening speed of the material should be adjusted well for printing and the width of the 3D printer head should be 
compatible with the fiber to be used, otherwise it is possible to clog the pump during the extruding process. In addition, it 
was concluded that attention should be paid to the ability of the material to carry the layer that will come on top of the 
layers [20]. Xia et al. (2019) developed geopolymer binder materials using only slag mixtures for use in powder-based 3D 
printers. With the research, geopolymer materials that can be used in powder-based 3D printers have been expanded with 
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mixtures of fly ash and slag. The effect of the amount of fly ash on the 3D printability properties of the geopolymer mixture 
and its compressive strength were investigated. As a result of the research, it was observed that the increase in the amount 
of fly ash did not affect the mixture settleability, but negatively affected the wettability and compressive strength of the 
mixture. It was determined that the best mixture was the samples containing 50% slag and 50% fly ash [21].  

Arunothayan et al. (2020) have conducted research to produce ultra-high-performance fiber reinforced concrete with a 3D 
printer. Fiber less and 2% fiber reinforced UYPFRB was fabricated by 3D printer and compared with standard 
manufactured UYPFRB. As a result of the experimental study, the printability and shape stability of the UHPFRC were 
adequately provided. However, the compressive strength of the one poured into the normal mold was higher [22]. 
Marchment and Sanjayan (2020) discussed the problems affecting interlayer adherence, which has become one of the 
disadvantages of 3D printer concrete. They stated that the printing material should be fluid for the pumping process, but 
the mixture recipe created should not decrease the strength while affecting the consistency [23]. Ma et al. (2020) 
investigated the inadequacy of compatibility between adhering layers, which is one of the biggest problems of 3D printer 
concrete in the construction industry. A new cement mortar with additives was developed and cellulose fiber was used. 
When the mixture used is pumped, the amount of moisture on the surface of the printed layers is at the maximum level. 
Cellulose fiber retained excess water on the surface and contributed as an internal curing agent. Small amounts of clay and 
superplasticizer additives are used to optimize the rheological properties. Silica fume was used to improve water retention, 
silica powder was used to increase material density and fill micropores. According to the SEM results, the compatibility 
between the layers was significantly improved [24]. 

4 Comparison of Benefits and Shortcomings for Use of 3D Printing 
About 8% of the world anthropogenic CO2 is produced by cement industry. The 3DCP places the concrete in a precise 
manner so the consumption of material is reduced by 3DCP [25]. 3DCP has also many positive characteristics like 
sustainable building materials can be used, save money time and energy. It also lowers the pollution caused by construction 
without compromising in mechanical properties of concrete. Also, majority of 3DCP is extrusion-based [26]. On the other 
hand, the idea of digital concrete is quite wide and surrounds the different types of methods which have potential to create 
bio-based structures. 3D printing formwork was investigated in both in-situ and prefabricated by [27]. 3DP concrete 
reinforcement building formworks are well defined as compared to the reinforcement construction of 3DPC on-site and its 
components. The transportation and preparation of concrete, casting of concrete, formwork’s printing in factory, 
transportation of elements and assembly with is use as in-situ assembly are all components of prefabricated 3D printing 
formwork [28]. The workability of concrete plays a vital role in fresh and hardened properties of concrete [29], [30]. A 
good workable mix is desired for 3D printing so that desired mechanical properties may achieve. There is need of time 
research out 3DCP technologies so that it may transfer from laboratory testing phase to real life. No doubt, sand is a natural 
resource but with the passage of time is becoming limited in many areas; a number of nations are running out of this for 
utilization in civil engineering applications. By 3D printing recycled aggregates can be used a sustainable construction 
material. The preparation of mix for 3D printing requires special admixtures for maintaining workability so it takes extra 
economy. There is need to mitigate these shortcomings to use 3D printing in civil engineering construction industry. 

5 Conclusion 
In this paper 3D printing technology and usability of 3D printing are described by the state-of-the-art review. The 
comparison of its shortcoming and benefits along with its possible use in future is briefly discussed. Based upon this study 
following conclusions have been made: 

1. 3D printing is a technique that can be predicted to be used in the construction industry and can provide economic
and environmental advantages. The use of this technique depends on the accuracy of printing, printing material,
cost and time.

2. The use of 3D printing is dependent on conditions such as usability in large construction, development of building
information modelling, production diversity and life cycle cost.

3. This technique will be used at the highest level once these conditions have been successfully overcome. Powder
bed fusion (PBF) and directed energy deposition (DED) methods are the most suitable 3D printing techniques to
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be used in the construction industry. These methods allow proper fabrication of the structure, but are constrained 
by cost, time, and maximum element size. 

4. The transportation of robot arm, repairing, specific usage of admixtures makes it costly process so it increased
the overall cost of the project.

5. Due to higher cost of operation and mixing of materials, it is not recommended on large scale use.
It is suggested to find new ways to make 3D printing economical process as sustainable construction can be performed by 
3D printing as it requires less man power and provides greater efficiency. 
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Abstract- Sustainable development demands exploring innovative construction materials 
and waste recycling techniques. However, the desert sand present in huge volumes 
remains unexplored for its suitability as construction material for decades. The stone 
processing industry produces large volumes of marble dust (WMD) waste, and its 
uncontrolled disposal poses a serious environmental hazard. The current study aimed to 
evaluate the physical and engineering properties of dune sand collected from Thal, a 
famous desert in Pakistan. After the initial exploration, the research work further 
evaluated the effectiveness of WMD as an additive for improving this sand. WMD was 
mixed with sand in proportions varying from 5-30 %. The experiments yielded promising 
improvements in dry density and unconfined compressive strength (UCS). Fifteen 
Percent (15%) by volume was identified as the optimum dosage of the WMD. The 
research work paves the path for utilizing desert sand in civil engineering projects and 
proposes fruitful recycling of WMD, reducing environmental pollution. Further studies 
are recommended to expand the scope of the investigation to evaluate its suitability as a 
mortar for masonry works and a potential concrete ingredient. 

Keywords- Desert, WMD, Soil Improvement, Pollution, Dune sand.  

1 Introduction 
The Thal desert is situated in the southwestern part of the Punjab province in Pakistan. The geographic coordinates taken 
at the sample collection points are 310 10' N and 710 30' E. It has an approximate length of 190 miles (306 km) with a 
maximum breadth of 70 miles (113 km). The total area of the Thal desert is about 10,000 km2 (3,900 sq mi). The Thal 
desert soil is alluvial with sandy textured dunes covering 50 to 60 per cent of the area. The maximum and minimum 
temperatures of the Thal desert are recorded at about 44 ⁰C and less than 0 ⁰C, respectively. The average annual 
precipitation varies from 385 mm in the north-east to 170 mm in the south. Approximately three-fourths of annual rainfall 
is received during monsoon. [Source: Thal Development Authority] 

A large quantity of waste marble dust is produced while cutting and processing different stones. Almost twenty-five (25%) 
of the raw marble stone is lost in the form of dust. During the fiscal year 2016-2017, 4.9 million tons of wastage were 
generated in Pakistan. More than 2.15 million tons were generated in Khyber Pakhtunkhwa province (KPK), 1.92 million 
tons in Baluchistan, and 0.82 million tons in the previous FATA region. [1] Waste marble dust is hazardous if it is not 
controlled or recycled. If mixed with soil in some proportions, the results may favour geotechnical properties and effective 
waste management. [2]. Various industries regularly produce ceramic and marble waste everywhere in Algeria and 
worldwide. It is a big problem for the waste management authorities of every country. This type of waste poses serious 
health hazards and environmental pollution. We can recycle these types of waste to improve different soil types and waste 
management policies [3]. Huge volumes of waste marble dust, especially colloid, deteriorate the air quality index. It is the 
utmost requirement of the time to reduce the production of WMD by introducing modern processing and recycling 
techniques. Sustainable development requires the utilization of waste materials in the construction industry.  The utilization 
of WMD as a slurry has been evaluated and reported to produce encouraging results [4]. Sand dunes have very low 
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resilience; if disturbed, it becomes very difficult to stabilize again to their original position. [5]. The waste marble dust was 
mixed with desert sand in Oman in different proportions. Its effect on the physical properties of soil was studied and 
reported to produce considerable improvement in the studied properties [6]. The utilization of WMD as a fine aggregate 
has also been studied, and a mixture of sand and WMD in 80:20 proportion was found to produce better consistency and 
flexure strength [7]. Waste marble dust is not only mixed with sand, but it can also be used in black cotton soil, and it gave 
good results in the index properties of black cotton soil. [8].  The effectiveness of recycled waste marble dust as a grout 
for in situ soil improvement and deep mixing has been evaluated and reported to improve considerably. Its utilization as 
grouting material can be environment-friendly recycling of the WMD [9]. In geotechnical engineering, the practice of 
improving the strength of loose soil with waste marble materials has been increasing [10]. Expansive soil requires treatment 
to provide a stable foundation for roads and buildings. The studies concluded that the waste marble dust and plastic strips 
increase unconfined compressive strength and decrease the free swell of soil.[11, 12].  

It is evident from the presented literature that researchers have been trying and testing the effectiveness of WMD for 
various purposes in civil engineering applications. The current study aimed to explore locally produced waste marble dust 
and desert sand and evaluate their raw physical and mechanical properties. Further to initial exploration, this research also 
evaluates WMD's potential for improving the target geotechnical properties. The purpose of this research is the maidan 
appraisal of geotechnical properties of dune sand of Thal desert in Pakistan. 

2 Experimental Procedures 
The desk study and literature review exercise was followed by a reconnaissance survey of the sample collection site, i.e. 
Thal desert of Pakistan (Noor Pur Thal). Visual Inspection of the soil characteristics and acquisition of geographic 
coordinates, followed by collecting samples for the detailed investigation in a laboratory. All the tests enlisted in Table 1 
were performed according to the relevant ASTM standards. The standards and procedures followed for each test were 
carried out on natural and modified soil. Table 2 presents the proportion of sand: WMD and their assigned matrix IDs. The 
tests enlisted in Table 1 were repeated on all the mixes presented in Table 2. 

Table 1 Test Description and Standard Reference 

Test Specification
Atterberg limits ASTM D4318 

Specific gravity ASTM D854 

Compaction Test (OMC 
and MDD) 

ASTM D1577 

USC-Unconfined 
compressive strength 

ASTM D2166 

Table 2 Mix Proportions and Matrix IDs 

S.no Soil (%) WMD (%) Notation 

1 100 0 NAT 

2 95 5 WMD 1 

3 90 10 WMD 2 
4 85 15 WMD 3 
5 80 20 WMD 4 
6 75 25 WMD 5 
7 70 30 WMD 6 

3 Research Methodology  
A comprehensive work plan was devised to streamline the research execution, which is presented below. The Desk study 
included exploration of the existing data related to the study area, dune sand and the potential additive to improve the 
studied properties of the geomaterials. The flow chart is shown in figure 1. 
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Figure 1: Flowchart 

3.1 Material 

The dune sand collection point is located near Noor Pur Thal of district Khushab Punjab. The geographic coordinates taken 
at the site are 310 10' N and 710 30'. The basic tests were performed to evaluate the physical and chemical properties of 
sand and are presented in Table 3 below 

 Table 3. Physical and chemical composition of soil 

Test Description Property Determined Unit Value 

AASHTO 
Classification 

A-2-4 

Physical properties Natural Moisture content % 9.3 

Specific gravity 2.71

Atterberg limits Liquid limit % NP 
Plastic limit % NP 

Plasticity index % N.P 

Modified proctor Test OMC % 9.3 
MDD lb/cft 109. 

Strength test UCS kg/cm2 0

3.2 Additives 

The additive used for this research is Waste Marble Dust (WMD), collected from the marble industry located near Taxila, 
Pakistan. Waste marble dust is high in calcium oxide content which is cementing property, but it produces many 
environmental hazards. That's why we select WMD as an additive for desert sand. The Chemical composition of Waste 
marble dust is shown in Table 4.  

UCS 

Field Work Visual Soil Classification 

Desk Study 

Moisture content 

Acquisition of 
Coordinates 

Sample 
Collection

Lab Work 

Evaluation of Index 
Properties 

Modified Proctor 
Compaction Test

Sieve Analysis 

Change %age of WMD 
and Repeat the Tests 

Final Analysis, Discussions, 
Conclusion 
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Table 4 Chemical composition of WMD. 

Oxide Concentrations % CaO Al2O3  SiO2 Fe2O3 MgO

WMD 42.45 0.52 26.35 9.40 1.52 

4 Results 

4.1  Index properties 

Basic index properties (LL, PL & PI) and gradation were determined to classify further collected soil samples. The 
Atterberg's limits tests were attempted on all the mixes, but all the mixes remain non-plastic even at the maximum dosage 
of WMD, i.e. 30 %. The gradation presented in figure 2 led to the classification of raw soil as A-2-4. It means our soil is 
silty or clayey gravel sand. The gradation curve of WMD is shown in figure 3. 

Figure 2: Gradation Curve of Dune Sand 

Figure 3: Gradation Curve of WMD 

4.2 MDD 

We performed a modified proctor compaction test according to ASTM D1557. Each test was performed twice to determine 
the effect of waste marble dust on MDD and OMC of soil. The results show that the waste marble dust increases the MDD 
of the soil, as shown in figure 4. The MDD of raw sand (pure sand without additive) was 109.3 lb/ft3. The MDD increased 
to 115.9 lb/ft3 with the addition of WMD, showing a 6 % increase with 30% WMD. The MDD increased due to the 
cementitious effect of CaO present in waste marble dust and the replacement of waste marble dust particles having a high 
specific gravity of mixes.  
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Figure 4: Effect of WMD on compaction tests 

4.3 OMC 

An increase in OMC was observed with the addition of waste marble dust. The OMC increased from 9.3% to 11.8% by 
adding 30% WMD, as shown in figure 4. OMC increase shows that an increase in a dry unit weight of soil sample improves 
the soil properties and reduces the permeability in soil. Hence, mixing waste marble dust in desert sand improves the 
geotechnical behaviour of that sand. 

4.4 Unconfined Compressive Strength Test 

Unconfined compressive strength test was performed on raw soil and soil: WMD mixes twice on all the mixes. The pure 
sand's unconfined compressive strength was zero while increasing to 0.15 (kg/cm2). The improvement in UCS for all the 
mixes is shown in figure 5. Adding waste marble dust to soil produces a cohesive effect in the soil and achieved 
0.15(kg/cm2) unconfined compressive strength by adding 30% of waste marble dust. Hence, by adding waste marble dust 
to desert sand, the compressive strength of that sand increased.  

Figure 5: Combine result of UCS with varying percentages of WMD 

5 Conclusion 
This paper presented a maiden appraisal of the geotechnical characteristics of dune sand in the Thal desert. The initial 
appraisal also includes an evaluation of WMD as an additive for the dune sand. The experimental study proves 
WMD's effectiveness for stabilizing dune sand. The following conclusions have been drawn from this study:   
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1. The current study evaluated the physical and engineering properties of dune sand collected from Thal, a famous
dessert in Pakistan, and waste marble dust's effectiveness in improving dune sand's physical and mechanical
properties.

2. The Desert/dune sand is an abundant material, and the current study paves the way for its effective utilization in
the construction industry.

3. The physical and engineering properties of desert sand can be improved by adding waste marble dust; hence
WMD has been identified as an effective additive soil improvement.

4. Using waste marble dust as an additive can reduce environmental hazards posed by its uncontrolled disposal.

This research recommends expanding the investigation's scope to evaluate its suitability as a mortar for masonry works 
and a potential concrete ingredient.  
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Abstract- With the increasing energy demands and greenhouse gas emissions, daylight 
has been considered one of the crucial aspects of passive design strategies to be 
incorporated in buildings. The literature review indicated a lack of studies to guide the 
utilization and suitability of such daylight systems for buildings. This article studies 
contemporary passive daylight incorporating strategies that can be adopted in buildings 
considering the local context's thermal and visual comfort and privacy. After a thorough 
review, this study recommends having WWR near 50% for the sun-facing walls with a 
light shelf and solitude to be part of the conceptual design. 

Keywords- Energy Efficiency, Daylight, Building envelope, Residential units. 

1 Introduction 
Building energy consumption accounts for almost 40% of the world's energy consumption [1]. Current energy production 
is mainly based on fossil fuels, and its demand is increasing daily across the globe. In Pakistan, an increase in the urban 
population in recent decades has led to rising energy demand and, consequently, increased carbon dioxide (CO2) emissions 
[2]. Several countries across the globe are striving to shift their electricity generation to renewable resources. Still, the 
downside of this shift is energy from such resources is often inconsistent and intermittent [1].  

There can be two aspects to resolving the energy problem: reducing energy consumption and improving the energy 
efficiency in buildings. While focusing on making buildings energy efficient, passive design strategies can be incorporated 
to reduce the energy demand of residential buildings. The passive design includes orientation of the main façades and 
windows, wall thickness, thermal insulation, window details, sunroom for passive solar heating, shading devices, etc. [3]. 
Passive buildings require less energy as they strike a balance between the heat losses and the heat gains concerning the 
particular climatic condition of the building's location.  

Natural light is vital in improving buildings' environmental quality and energy efficiency [4]. This study is focused on the 
utilization of daylighting to reduce the consumption of energy during the daytime using relevant passive design strategies. 
In a residential building, daylight can penetrate through windows, window glasses, or other openings. This study discusses 
several contemporary practices, which are discussed in detail, can better utilize daylight and reduce energy demand. 

Designers need to understand the importance of not only the utilization of daylight but its impact on visual and thermal 
comfort. A study focused on suitable daylight intensity for local residential units reports that the daylight factor is higher 
than what is recommended by the Chartered Institute of Building Service Engineers (CIBSE) [5]. Incorporating thermal 
comfort in design is challenging due to the unavailability of commonly accepted standards. Moreover, no globally agreed 
glare metric for visual comfort can be applied to various conditions [6]. Therefore, this study provides a conceptual design 
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strategy through a review of contemporary practices. Hence, daylight can be utilized more efficiently in residential designs 
considering thermal and visual comfort at the same time. 

2 Scope 
The scope of this study is to study design alterations in building envelopes focused on daylight optimization for residential 
units keeping in mind the thermal and visual comfort aspects of daylight. 

3 Objective 
The objective of this study is to propose a conceptual design of a residential unit based on contemporary best practices 
incorporating thermal and visual comfort and privacy as per social norms. 

4 Methodology Design 
The review has been conducted from codes, reputed journal publications, and conference proceedings from 2017-2022. 
The review methodology is focused on a few design alterations such as Window Wall Ratio (WWR), Atrium Solatube, 
Light Shelf, and Kinetic Shading System. 

5 Review of Contemporary Passive Design Strategies for Daylight Utilization 
Before discussing the strategies, it is essential to understand how to measure daylight in buildings. The following 
discussion offers the various methods used for the measurement of daylight. A lux meter can measure the luminance level 
in a room. Daylight factor (DF) is a daylight availability metric that expresses as a percentage the amount of daylight 
available inside a room (on a work plane) compared to the amount of unobstructed daylight available outside under overcast 
sky conditions [7]. Useful daylight illuminance (UDI) is a daylight availability metric that corresponds to the percentage 
of the occupied time when a target range of illuminances at a point in space is met by daylight [8]. It can be calculated 
with simulations. Multiple simulation engines are available for daylight analysis; one study used Integrated Environmental 
Solution-Virtual Environment (IES-VE) for daylight analysis [9]. Notably, desirable illuminance thresholds for residential 
buildings are still argued. BREEAM and LEED take 300 lux as the benchmark for general visual tasks, and 3000 lux is a 
typical upper threshold for the overlit issue [10]. 

Pakistan, a country with many sunny days, can considerably use this resource of natural daylight for its energy demands. 
Over the years, many passive design strategies have been incorporated to use daylight in residential units efficiently. This 
study discusses the building envelope aspect of energy efficiency. Since building envelope has been proven essential for 
decreasing energy consumption and providing thermal comfort and healthy internal spaces [11]. 

Within the building envelope, the Window to wall ratio (WWR) also needs to be considered in the passive design for better 
illuminance and proper distribution of daylight. A study of the apartment building in Kathmandu valley recommends that 
the Window to wall ratio be 24% [12]. ASHRAE 90.1-2010 suggests WWR capped at 40%. WWR for local conditions is 
suggested to increase from 26% to 50% [13]. As far as thermal comfort is concerned, the increased window size will cause 
an increase in heat gain because the thermal resistance of the window glass is lower than wall thermal resistance [14]. This 
issue can be resolved by employing another passive technique and increasing WWR to ensure thermal comfort. For visual 
comfort, a study found that having less than 50% WWR cause unacceptable visual comfort and illuminance performance. 
Hence, the recommended WWR ratio will provide visual comfort [15]. 

Atriums have been proven to increase daylight for many years. It is equally effective today to reduce buildings' energy 
usage in cold and warm climates by supplying daylight and natural ventilation to interiors if appropriately designed. 
Atriums, if not, adequately designed atriums can increase energy consumption or cause visual and thermal discomfort [9]. 
Atrium can have different sizes and geometry. It must be carefully considered because the physical characteristics of the 
atrium, along with roof configuration, enclosing surfaces, and adjacent spaces, influence the amount of daylight reaching 
the interior spaces [9]. Due to the complexity of the atrium design, suitable design needs to be explored carefully for the 
local context before implementation. Therefore, achieving a suitable design of the atrium will lead to a cost-efficient way 
of making the building energy efficient. Figure 1 illustrates different forms of the atrium. 
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Figure 1: Four forms of atriums [9] 

To capture daylight in a building, solatube technology has gained tremendous popularity due to its positive environmental 
impact and the resulting internal health conditions. The significant advantage of solatube is that it transfers daylight 
efficiently while blocking excessive heat and providing visual comfort [16]. The basic principle behind the solatube is 
multi reflections on the highly reflective internal surfaces of the tube. It has three zones, the capture zone, which is the 
receiving part of the light; the transfer zone, which is the reflecting tube; and the delivery zone, which emits light. 

The initial cost of this system is high, and energy savings, in the long run, are not merely enough to make people convinced 
to use it. Nevertheless, the other benefits solatube offers, such as visual comfort, environment pollution, healthy conditions, 
indoor environmental quality, and productivity improvements, can make customers inclined towards it [16]. Figure 2 
shows the working of a Solatube. 

Figure 2 Solatube [16] 

A light shelf is one of the light-guiding system (LGS) technology. LGS is easy to install compared to conventional sun 
shading devices such as solar screens and roller blinds, which block natural light penetration, thus reducing natural light 
distribution in buildings. LGS reflects, refracts, or deflects sunbeams from facades [17]. Contrary to conventional 
techniques, they improve light distribution in the room and reduce glare and overheating. If an optimal light shelf is used, 
thermal comfort can improve up to 81% [18]. Light shelves are also an efficient tool for optimizing and controlling indoor 
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daylight delivery, thus increasing visual comfort [19]. One of the reasons light shelves are gaining popularity in exploration 
and research during recent years is because light shelves are very cost-efficient solutions to utilize daylight [20]. Figure 3 
shows a Daylight reflector. 

Figure 3: Daylight reflector by W. Hanifch and Co. [20] 

A kinetic shading system is another mechanism that works independently and maximizes daylight while preventing direct 
daylight. A kinetic shading system can decrease the indoor temperature by 2-3 degrees, thus ensuring thermal comfort 
[21]. This system also diffuses daylight equally, reducing low glare and over-illumination [22], providing visual comfort. 
Construction cost is the major drawback of kinetic shading systems; otherwise, optimal design for movement and rotation 
of shader has been achieved [23]. Figure 4 shows an Exterior view of kinetic shading 

Figure 4: Exterior view of kinetic shading [22] 

6 Discussion and Conceptual Design 
Passive design strategies are very effective, and this area has been explored for many years. However, lack of awareness 
and perception of the high cost hinders it from becoming part of regular residential building design in different world areas 
[24]. Passive design strategies are climate-sensitive. With the prevailing extreme climate changes, it is challenging to 
implement strategies evaluated a long time ago. Therefore, relying on contemporary studies is recommended [25]. 

For hot climates, it is essential to consider daylight variables before simulating design strategies for results, including 
external shading system, WWR, and type of glazing [26]. 

According to the design alterations described earlier in this study, different strategies can be compiled in the following 
Table 1. 
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Table 1: Comparison of Alternate Passive Design Strategies 

Category Passive Design Element Initial Cost Thermal Comfort Visual Comfort 

Light capturing devices 
Window to Wall Ratio (WWR)  ×  

Atrium    
Solatube ×   

Shading devices 
Light Shelf    

Kinetic Shading System ×   

Since WWR is one of the daylight design variables, studies for local scenarios suggest that recommended size would make 
better use of daylight. Therefore, it should be part of our residential unit design. It does not have any extra cost of 
construction, and if coupled with a light shelf, it can counteract the drawback of thermal discomfort due to large windows 
and reduce glazing. Since windows are already part of an existing design, having windows with light shelves will not cause 
hindrance from the client for implementation. 

Atriums, along with light shelf, is the one that provides thermal comfort and visual comfort at the same time while 
employing daylight at a lower cost. Consequently, atriums need to be included in our conceptual design. 

Solatube is a relatively new design aspect, but its cost is comparatively lower due to less technological intervention. In 
addition, the solatube also preserves privacy and offers daylight without transmitting heat along with visual comfort. 

7 Study Significance 
Although much work has been done for daylight utilization, it is not part of our typical designs compared to its full 
potential. This study gives a brief on five strategies considering daylight significant variables to increase their use in 
residential designs practically. 

8 Conclusions & Recommendations for Future Research 
The following conclusions can be drawn from the review: 

Considering the local context, complexity, and economy of design alterations, the window wall ratio (WWR) is 
recommended to be 50% along with a light shelf. 

The atrium, an ancient way of daylight utilization, is found to provide thermal and visual at low cost, making it highly 
suitable to be incorporated in energy-efficient residential design. 

Solatube (also called light pipes) can be included in the design to make residential units energy efficient. Despite being 
costly, they offer many other benefits that surpass the initial cost concern since each penny is worth it. 

Kinetic shading systems are equally efficient in daylight utilization. Kinetic shading systems can be explored further for 
cheaper technological advancement to reduce cost and make it economical to be a part of the design in Pakistan. 

This study was limited to a few passive design strategies; this area can be explored further for different strategies available 
since Pakistan has excellent potential to consume daylight. 
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Abstract- Energy consumed by the buildings at their operational stage is considered one 
of the main factors burdening the environment. This consumed energy releases 
greenhouse gases (GHG) emissions due to the rising energy demands from cities' 
domestic and residential sectors. The domestic sector of Pakistan consumes 45.9 % of its 
annual energy. Heating, ventilation, air conditioning (HVAC), and lighting appliances 
consume about half of the total building energy. There is a rising need for more innovative 
and sustainable approaches to buildings operations to cope with this global issue. To fill 
this gap in sustainable construction and operations of residential buildings efficiently, this 
research was conducted based on Energy Life Cycle Assessment (ELCA) methodology 
for the residential houses. Researchers collected data from 13 houses in district Central 
of Karachi. It included information related to building envelope and operational energy 
details. The life cycle assessment framework was applied over the collected inventory 
data, and life cycle inventory analysis was performed, leading to the integration of the 
Life Cycle Impact assessment. The results evaluated that studied houses produce 48120 
Tons of carbon footprint throughout the life cycle stages of the buildings for a reference 
study period of 60 years. Global warming potential was found to be the highest, followed 
by acidification and eutrophication potential.     

Keywords- Life cycle assessment, energy efficiency, Energy, Carbon footprint 

1 Introduction 
The domestic sector of Pakistan consumes 45.9 % of its annual energy. About half of the total energy is consumed by 
buildings and/or heating, ventilation, air conditioning (HVAC), and lighting appliances [1]. With rising population 
demands, there is a noticeable need for energy-efficient buildings to reduce environmental impacts, such as; global 
warming, acidification, ozone depletion, etc. Statistics and research from the last decade reveal that the climate is changing 
globally [2] and will continue to do so. Overall, environmental burden of buildings can be reduced by using LCA as an 
instrument, which provides trade-offs associated with pressures, health and wellbeing and the consumption of natural 
resources [3]. Buildings play a significant role in the consumption of energy throughout the world, and the pattern of rising 
energy demands from this sector questions the urgency of mitigating environmental impacts caused by these buildings. 
This paper presents implementing an operational energy life cycle assessment framework in the district Central of Karachi 
in which data from 13 houses were collected and analyzed. The research was carried out by creating energy models for 
existing houses, and after energy auditing; results were compared with the simulation results extracted from BEM 
(Building Energy Model) and ELCA (Energy Life Cycle Assessment). The study will result in quantification of total 
carbon footprint for reference period of sixty years and the factors, which contribute towards these carbon footprints, will 
be analyzed. 
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2 Literature Review 

2.1 Life Cycle Assessment 
LCA is a process that quantifies and assesses the flow of energy and material within a system. Steps that include upstream 
(material extraction, manufacture, transport, and assembling), usage, and downstream (demolishing and disposal) of goods, 
products, or services network are usually inventoried first. Life cycle assessment is constantly evolving; it has been 
carefully constructed over the years to help manage and develop different working standards. One such development done 
on a global scale on quality standards is the international standard organizations (ISO) standards; 14,000 and above, with 
ISO 14,040 series establishing a focus on the LCA approach [4]. In the LCA approach, the information is processed through 
four main stages [5]: (1) Life cycle assessment (2) Life Cycle Inventory Analysis (3) Life Cycle Impact Assessment (4) 
Impact Categories. The impact categories, which have been observed and confirmed from various standards, handbooks, 
and reading materials [6], [7], [8] include; Global Warming, Climate Change, Land use, Water use, Acidification, 
Eutrophication, Stratospheric ozone layer depletion, Abiotic Resource Depletion Potential, Abiotic Resource Depletion 
potential of fossil fuels, Human Toxicity and Eco Toxicity.  

2.2 Energy Life Cycle Assessment (ELCA) 
The ELCA process of a building or product comprises two levels [5]. The method caters to all of a building's energy inputs 
throughout its life cycle. This analysis includes the energy utilization of the following phases: the manufacture, usage, 
destruction, and finally, disposal [6]. Usage includes all operations that the building uses throughout its life span. 
Manufacturing usually involves the production and transfer of building materials and engineering equipment used to install 
and reconstruct structures. The different types of tools and inventories available for level 1 and level 2 analysis are provided 
in the following sub-sections.  

2.2.1 Level-1  
Product comparison tools include; Building for Environmental and Economic Sustainability (BEES), National Renewable 
Energy Laboratory′s (NREL), U.S. Life-Cycle Inventory (LCI) Database, SimaPro, Integrated Assessment, and Life Cycle 
Explorer. 

2.2.2 Level-2  
These software tools improve the decision-making process by providing a detailed project analysis. Some of these support 
tools are Envest 2, Eco Calculator, and Athena. These are the tools specialized in LCA and Sustainable Architecture. 

3 Research Methodology  
A literature review was the first step of the methodology. It was necessary to benchmark ELCA concepts, elicit secondary, 
data and development of ELCA framework for houses in alignment with international standards. Following the literature 
review was the step of energy life cycle assessment which included; gathering inventory data, calculation of annual utility 
consumption, identification of emission factors, identification of LCA tool, calculation of impact categories, and finally 
calculation of overall carbon footprint of the studied houses. The inventory data was collected for the 13 houses located in 
district central. The inventory data collected included; architectural plans, 12 months’ utility bills (electricity, natural gas, 
and water), number of occupants, and covered area of the building which were used in the life cycle assessment. This data 
was utilized to calculate the LCA of the houses during their operational phase. Since the water, consumption data was 
unavailable for most of the houses, it was calculated based on water demand estimation for the district central in Karachi. 
As per Karachi Water and Sewage Board (KWSB), the per capita water demand is 54 gallons or 246 liters per day. The 
said values were used to estimate the total annual water consumption of the household based on the number of occupants 
in that particular house. Emission factors were taken from LCA inventory data provided in the One-Click LCA inventory 
(online LCA tool) which are provided in Table 1. An emissions factor is a representative value that attempts to relate the 
quantity of a pollutant released to the atmosphere with an activity associated with releasing that pollutant. These factors 
are usually expressed as the weight of the pollutant divided by a unit weight, volume, distance, or duration of the activity 
emitting the pollutant (e.g., kilograms of particulate emitted per mega gram of coal burned). Such factors facilitate the 
estimation of emissions from various sources of air pollution. In most cases, these factors are averages of all available data 
of acceptable quality. They are generally assumed to be representative of long-term averages for all facilities in the source 
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category (the United States Environmental Protection Agency, n.d.). District central of Karachi was considered as case 
study area for performing the analysis with the view of implicating the findings generally in other urban areas of Pakistan. 

Table 1 Emission factors for Pakistan. (Values taken from One Click LCA, Bionova Ltd) 

Special care was taken to adapt the values from the website for profiles from Pakistan. For electricity consumption, 
production emission factors for thermal power generation were taken from world profile. This was based on literature 
review findings and assumption that thermal power generation will result in similar emissions for Pakistan as well due to 
similarity in generation plants’ technology.  

4  Life Cycle Assessment Calculation 
The equation that derives the LCA calculation is simple and is given below: 

𝐸𝐸𝐼 ൌ 𝑂𝐸𝐶 ൈ  𝐸𝐹 -------------------- (1) 

Where; 

EEI = Estimated Environmental Impact annually 

OEC = Operational Energy Consumption  

EF = Category Emission factor  

The above equation gives the annual carbon emission values for the calculated household. To calculate its LCA over its 
operational life cycle, another variable is required i.e., the reference study period/ calculation period for LCA study. This 
period usually ranges between 0 to 80 years for a household, mainly depending on design life. The reference study period 
has been assumed 60 years for this research. For the calculations performed in studied houses, Life cycle impact values 
were calculated using equation (2). 

𝐿𝐶𝐼 ൌ 𝐸𝐸𝐼 ൈ  𝑛 -------------------- (2) 

Where; 

EEI = Estimated Environmental Impact annually 

n = study period/reference period for LCA   

Table 2 shows the emissions for houses of district Central based on their Electricity consumption. 

Consumption 
Category 

Profile 
Global 

Warming Kg 
CO2 

Acidification 
Kg SO2 

Eutrophicati
on Kg PO2 

Ozone depletion 
potential Kg 

CFC11 

Formation of 
ozone of lower 
atmosphere Kg 

Ethene 

Electricity/ 
KWh/Year 

Electricity 
(World 
Data) 

0.741675281 0.005276896 0.001199800 0.000000035742 0.000182250 

Natural Gas/ 
Cft/Year 

Natural 
gas 

0.064132221 0.000189243 0.000012695 0.000000005045 0.000012853 

Water/ Cft/ 
Year 

Tap water, 
clean 

0.008495054 0.000046002 0.000023274 0.000000000000 0.000002071 
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Table 2 Annual Emission Calculations for Electricity for District Central 

House 
Code 

Plot Size in 
yards 

GWP Kg 
CO2 

AP Kg 
SO2 

EP Kg 
PO2 

ODP Kg 
CFC11 

POCP Kg 
Ethene 

H1 200 1981.76 14.10 3.21 0.000096 0.49 
H2 120 2985.98 21.24 4.83 0.000144 0.73 
H3 120 2750.87 19.57 4.45 0.000133 0.68 
H4 100 3533.34 25.14 5.72 0.000170 0.87 
H5 400 4916.57 34.98 7.95 0.000237 1.21 
H6 120 2024.77 14.41 3.28 0.000098 0.50 
H7 100 1288.29 9.17 2.08 0.000062 0.32 
H8 80 2516.65 17.91 4.07 0.000121 0.62 
H9 120 2516.65 17.91 4.07 0.000121 0.62 

H10 120 2516.65 17.91 4.07 0.000121 0.62 
H11 240 1948.38 13.86 3.15 0.000094 0.48 
H12 240 1948.38 13.86 3.15 0.000094 0.48 
H13 240 1948.38 13.86 3.15 0.000094 0.48 
H14 260 1948.38 13.86 3.15 0.000094 0.48 
H15 505.66 4916.57 34.98 7.95 0.000237 1.21 

Table 3 shows the emissions for houses of district Central based on their Natural Gas consumption. 

Table 3 Annual Emission Calculations for Natural Gas for District Central 

Table 4 shows the emissions for houses of district Central based on their Water consumption. 

Table 4 Annual Emission Calculations for Water for District Central 

House 
Code 

Plot Size in 
yards 

GWP Kg 
CO2 

AP Kg 
SO2 

EP Kg 
PO2 

ODP Kg 
CFC11 

POCP Kg 
Ethene 

H1 200 80.81 0.44 0.22 0 0.02 
H2 120 53.87 0.29 0.15 0 0.01 
H3 120 80.81 0.44 0.22 0 0.02 
H4 100 161.62 0.88 0.44 0 0.04 
H5 400 188.56 1.02 0.52 0 0.05 
H6 120 161.62 0.88 0.44 0 0.04 
H7 100 161.62 0.88 0.44 0 0.04 
H8 80 53.87 0.29 0.15 0 0.01 

House 
Code 

Plot Size in 
yards 

GWP Kg 
CO2

AP Kg 
SO2

EP Kg 
PO2

ODP Kg 
CFC11 

POCP Kg 
Ethene 

H1 200 48291.56 142.50 9.56 0.003799 9.68 
H2 120 75868.42 223.87 15.02 0.005968 15.20 
H3 120 55730.90 164.45 11.03 0.004384 11.17 
H4 100 24049.58 70.97 4.76 0.001892 4.82 
H5 400 67210.57 198.33 13.30 0.005287 13.47 
H6 120 56692.88 167.29 11.22 0.004460 11.36 
H7 100 34246.61 101.06 6.78 0.002694 6.86 
H8 80 55910.47 164.98 11.07 0.004398 11.21 
H9 120 55910.47 164.98 11.07 0.004398 11.21 
H10 120 55910.47 164.98 11.07 0.004398 11.21 
H11 240 48291.56 142.50 9.56 0.003799 9.68 
H12 240 48291.56 142.50 9.56 0.003799 9.68 
H13 240 48291.56 142.50 9.56 0.003799 9.68 
H14 260 48291.56 142.50 9.56 0.003799 9.68 
H15 505.66 34246.61 101.06 6.78 0.002694 6.86 
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House 
Code 

Plot Size in 
yards 

GWP Kg 
CO2 

AP Kg 
SO2 

EP Kg 
PO2 

ODP Kg 
CFC11 

POCP Kg 
Ethene 

H9 120 80.81 0.44 0.22 0 0.02 
H10 120 80.81 0.44 0.22 0 0.02 
H11 240 161.62 0.88 0.44 0 0.04 
H12 240 161.62 0.88 0.44 0 0.04 
H13 240 161.62 0.88 0.44 0 0.04 
H14 260 175.09 0.95 0.48 0 0.04 
H15 505.66 340.52 1.84 0.93 0 0.08 

5 Results of Energy Life Cycle Assessment 
Table 5 summarizes the overall carbon footprint generated by the studied houses of district Central that generate emissions 
of 48120 Tons. The Overall footprint is represented in the equivalent of CO2. The reference study period for this study is 
60 years, and the generated results are stated. 

Table 5 Summary of Carbon Emission of district central 

Carbon Metric Central 
No. of Houses 13 

Global Warming CO2 (Kg) 799081.31 
Acidification SO2 (Kg) 2528.62 

Eutrophication PO2 (Kg) 219.95 
Ozone depletion CFC11 (Kgs) 0.06 

Ethene (POCP) (Kgs)  162.04 
Carbon Footprint/Year (Kgs of CO2) 801991.98 

Reference Study Period (Years) 60 

Carbon Footprint for Life Cycle (60 Years) 48119519 Kgs 

Total (In Tons) 48120  

The annual overall emission results for studied houses of the district Central are graphically illustrated in Figure 1. It 
provides the emission results and carbon footprints per year are found to be highest while the most negligible value is of 
ozone depletion CFC11. CO2 is the leading cause of Global warming that is why it is high in magnitude, which is followed 
by acidification and eutrophication due to suphurdioxide-ammonia reaction and deposition to the changes in the chemical 
composition of the soil and surface water. 

6 Practical Implementation of the study 
Using similar approach as presented in the study, more localities with high carbon footprints can be identified. This can 
help to identify energy efficiency improvement measures that can reduce carbon footprints. The authors have worked on 
the same idea in an extended study under same project. 

7     Conclusions 
After analyzing 13 houses located in the district central of Karachi 48120 tons carbon footprint was found for the reference 
period of 60 years. Among different parameters, which contribute in the calculation of carbon footprint, carbon dioxide 
(CO2) emissions that is global warming potential ranks first, acidification (SO2) ranks second and Eutrophication (PO4) 
ranks third. 

8     Recommendations 
The findings of this assessment along-with similar assessment of houses studied in other districts were combined to 
perform building energy efficiency assessment using building information modeling, and energy analysis to propose 
energy efficiency improvement measures. The potential measures can reduce energy use intensity (EUI) and hence, life 
cycle impact of operational energy use.  These measures included; using R-38 Roof Insulation, R- 2 CMU Wall for the 
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construction, Double Glazed Window Glass, window shades of at least 1/6th of the Window height, Providing Daylight & 
Occupancy controls, reducing Plug Load Efficiency to 6.46 watts/m2 or less, reducing Lighting Efficiency to 3.23 watts/m2. 
It was estimated that an integrated application of improvement measures can help reduce carbon footprint of one of the 
houses (i.e., H12) by approx. 62%. The results obtained from this study can be used to predict the parameters for other 
parts of Pakistan as well by considering them as benchmark. 

 
 

Figure 1 Emission results for houses studied in District central 
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Abstract- Over the past few decades, there has been a sharp rise in the production off 
construction and demolition waste (CDW) on a global scale, which has led to 
environmental issues as a result of its unregulated disposal. The use of recycled materials 
has increased within the same time period, mostly for sustainable development and 
environmental protection. In lieu of inefficient disposal and management of this type of 
trash, the objective of this research is to examine the HMA production for pavement 
construction utilizing recycled construction and demolition waste aggregates. These 
materials can be utilized to construct unbound layer like base, sub-base, and subgrade of 
pavement. For the preservation of natural resources, sustainable pavements composed of 
recyclable materials have recently become essential. In place of natural aggregates like 
broken rocks, CDW has been considered as a recycling material, potentially lowering 
environmental effects and boosting the economic potential of recycling. It has been 
demonstrated that doing so reduces the carbon footprint of the construction industry, 
conserves natural resources, reduces hazardous emissions, and lowers total costs for 
paving construction and maintenance. This paper examines the investigations that have 
been conducted on the usage of aggregates made from building and demolition waste in 
asphalt and unbound pavement layers. Therefore, the primary goal of this paper has been 
to conduct a literature review that would identify alternate strategies to use CDW in 
pavement projects. In order to encourage highway administrations to create new technical 
criteria and recommendations on CDW recycling, this paper aims to propose techniques 
that will do just that. This study seeks to announce the beginning of a new age of economic 
innovation in pavement engineering. 

Keywords- Construction, Demolition, Pavement, Sustainability. 

1 Introduction 
Construction and demolition waste (CDW) production has grown remarkably as a result of the expansion of the 
construction industry. This has exacerbated issues brought on by ineffective administrative practises, like the uncontrolled 
and disorganised disposal of CDW, specifically in huge cities. Urban building is an ideal section for promoting the 
responsible use of waste materials and industrial by-products. As buildings, roads, walkways, bridges, and other structures 
are constructed and demolished, this business uses a lot of raw materials and produces a lot of garbage. Wood, plaster, 
concrete blocks, ceramics, mortar, asphalt concrete mills, bricks, simple and reinforced concrete make up the majority of 
this waste [1]. 

Maintaining natural resources now requires sustainable pavements made of recycled materials. In order to reduce possible 
environmental effects and increase the possible economic worth of recycling, CDW has been investigated as a material for 
recycling in place of natural aggregates like crushed rocks. Explicitly in structural layers like pavement sub base and base, 
recycled construction and demolition waste (RCDW) aggregate has been strongly employed as a granular material. RCDW 
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aggregate's makeup can vary greatly based on the elements that make up its components (e.g., mortar, cement concrete, 
crushed stones, and ceramic) [2, 3]. 

The introduction of enormous volumes of these materials into the highway industry still stands as one of the most practical 
strategies. Despite the fact that there have been a variety of attempts to reduce accumulated CDW stockpiles. This is 
because large-scale asphalt projects are required. Which depend on enormous amounts of paving materials. Roadways 
continue to be the most accessible and pervasive form of transportation in the globe when compared to other transport 
forms (railway, airway, maritime, and multimodal). Any nation would have to make a significant financial expenditure to 
build long-lasting roadways made up of pavement layers placed at top of a compacted subgrade. The majority of total 
waste content (65–70%) is made up of concrete since reinforced concrete structures account for a significant share of 
common CDW globally. However, the use of any reclaimable/recyclable/reusable aggregates as a substitute material is 
anticipated to be more cost-effective, sustainable, environmentally safe, and satisfactorily consistent with the needed 
criteria as compared to natural substances. [4]. 

Huge quantities of CDW are typically disposed of at landfills, thus reduces the land's capacity and degrades the 
environment. In order to increase sustainability, recycled CDW has been used in subgrade construction, which not only 
reduces the need for building materials but also lessens the environmental harm that CDW causes to the environment. As 
an outcome, CDW recycling and utilization are essential for the growth of the sustainable construction industry [5]. 

Improved knowledge of CDW production and management, along with the environmental effects resulting from its 
management, is necessary to execute sustainable recycling initiatives. According to reports, recycled aggregates are 
environmentally sustainable in regions where virgin materials must be transported over great distances or where natural 
resources are extremely rare. In order to create sustainable CDW management systems, environmental and management 
challenges should be properly assessed. [6]. 

In figure 1. A generalized classification scheme for CDW depending upon its origin of resources is shown. It is generally 
recognized that depending on the regions in which they are produced, the amount and makeup of any residue, and in 
particular, CDW, can vary greatly. These influences include population development, topography, regional planning, soil 
characteristics legislation, building materials, and technologies. [7, 8]. 

Figure 1: CDW classification based on source of origin 

In light of this, the purpose of this study is to first outline numerous advantages of CDW recycling before attempting to 
increase current understanding of potential CDW incorporation into paving materials. This review study aims to inspire 
future ground-breaking research that will remove current barriers to the widespread use of CDW in flexible pavements  
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in underdeveloped nations by providing background information. Future research in this area should also look into ways 
to modify asphalt plants of the present and the future generations in order to encourage states, municipalities, and 
contractors to work together even more closely on CDW recycling projects. 

2 Issues Related to Construction and Demolition Waste (CDW)  
Solid wastes are typically used to describe the construction and demolition (C&D) materials produced by 
some construction and demolition activities. Solid wastes generated during the building, remodelling, and repair of 
individual homes, businesses, and other civil related projects are referred to as construction waste. Generally speaking, 
demolition trash are the leftovers from razed buildings and roadways. The environment is under a great deal of pressure 
due to the recent development of massive amounts of solid waste created throughout the world, with the construction and 
demolition industries producing the majority of these wastes. 

In 2014, construction and demolition (CD) operations produced about 0.530 billion tonnes in the United States and 1130 
million tonnes in China. Comparatively speaking, the construction industry in Europe generates 35% of the overall amount 
of garbage, which is double and quadruple times greater than total amount of home waste produced in the United States 
and Europe, accordingly. The European Union as a whole has accomplished the 2020 recovery horizon, including 
backfilling. Out of the 19 member nations, 11 still need to strengthen their recovery capacities in order to meet the EU 
goal. More over 0.368 billion tonnes of demolition and construction garbage were produced in the 28 EU members plus 
the United Kingdom in 2018 [9, 10]. 

Untreated C&D waste has been accumulated in landfills and rural regions, posing a serious hazard to the environment and 
public health. The C&D garbage landfill uses up valuable land and raises issues with water contamination, soil 
deterioration, and global warming. Investigating inefficient and sustainable development models is essential to recycle 
C&D waste. Construction and demolition waste (CDW) from initiatives like building new superstructures and 
infrastructures, as well as from rehabilitation and repair work on existing structures, is currently overflowing global 
landfills. The techniques used to get rid of this trash is a serious issue as well. The dumping of these substances, which is 
typically haphazard, has a serious pessimistic impression on the surroundings, contaminating the air, water, and soil. As 
well as exhausting places that might otherwise be livable [11].  

Trash produced during the building, maintenance, restoration, and destruction of bridges, roads, building, and other 
infrastructure is referred to as construction and demolition (C&D) waste. It has certain negative environmental effects that 
include consuming valuable land space, depleting landfills, using energy and non-energy resources, depleting resources, 
and polluting the environment [12]. 

3 Use of CDW for sustainable pavement construction 
The majority of total waste content (65–70%) is made up of concrete since reinforced concrete structures account for a 
significant share of common CDW globally. In comparatively low level applications, like the road building industry, it is 
being proposed that the concrete obtained from regular CDW can be crushed and then utilized to replace all or at least a 
portion of freshly quarried (primary) aggregates.  

However, in recent years, interest in the Super paver design that is based on the volumetric characteristics of HMA has 
grown. These basic volumetric characteristics of asphaltic mixtures include air voids , voids filled with bitumen , dry bulk 
density, and voids in mineral aggregate , Asphaltic pavement's in-situ performance is directly influenced by the design's 
dependability, the quality of the materials used, the construction methods used, the amount of traffic, the environment, and 
the pavement's functional and structural resistance to deterioration. The volumetric and mechanical characteristics of HMA 
by CDW have been described in a wide variety of research up to this point.  

The use of coarser RCA (Recycled Concrete Aggregate) enhanced efficiency in the form of stiffness and stability, 
according to the results of earlier experiments. This noticeable improvement is related to the transformation of RCA 
particles into surfaces that are severely crushed and have sharp edges, which immediately increases friction force in the 
HMA matrix. [13]- [16]. 
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In instance, structural layers such as pavement base sand sub bases have effectively utilized recycled construction and 
demolition waste (RCDW) as a granular pavement material. However, the applications of scrap tyres in civil engineering 
projects are widely known. These applications include reuse for generating plastic and rubber goods, producing feedstock 
of carbon black, burning for the creation of steam, and building cement as a fuel for the kiln. Crumb rubber (R) is used in 
applications in civil engineering because it offers great soundproofing, good acid resistance, strong water resistance, 
absorbs plastic energy, and has a significant impact resistance. The porosity, strength, and deformability of the C&D 
aggregates including rubber were affected by the effects of high temperature, and it was determined that adding rubber to 
the aggregates would improve their response to significant temperature exposure in terms of deformability and strength. 
[17, 18]. 

Over the past few decades, production of construction and demolition (C&D) materials, such as recovered concrete 
aggregate (RCA) and dragging asphalt fragments (DAP), has significantly increased. Demolition of concrete structures 
yields the RCA, whereas demolition of asphalt pavements yields the DAP. In recent years, these materials have been 
extensively used in modern road constructions, particularly in the subgrade layer, thereby lowering their potential 
environmental impact and achieving sustainability on a global scale. The issues of inelastic response to high dynamics 
loads were solved by increasing energy absorption by introducing clay towards the RCA and DAP materials. As the 
moisture content being used compaction rose, the swelling percentages observed with the CBR tests dropped. This implies 
that in order to lessen the economic and environmental problems throughout the world, the C&D materials in the manner 
used here may be blended with clay at relevant content for subgrade of road pavement [19]- [21]. 

Some of the innumerable advantages of potential CDW recycling include conserving the planet's limited natural resources, 
reducing manufacturing dependence on raw materials, saving the money, getting rid of waste stockpiles, lowering main 
disposal costs, and - unquestionably - making the world's environment cleaner and more sustainable. [22].  

4 CDW Recycling Advantages and Consequences  
Table 1. Also exemplifies some of the countless advantages of CDW recycling, some of which include conserving the 
planet's limited natural resources, reducing manufacturing dependence on raw materials, saving money, getting rid of waste 
stockpiles, lowering main disposal costs, and - without a doubt - making the world's environment cleaner and more 
sustainable [23]-[25]. 

Table 1 CDW Recycling advantages and consequences 

Advantages Consequences 

Financial Resource Savings Energy decrease for virgin materials process, refining, extracting and 
transportation 

Decrease in Raw material dependency  High industrial material use and low use of earth resources 

Natural resource preservation Future protection of natural habitats 

Environment protection Prevention of change in climate 

Waste stock elimination Decrease in water and air pollution and greenhouse gas emission 

Decrease in expenses related to disposal Landfilling and haulage cost decrease 

There is a lot of possibility for CDW to be recycled and used again. Aggregates made from CDW are highly sought-after 
on the market for usage in construction materials and projects. Numerous studies have been conducted in recent years to 
determine whether it is feasible to use CDW in projects including ceramic materials, mortar, and concrete, a landfill cover 
layer, asphalt, and roadways [26]- [28]. 
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5 Conclusion 
The viability of employing CDW as paving materials for new construction was assessed in this study. This review paper's 
major finding can be summed up as follows: 

1. This study explores the practicality of using recycled construction and demolition waste aggregates to
manufacture hot asphalt mixtures for roadways in order to decrease the environmental effect caused by incorrect
management and disposal of building and demolition waste.

2. Due to its exceptional strength and bearing capacity, using CDW-derived materials in the construction of roadway
bases and sub bases is another advantageous option.

3. Before being used in subgrades, the primary CDW are complex mixtures that require careful manufacturing
processes to be completed, and before pavement is constructed, the water content and maximum particle sizes of
the preparatory CDW materials must comply with criteria.

4. Given that their acceptance can be gauged based on their real laboratory and field determined properties, in
pavements the use of CDWs is probably one of their greatest applications. Their constituents are typically natural
aggregates, which is typically advantageous for their application as unbound layers.

5. Using CDWs in pavement construction has shown to be a practical way to take advantage of their remaining good
characteristics. The quality of the finished product is greatly influenced by the recycling procedures and the proper
selection and classification of the raw waste materials.

In order to mitigate the environmental issues caused by the improper management and waste disposal. This study explores 
the practicality of using recycled construction and demolition waste aggregates to manufacture hot asphalt mixtures for 
paving urban roadways in order to decrease the environmental effect caused by incorrect management and disposal of 
building and demolition waste. Numerous habitats and species, and also climate change and air pollution are negatively 
impacted by poor waste management. 
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Abstract- This paper presents the gap in current infrastructure development method in 
Pakistan’s construction industry and other. Construction Industry consumes the natural 
raw material to turn it into usable construction product which release embodied carbon 
dioxide in environment which has highest percentage in Green House Gases (GHGs), 
which trap heat in atmosphere. Gradual annual temperature increases per year due to 
global warming caused by the conventional practice by both developed and developing 
nations construction industry has sparked an outrage in common people. Hence, 
environment friendly construction techniques were developed. Building Information 
Modelling (BIM)-based Life Cycle Assessment Technique (LCA) is critically reviewed 
for its usage in a developing country. By utilizing BIM based LCA, the environmental 
load can be reduced, however, lack of resources and data is the biggest hurdle for 
unlocking its true potential.    

Keywords- Building Information Modeling, Commercial Buidling, Construction Industry, Life Cycle Assessment.  

1 Introduction 

A Commercial building in real estate sector is defined as income generating property either in form of capital gains or 
rental income. A Commericial building is ultimately considered economy activity generator of the locality which  dictates 
and forms the living standard of the nearby society.A commercial building can be utilised to present a number of small 
scale business in the area. The building can be utilised by hospitality management segment, retail outlets, private Small 
and Medium Enterprise (SMEs) offices, healthcare, multifamily appartments, educational instituites, and large scale 
industry offices. A Commercial building usually operates on the timely in-flow and out-flow of the payments under certain 
condition, resulting in wealth rotation in lower and upper segments of the society. In-flow of the cash means to attain rent, 
operating expense recovery, fees in term of utility provision (security, water supply, electricity), proceeds of any sale made 
in any portion of building, tax collection and dispursation, tax crediting. Whereas, Out-flow entails intial building 
construction cost, all operating costs, government taxes on income, costs upon sale and maintenance expenditure.  Pakistan 
is a developing nation in which construction industry and real estate sector plays a major role in its contribution towards 
Gross Domestic Product (GDP).  

The business of new building construction in developing countries is flourishing because of its key role in providing work 
status to the local community, whereas, it also creates more opportunities for exchanging culture and resources [1]. The 
design of GDP per capita and the commitment of construction  industry in the all-out GDP of the nation is generally agreed 
upon principle, importance in the developing phase of the economy, The GDP increments at a quicker rate, then, at that 
point, levels off lastly go down at more elevated levels of monetary turn of events. This implies, that it extraordinarily 
impacts the economy of a nation; while it additionally adds to-wards its current circumstances. The working of other 
industries is directly influenced by the efficiency and progress of construction development along with its industry. 
Retarded functioning of this industry can effectively contribute to creating impediments in the growth of the personal lives 
of a nation. 
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 Building Construction Industry plays a twofold role in providing both food and shelter [2]. For a developing country, the 
economy is directly related to the construction industry. This relation has been studied by many authors. Similarly,  
building along with its pre-requiste infrastructure development by the construction industry is linked with the usage of 
energy by direct or indirect means [3]. In the present day, the ramification of conventional construction industry 
performance pattern has brought attention from every walk of life because of harm done to the environment and ecosystem. 
According to IPCC 2018 report, the increase of 1.5° centigrade per year on average presents a stark image of the drastic 
changes that occur in environment due to current practices [4].If,  the current practices are adopted as same an increase of 
2° centigrade on average per year will resultantly wipe the entire eco-system [5]. Gases that trap heat and radiations in 
Earth’s atmosphere are referred to as Green House Gases (GHGs), furthermore, they are a major cause of temperature 
increment. The construction industry which comprises roads, roads materials, bridges, buildings, building materials, and 
components are responsible for 40% of Carbon Dioxide (CO2) emission in the world which is the major constituent of 
Green House Gases (GHGs) [6]. 

Figure 1: Emissions of Carbon Dioxide (CO2) per capita by Pakistan over the years [7]. 

Figure 1 aforementioned shows the upward increment in CO2 emission per capita over the years by Pakistan. Natural 
resources of the world are depleting as the population and demand grow. Harm to the natural environment continues to 
occur with the emission of Green House Gases (GHGs) caused as a result of using natural resources. 65% of Green House 
Gases (GHGs) consist of Carbon Dioxide (CO2) which in turn are globally produced due to current construction industry 
practices [8]. This has resultantly put pressure to find sustainable and environmentally friendly methods to curb carbon 
emissions. Currently, after effects of climate change are being faced by the people all over world. Every year millions of 
people relocate in essence to find better opportunities but deterimental effect of climate change is also key element in order 
to vindicate their relocation [9]. Global warming induce melting of  glaciers which rise the sea level, rapid urbanization 
has put cities on exaggarated path towards unliveable temperatures [10].Water shortage or water scarcity is also a major 
challenge for country like Pakistan [11]. Therefore, an existential threat presists on mankind by degradation and current 
annual temperature rise demographs because of current human practices, which makes it all the more substantial for 
developing countries like Pakistan to adopt environmentally viable construction techniques. This paper focuses on the 
applicability of BIM based LCA for countries like Pakistan in order to develop sustain construction practices, techniques 
and tools based on local resources using modern tools available in market,learn how developed countries have utilized the 
modern tools and techniques to found environment friendly construction methodologies.   

2 Building Construction 

Food and shelter are the basic requirement for humans to survive. Literal mean of construction is that it is the science and 
art of putting objects together in systematic organization. Building cosntruction usually means making and erection of 
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structures used for provision of shelter. It involves phases from intial gathering of financing, planning, design and continues 
till the time a structure is built and ready to use. Construction also makes up process of repair and maintenance, improve, 
extend and expand the building from original shape. It concludes at the demolition, decommissioning or dismantling. The 
idea of having shelter against the harsh weather and animal species developed in Neolithic times or stone age. First huts 
and shelters were built from simple tools or by hands [12]. As the time advanced many technological advancements were 
made in the field of building construction.     

In order to find livelihood, people started working in set of teams of to provide shelter to other peoples. Initially, people 
were dominated by force and only slaves were used to build shelters. As time went on people gained mastery to provide 
certain skill set in shelter construction therefore, demanding something in return. The prevailing concept of barter system 
was used to trade shelter for something in return. The idea for building shelters for commercial activity developed in 2000 
BCE [12]. In modern times, the concept of commercial building can be predated to 1800s where buildings were used to in 
order to gain income from them [13]. 

Figure 2: Conventional method of commercial building construction in Pakistan. 

Figure 2 depicted supra shows the conventional method of building construction in Pakistan. Whereas, new techniques are 
available in the market which would allow for sustainable development to take place. The construction industry pays a lot 
of Gross Domestic Product in Pakistan so the idea of sustainable construction practices will be instrumental in decreasing 
the carbon emission as a whole and will allow new market trends based on the positive impact on health, to grow.  

3 Incorporation of BIM based LCA to reduce embodied carbon footprint emissions 

Embodied Carbon emissions are referred as those carbon emissions which take place in materials and construction 
processes throughout the whole lifecycle of the infrastructure. Therefore, it includes the material extraction, transportation 
to manufacturer or production plant, during manufacturing or production, transportation to site for use, while application 
in construction phase, transportation to end of life facilities and beyond the life cycle of the product [5]. Transportation 
infrastructure helps in mass mobility of people and goods from one place to another. The continuous construction of 
infrastructure cause large sum of material extraction, production, and utilization, therefore, releasing a huge sum of Green 
House Gases (GHGs) [14]. Building infrastructure is essential for human development which in turn arises sustainability 
challenge to cater for. Overall, the construction sector and carbon emission are directly proportional to each other [3]. To 
achieve sustainable environmental infrastructure without causing any further environmental degradation is an arduous task 
for policy makers. 
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In addition, demand-driven innovation policies coupled with booming GDP growth in developing countries have improved 
energy  efficiency. Macro-level economic policy serves as a productive primary tool for managing the structure of market 
demand and supply. In the current situation, manufacturers are benefiting from meeting potential demand by launching 
new and improved products as barriers to entry for new companies have been removed. , has supported a high-price strategy 
to stimulate innovation activity for demand-driven policy innovation. Many developing and emerging economies are 
striving to implement demand-side innovation policies in consumer policy, government procurement, and key marker 
reforms to highlight social needs and market failures. Developed for function and energy saving. Building on existing 
theory and research, many empirical articles examine the dynamic links between innovation and  environment in different 
economies and regions., [15]. 

Figure 3: Global CO2E Emitting Economies in year 2020  [15] 

Figure 3 illustrated above shows that the of conventional practices of carbon intensive industries is still a problem even  in 
developed countries. Whereas, Fundamental initiatives are being undertaken worldwide by scholars to find alternative, 
cost efficient, and environment friendly practices needed today to maintain the overall functionality of the building facility. 

Literature sugguest that there are many techniques utilized now a days to hamper the on-going environmental degradtaion. 
Building Information Modeling is a new technology which help policy makers in applying environmentally viable, socially 
acceptable and economically feasible materials or practices from the line design stage to completion including maintenance 
and operational phase of the infrastructure which also includes immediate service restoration in case of break down. [16]. 
It is a new roboust method to calculate environmental load of buildings which are either constructed or in construction 
phase. It is desirable to use the BIM tool in early stage of construction however, due to lack of information, resource and 
data available the usage of BIM is restricted and limited. A bidirectional path is required to transfer information in order 
to successfully execute Life Cycle Assessment for the project under consideration. This tool allows one to practically 
integrate building-related environmental sustainability requirements into BIM projects and carry out desired changes to 
reduce its environmental impact.  

4 Literature Review  

Various scholars have researched on making building construction environmentally viable and make future living 
condition better for all humanity. A summary of their working is explained in table 1.  
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Table 1 Literature Review for Limiting Embodied Carbon Footprint by BIM Based LCA 

Authors Study Area Year Summary of Using BIM based 
LCA for Limiting Embodied 
Carbon Emission. 

Dauletbek and Zhou [17] China 2022 

It was concluded that BIM-based 
life cycle assessment is a 
powerful tool for assessing 
homes in operation and 
maintenance phase as it 
comprehensively evaluates the 
environment, energy efficiency 
and economics. 

LLatas, et al. [18] Spain 2022 

A data driven BIM based LCA 
was proposed for the locality, 
which indicated most CO2E 
emitting materials for which 
alternatives can be worked out.  

Cheng, et al. [19] China 2022 

It was concluded that steel, 
timber and bricks were the top 
most contributing factors, 
whereas, interior alternatives and 
carbon sinks can be worked out to 
balance the negative output. 

Maierhofer, et al. [20] Austria 2022 

It was found out that 68% of the 
building GHGs release to the 
environment was related 
operational integration system 
and BIM based LCA can hamper 
down the negative impact if 
applied in design phase. This is 
now a regulation under the 
European Union standard 
building procedure. 

Ansah, et al. [21] China 2021 

Under consideration study 
proved that the BIM based LCA 
provides a systematic and 
detailed assessment of the 
building project and by adopting 
real local data driven BIM based 
LCA, we can improve the design 
robustness and performance of 
building environmentally.    
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Decision-makers on the national level should set out a solid policy for setting targets for carbon dioxide emission reduction. 
National-level policy devised keeping in mind the sustainable development is based upon three main challenges, in essence, 
interpretation of the development work keeping in mind the future use, information structuring to maintain a defined level 
of service while catering influencing need. As Pakistan is developing, sustainability-oriented strategies must involve all 
environmental, social, and economic parameters so that due input is taken from stakeholders. Developing a national-level 
strategy would mainly depend upon the contribution from the private sector. For that purpose, the policymakers, should 
initially roll out plans for helping the local sector to coupe up to the advanced stage, then only, discourage the conventional 
practices. Afterward, the system of incentives and restrictions should be imposed to ascertain and enforce the policy in 
true letter and spirit. 

Unavailability of data and lack of reliable data results in over designing of structure to ensure the smooth operation of the 
public or private facility. Efficiency and reliability in testing results should ensure the proper designing of public 
infrastructure. This would result in the reduction of material wastage inherently reducing the embodied carbon emission. 
Alternative materials should be incorporated resulting in better environmental performance as compared to simple design. 
Building Information Modeling also helps a great deal in this regard to keep track of the development work completed. 
This will not only help inefficient operation but significantly reduce the wastage of resources in repair and maintenance. 
The exact quantities can be calculated and end of life recycling or refurbishment can be planned 

5 Discussion 
The growing human need for infrastructure provision is a massive challenge while keeping in mind the prospects of that 
human livelihood and standard of living. The construction industry provides the infrastructure for daily activity by mankind 
in the movement of goods and people, however, conventional methods of construction are causing a detrimental effect on 
the environment [22]. The rapid increase of population results in massive building infrastructure needs for survival 
therefore, the development of building projects is occurring on a massive scale. Natural fossil fuels are the key elements 
of the construction industry whereas, blatant use of these resources results in Carbon Dioxide (CO2) emissions both directly 
and indirectly [23]. Pakistan is currently amongst the countries with the lowest carbon emissions rating, however, 
developing countries will suffer the most from climate change [24]. Therefore, it is imperative for developing countries 
like Pakistan to develop policy frameworks, adopt sustainable practices, adopt material alternatives, improve processes 
and develop national strategies from now so that corrective actions taken beforehand will resultantly allow new markets 
and trends to flourish which will be sustainable in the long run and provide better living condition to future generations. 
Adopting BIM based LCA will be a step in right direction in order to provide the desired level of service to the client 
whereas, promoting sustainability criteria for future construction in the locality. This opens up new market trend to flourish, 
which initially increases the boost of construction sector in country’s GDP, Furthermore, allowing more environment 
friendly construction to take place.  

6 Conclusions & Recommendations 

Following conclusions can be drawn based on literature review: - 

1. Developing Countries like Pakistan emit the least amount of embodied carbon footprint in environment, whereas, will
be bearing the major consequences.

2. Building Information Modelling (BIM) is a new tool that has been introduced by Autodesk in Architecture, Engineering
and Construction domain. Though, there is a resource deficiency for expertise in this new software tool, there has been
a lot of effort to gain maximum utility of this software; Which has proven it to be worthy.

3. BIM based Life Cycle Assessment is a new technique that is being adopted by developed countries and that has
performed in excellent manner in order to reduce the embodied carbon emission of the new infrastructure construction.

4. The versatility of technique can be enhanced much further by utilizing local area based carbon emission factors data
and by utilizing the technique from initial design phase till completion.

5. Locally available environment friendly material alternatives should be accessed and factored in so that building
performance can be judged as a whole.
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Following are the recommendations that should be adopted to counter the effect of carbonised environment :- 

1. National Coordinated effort to develop a policy framework and road map to modern tool usage solutions.

2. Roadmap to convert existing infrastructure towards environment friendly alternatives. Government policy to strictly
achieve zero carbon emission in new building projects.

3. All developers to committ to relevant industry roadmap and require disclose of supply chain data.

4. All manufactures to comply and committ to road map developed to achieve environment friendly materials.

5. Future curriculum must include the harmful impact of unregulated construction practices.

6. Upcoming research should be focused on improving energy efficiency of existing infrastructures, private buildings,
public buildings and new construction of any facility using BIM based LCA in operational and maintenance phase as
well.
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Abstract- Bridge piers fail for a variety of reasons but scouring around the pier is the 
most common. It is during the scouring procedure that the piers are decontaminated. As 
a result, the foundation of the bridge is exposed, which ultimately results in its collapse. 
The scouring effect around bridge piers was reduced by employing a different method. 
An Elliptical Pile-Cap of dimension (D) six centimeters by six centimeters was installed 
at the upstream side of a submerged trapezoidal broad crested weir (TBCW), and the 
height of the weir (Z) was five centimeters without piers and with weirs at various 
separation distances (S), two-dimensionally (S), and four-dimensionally (S). The 
experiment was conducted in a channel at the Hydraulics Engineering Laboratory, 
University of Engineering and Technology Taxila, utilizing a uniform bed material, flow 
depth-flowing under clear water conditions. The upstream face of the pier had its scouring 
depth compared to the local scouring in both the presence and absence of TBCW. 
Experiment results demonstrate that by using the submerged TBCW- at downstream S = 
2D, S = 4D, as opposed to without it, the scour depth at Elliptical Pile-Cap may be reduced 
by 48%. 

Keywords- Elliptical Pile, Trapezoidal Broad Crested Weir, Reduction, scouring 

1 Introduction 
Local scour holes around bridge piers are almost inevitable in alluvial channel beds subjected to the erosive force of 
oncoming river flows. Building bridges that span alluvial channels demands expertise or at least the ability to design and 
construct them [1]. This estimate is as close to being precise as feasible in order to predict the maximum scour depth that 
may occur near the piers over the course of the bridge's expected lifespan. Scour depth estimation is in its infancy because 
of the complexity of scour problems, which necessitates the development of a unifying theory. This type of scouring is 
most common during floods, which have unstable flows and may even change direction (Wardhana et al. 2022) [2]. 
Scrubbing occurs when three-dimensional boundary-layer separation occurs at the dock, resulting in bed material being 
eroded by high-turbulence and vorticity local flow structures. The examination of scour at bridge piers has been ongoing 
for several decades. For a variety of approach flows, sediment sizes and grades, pier types and sizes, and other variables, 
researchers have studied local pier scour extensively in alluvial channels and produced several prediction models to 
determine the maximum scour depth at bridge pilings [3]. For the hydrodynamic forces in the scour hole to stop removing 
particles, the local scour persists for an adequate amount of time at the bridge pier's piers. Equilibrium is reached at this 
point in the scour hole and the scour depth does not change much unless flow conditions or bed material changes 
(Mohammad Vaghefi et. al 2022) [4]. 
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2 Experimental Procedures 
All the experiment was performed in the Water resources & Hydraulics Engineering Laboratory of Department of Civil 
Engineering, University of Engineering and Technology, Taxila. The channel had specifications of 20 m length, 1 m wide 
and 0.75 m deep glass-sided flume with an adjustable tailgate at the channel-end to regulate the flow depth used for the 
experimental depth. Through the centrifugal pump, discharge was supplied to the tank then inter to the main channel by 
aligned honeycomb diffuser in the direction of flow for smooth and uniformly distribution of flow cross-wise. At the tail 
of channel water enter in the sediment tank after filling and trapping the flowed sediments, the flow discharges in the main 
channel. Plan view of the Laboratory channel and experimental setup shown in Figure 1. Also, pictorial representation of 
experimental setup shown in Fig 2 

  Figure 1: Plan View of Channel        Figure 2: Pictorial View of Experimental Setup 

Fig 1: Plan View of Channel A 9m long, 0.20m deep and .96m wide false bottom of uniform, medium size (d50=.51mm) 
bed material and pier base was introduce, sand size considered in this study stood in compliance to the condition of D/d50 
> 50 in order to dominate the sediment size effect on the scour evolution process guaranteeing non ripple-forming sand 
(Raudkivi & Ettema, 1983) ( Ettema, Melville, & Barkdoll, 1998). The diameter of the pile was not more than 10% of the 
channel width to prevent the effect of walls on scouring (Chiew and Melville, 1987) [5], therefore double square pile 
modelled by 0.06m dimension of wood material. The trapezoidal broad crested weir (TBCW) modelled by wood material, 
weir width equal to the full width of channel, crest length was 50cm, the weir was 5cm above the flat bed, the sides slopes 
of the TBCW was 1V:2H, which is more stable and seepage control. (Fritzi & Hager, 1998). The dimension of TBCW was 
within the limits (Sturm, 2001) (Henderson 1966) (Chanson, 2004) [6]. 

Elliptical Pile was placed at the equal distance the from edges of the flume, at the upstream of the TBCW. In start the 
elliptical pile was placed near the upstream of the weir, separation distance from the TBCW was 0D, then increase the 
separation distance (S) with respect to the diameter of pier as 2D and 4D. The sand bed was carefully levelled to flat bed 
with upstream and downstream flume bed, before performing every experiment. The discharge was then allowed to enter 
flume gradually and attained the flow depth and velocity became low with the help of tailgate channel. The discharge was 
set and flow depth was regulated manually to maintain constant and then stabilized flume slowly. After the completion of 
drainage, point gauge was used to measure the scouring around the pier having an accuracy of ± 0.5 mm. The experimental 
minimum time, allowed to run was 3 hours for each experiment. The suitable equilibrium time is 3 hours for the experiment 
(Karimi et al., 2017). Therefore, average time taken for each experiment was 3 hours. After completion of the above 
procedure, measured the geometrical dimensions of the scoured hole. 

3 Research Methodology
There were three distinct discharges tested, with Froude numbers ranging from 0.189 to 0.26, to see if scouring around an 
elliptical pile cap was possible. Two studies were conducted using a Broad crested trapezoidal weir at the downstream end 
of each discharge. The third set of trials used a Broad crested trapezoidal weir at downstream and an elliptical pile cap at 
three different discharge distances (0D,2 D and 4 D), all of which were done simultaneously. All the tests were completed 
in crystal-clear water with a constant depth of flow and three distinct discharges. 
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4 Results 

Table 1: Experimental Condition and Result 

Case 
S 

(m) 
Q 

(m3/s) 
T 

(hr) 
h 

(m) 
ys_f 
(cm) 

ys_ 
f/D 

1 

Without 
weir 

0.023 3 0.15 5.3 1.03 

2 0.027 3 0.15 5.8 1.08 

3 0.032 3 0.15 6.4 1.15 

4 

2D 

0.023 3 0.15 3.3 0.65 

5 0.027 3 0.15 4.0 0.73 

6 0.032 3 0.15 4.7 0.84 

7 

4D 

0.023 3 0.15 5.1 0.88 

8 0.027 3 0.15 5.6 0.95 

9 0.032 3 0.15 5.2 1.04 

 Figure 3: Scour Depth verses flow intensities 
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  Figure 4: Comparison of elliptical piers only, TBCW at 2D, and 4D 

 Figure 5a:  Longitudinal Scour Profile 
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 Figure 5b: Lateral Scour Profile 

In first case scouring around Elliptical pile-cap was measured without presence of TBCW, then installed the Elliptical pile- 
cap at the upstream of submerged TBCW and varies the separation distance (S) between TBCW with respect to pier 
dimension of pier as 2D, and 4D measure the scouring around the pier and compare the result of elliptical pier scouring 
with or without presence of submerged TBCW. During experiment it was observed that scouring was minimum when the 
piers was installed at distance of 2D from the upstream sides of weir and it will increase as we move from the upstream of 
weir at 2D and 4D. 

Fig. 3 represents the plot of pier scour depth versus various flow intensity shows that the pier scour depth increases with 
the increase in flow intensity and vice versa. It is since due to the increase in intensity that both the flow depth and velocity 
increases, which in turn cause an increase pier scour depth. This trend is shown in Fig1 for elliptical piers only, piers with 
TBCW at 2D, and 4D separation distance (S) for time interval of 3h, respectively. Fig. 4 shows the comparison between 
pier installed without TBCW and piers installed with weir separation distance between the pier and weir.   

Fig 5 (a and b) shows the scour the longitudinal and lateral profiles of scour holes which shows that the scour hole was 
increased due to increasing the flow intensity. Fig. 5a shows that the scour depth on upstream side of the pier was 
approximate same as the scour depth of the lateral profiles of the piers due to swirling effect generated along the sides of 
the pier as shown in Fig. 5b 

5 Conclusion 
This study concluded that: 

 The Scouring depth around the pile increases by increasing Froude Number in clear water condition.

 The depth of scour hole increases with the increase of distance from the weir.

 By the increase of separation distance from 2D to 4D between elliptical pile and weir, scouring reduction is
reduced; 42% reduction in scouring at 2D and 33% reduction in scouring at 4D.

 Reduction in scouring was 27% around elliptical pile-cap without presence of TBCW; 6% greater reduction than
previous study with only Elliptical pile.
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Abstract-Unexpected weather events, manufacturing defects, shoddy workmanship and poor 
building maintenance are all common causes of bridge collapse. However, scour damage to bridge 
pilings is far and away the most common cause of serious damage. Sediment is removed from 
bridge piers by running water's hydraulic force, a process called scouring. Scour around the piers 
of a bridge must be taken into account when determining its safety. It's been studied in a number of 
different ways. Through the use of three different discharge rates (0.32-0.37-0.032m3/s), the round 
nose bridge was successfully integrated into the sandbed, which was measured at 0.57mm in 
diameter by this research team's team of engineers and engineers. A uniform distribution of particles 
in the bed resulted in a geometric standard deviation (g) of grain sizes between 1.22 and 1.30. sg of 
gravel particle size distribution is less than 1.4, and the round nose bridge pier was incorporated 
into a gravel bed with gravel sizes from 4.1 mm to 14.25 mm Flexible vegetation should be used at 
distances of 0, 4, and 6 D from the round Nose Bridge Pier, where D is the diameter of the round 
nose of the Pier. Vegetation upstream served as a water filter. Each test required three hours to 
complete. At each of the diagonals (upstream, downstream, left, right, and upstream and 
downstream) a point gauge was lowered into the water to measure the depth of local scour. In an 
experiment, scouring around the round nose bridges pier employing flexible vegetation was reduced 
by up to 50% at 0D, 38.11 percent at 4D, and 30.15 percent at 6D distances. Stubborn vegetation 
reduces scouring by 33.44 percent, 30.92 percent, and 27.38 percent at zero, four and six 
dimensional distances. A lower scouring rate was observed for flexible vegetation than for rigid 
vegetation in the vicinity of round nose bridge pilings. A distance between the pier and the 
vegetation was increased in order to reduce scouring caused by flexible and rigid vegetation. 

Keywords- Wide Crested Trapezoidal Weir, Scour Depth; Flexible Vegetation; Rigid Vegetation 

1 Introduction 
Scouring is the process by which the hydraulic force of flowing water removes sediment from bridge piers and abutments. 
Horseshoe vortices are formed around bridge supports and piers due to redirected water flows. Cleaning can be 
accomplished in three ways: by local scouring, contraction scouring, or by aggravations or degrading substances. Scouring 
around obstructions in a stream is called "local scouring" in this context. When a bridge collapses due to local scour, the 
most common cause is a collapsed foundation. Horse shows have vortex systems, for example, which are secondary flows 
[1]. Local scouring relies heavily on three vortex systems: the one in the wake, the one in the trailing wake, and the one in 
the bow wave. The bed material rises to the floor in a wake vortex system. The pier's shape and water depth influence the 
system's strength. When the piers are submerged, the trailing vortex system does not exist in practise. The fragmentation 
of the piers' upstream flow creates a horseshoe vortex system. Because of the horseshoe vortex, the upstream side of the 
bridge pier is particularly vulnerable to bed scouring. Different types of waves, such as horseshoe vortex and bow wave, 
appear on the water's surface [2]. 
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Octagonal, square, circular and oval pilings were all used to estimate the scour depth around the pilings in order to 
determine the scour depth. Compared to the square piling, the scour depth of the piling was found to be between 10% and 
20% greater. If something were to happen, the circular and oval faces of the piling would be in the path of most traffic as 
compared to the square piling (Ghani & Mohammadpour, 2016) [3]. 

2 Experimental Procedures 
"It was done one sand and gravel at a time to fill in the main channel. Testing was carried out on a sand or gravel bed 8 
metres by 15 centimetres deep and the same length. This component is used to carry out all scour studies. With regard to 
the flume's centerline and at a distance of 4 metres from the sand bed, a bridge pier was constructed in the test section. 
Three discharge rates (0.023 m3/sec, 0.027 m3/sec, and 0.032) were used in each experiment to measure Froude Numbers 
[4]. Measurement of flow discharge after the tailgate was accomplished by placing a trapezoidal weir at the channel's end 
(Reca et al. 2006). The flow depth, h, is maintained at 15 cm for each set of trials.

2.1  Laboratory Channel. 

The Hydraulic Laboratory, Civil Engineering Department, University of Engineering & Technology Taxila, and the 
Pakistani Institute of Science and Technology conducted all of the trials in the laboratory channel. The following are the 
main components of the laboratory flume. 

1.Pipe leading to the inlet 2. The primary means of communication. 3. Setting basin as a foundation 4. Excessive waste
Pipe Weir's number five 

Figure 1: Laboratory Channel 

2.2 Material. 

The channel's middle was marked with a 6-cm-diameter round nose bridge pier for testing purposes. For the tested pier 
sizes, B/D ratios greater than 10 are required for the flume width and pier nose diameter (i.e. D=6cm). As an alternative to 
real plants, the flexible model array was constructed from conventional broom heads and was used to study hard-vegetated 
channels. For the flexible vegetation, stacked broom heads with a diameter of 0.04 mm each were used and were inserted 
into the sand bed with Hole sizes of 3 millimetres are perforated evenly across the surface [5]. 

Figure 2 : Round Nose Bridge Pier a) With rigid Vegetation b) With Flexible Vegetation 

a) b) 

Page 319 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-403 

3 Research Methodology  
The experiment was conducted on a sediment bed of 10 metres long. With this final one-third of sediment bed zone 
covered, we were confident that all velocity profiles had been established (Vaghefi, Akbari, & Fiouz, 2016). Perpendicular 
to the centerline, the pier was set up and ranged accordingly. When it came to B and D, there was a 16:1 ratio. According 
to Ballio, Teruzzi, and Radice, the contraction effects on scour depth are present at W/D 3. (2009). B/D 5 was found to 
have a reduced contraction effect by Lança, Fael, Maia, Pêgo, and Cardoso (2013). As a result, the contraction effect had 
no impact on the findings of this study. 

Experiments were conducted on a round nose bridge pier with three different flow discharges, i.e., 22,27,32 l/s.. Weirs at 
the end of the canal after the tailgate were used to measure discharge flow rates (Reca et al. 2006). For each set of trials, 
the flow depth, h, is maintained at 15 cm. It was determined that B/h>5, D/h0.7 was met in order to reduce the impact of 
water depth and eliminate secondary flows (Melville and Hadfield 1999). All experiments were carried out at Froude 
Numbers 0.189, 0.22, and 0.26 at 0.023m3/s, 0.027m3/s, and 0.032m3/s. The flow discharge was measured by a trapezoidal 
weir at the end of the canal after the tailgate (Reca et al. 2006). 42 experiments in the laboratory channel used sand and 
gravel as the bed material. Tests were conducted on the round nose bridge pier with and without various types of artificial 
vegetation (Artificial Flexible and Rigid). a three-hour equilibria was maintained in all experiments (Karimi et al. 2017). 
Melville and Chiew (1999) defined the equilibrium period for scour depth as the time during which the scour depth does 
not fluctuate by more than 5% of the pier diameter at any given point in time. At the end of each test, the flume was gently 
drained, and the depth of the scour hole was recorded.         

4 Results 
A pier's scour depth is directly related to its flow velocity. It is also true that an increase in flow velocity increases the 
scour depth due of its erosive activity, until it hits the critical velocity, which causes a drop in the pier scour depth. As 
vegetation is erected and distances between pier and vegetation diminish, the maximum scour depth (ds/D) falls, indicating 
that round-nose piers with sand beds are most susceptible to scour 

4.1 Graphs 

Figure 3: Relationship between scour depth (ds) and Froude Number for sand bed material. 
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Figure 4: Relationship between scour depth (ds) and Froude Number for gravel bed material. 

Figure 5: The ds/D versus Distance b/w vegetation and the pier having sand bed installed at upstream side. 

Figure 6: The ds/D versus Distance b/w vegetation and the pier having gravel bed installed at upstream side. 
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Figure 7: With and Without Flexible Vegetation, the lateral scouring profile of the Round Nose Bridge Pier. 

Figure 8: With and without Rigid vegetation, the longitudinal scouring profile of a round-nose bridge pier. 

4.2 Use of Software 

To produce a contour map and 3D geometry for all tests, Golden SURFER Software surveyed the bed topography around 
the pier. Not only do scour depth contour maps reveal information about the scour process, its dimensions, and its 
topography, but they can also be used to devise countermeasures for scouring protection under various flow circumstances. 

Figure 9: Scour Hole around Pier without vegetation a) Contour map & b) 3D Geometry. a) b) 
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Figure 10: Scour Hole around Pier with flexible vegetation at 0D a) contour map and b) 3D geometry. 

 

Figure 11: Scour Hole around Pier with flexible vegetation at 4D a) contour map and b) 3D geometry. 

Figure 12: Scour Hole around Pier with flexible vegetation at 6D a) contour map and b) 3D geometry. 

a) 

a) 

a) 
b) 

b) 

b) 
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5 Conclusion 
According to this study, the following findings can be drawn: 

1. The scouring depth increases with increasing Froude Number in clear water.
2. When the distance between the pier and vegetation was as close as possible, the scouring around the pier decreased

the most.
3. When there is a minimum distance between a floating pier and flexible vegetation, scouring around the pier is

reduced by 43.79.0 percent. Vegetation that is more adaptable at distances of four and six dimensions reduces
scouring by 38.11% and 34.15%, respectively. Sourcing is reduced by 33.44%, 31.92%, and 27.38% at 0, 4, and
6 degrees.

4. When the distance between the pier and the flexible vegetation is at its smallest or 0D, scouring around the pier
decreases by up to 52%. Flexible vegetation also reduces scouring by 44.21 percent and 38.35 percent when used
at 4D and 6D distances. When scouring is compared to rigidity in vegetation, flexibility in vegetation reduces it
by the most, by 37.44%, 34.92%, and 32.38% for various ds/D ratios (0D, 4D, and 6D).

5. Scours and corrective measures are clearly depicted in maps generated under a variety of flow, sediment, and
vegetation conditions.
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Abstract- Northern areas of Pakistan are endowed with vast hydropower generation 
potential. Many micro-hydropower plants (MHPP) working in private and public sectors are 
without proper engineering design.  The proposed project has been designed on a stream in 
the peochar valley, Swat, Pakistan. The stream is having enough discharge and most 
importantly adequate head that can be easily available to generate electricity. The flow data 
of the stream was collected from SRSP’s office. For suitable positioning of civil components 
of the hydropower plant, a survey has been made to mark proper points. Such point was 
marked which had a large head because greater the head, the more is the capacity of the plant. 
A favorable point on the stream was selected where diversion works were designed to divert 
a part of water from stream to a canal. Canal conveys water to the settling basin and forebay. 
Through the penstock, water strikes the blade of turbine and generate electricity. The net 
head obtained at the site is 76ft. The designed discharge was determined to be 10 cusec. After 
determining these parameters, the design of civil components was undertaken. The approach 
channel dimensions were designed to be 2.5 ft × 2.24 ft. Settling basin forebay were designed 
according to the design discharge. This plant was designed to have a power generation 
capacity up to 40 kW. 

Keywords- Micro-hydro power plant, Hydropower generation, Stream water flow, Green 
Energy 

1    Introduction 

There is a very rapid depletion of non-renewable resources for generating electricity and the electricity demand is 
increasing due to the growing population and the desire for standard living. According to an estimation, presently more 
than 1.5 billion people are deprived of access to electricity throughout the world [1]. Pakistan is also facing multifaceted 
challenges in the power sector and almost 50 million people are having no access to the electric grid [2]. Alternatively, 
harnessing water, tidal and solar energy can overcome the power shortages and to meet the electricity. Subsequently, 
MHPP is considered one of the desirable sources for power generation because of its environment-friendly nature and 
extensive potential available throughout the world [3] 

The energy of the moving water is used for the generation of hydropower. The energy production from moving water dates 
back to ancient Greek times. Ancient Greek used to grind wheat into flour by rotating wheels through moving water. The 
water wheel is placed in a stream that picks up the moving water in buckets. The kinetic energy of the flowing water turns 
the wheel and is converted into mechanical energy that grinds the wheat into flour. In the late 19th century, a tremendous 
development had been made to generate electricity from hydropower. Many MHPP working in private and public sectors 
are without proper engineering design.  In the present study, the work has been carried out to propose and design MHPP 
on a stream in the peochar valley, Swat, Pakistan. The stream is having enough discharge and most importantly, sufficient 
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head that can be easily used to generate electricity for the local people. The flow data of the stream was collected from 
SRSP’s office.  

2    Design Methodology  

Design methodology deals with the numerical background related to design of the micro hydro power plant. It involves 
the identification of some basic equations and relation to be used for the project. In the present work, two types of design 
methodology are involved: 1) Hydraulic design and 2) structure design. 

A side intake is normally located at the bank of diversion works and consists of an opening called orifice through which 
water is entered and drawn to the downstream approach channel. The majority of small hydropower schemes are of the 
run-of-river kind, where water used for the power generation is brought back to the river at tail-race (downstream). Also, 
in run-of-river hydropower project electricity is generated from discharges larger than the minimum required to operate 
the turbine.  

2.1.1.1   Design of orifice for side intake 

The typical section through weir and section through submerged orifice is illustrated in Figure 1. The discharge through 
orifice of an intake when in submerged condition can be calculated as; 

Q=A×V= 𝐴 ൈ 𝐶ඥ2𝑔ሺ𝐻 െ 𝐻ሻ           (1) 

Where; Q= discharge (m3/sec), V= velocity (m/sec), C= coefficient of discharge of the orifice     

𝐻 െ 𝐻=Difference between the river and the headrace canal water level 

The size of slope and cross-section of an approach channel should be designed in such a way that the required turbine 
discharge (design discharge) can be economically traveled to the head tank (fore-bay). Generally, the size of cross-section 
and slope are interrelated. During the designing of a channel, the slope should be not higher to prevent more head loss. 
This gentler slope will produce low velocity and ultimately result in greater cross-section. On contrary, when the slope is 
steep, the velocity will be higher and resulting in smaller cross-section but the head loss, in this case, will be more. The 
cross-sectional shape of canal is decided according to the site conditions and stability. It may be rectangular, trapezoidal 
or some other possible shape. By using Manning’s equation find the depth and width of the channel. 

Q =  
𝟏.𝟒𝟗 ୶ 𝐀 ୶ 𝐑𝟐/𝟑

𝐧
    (2) 

2.1      Hydraulic design of civil components of MHPP 

2.1.1   Weir and intake structure 

a) b) 

Figure 1: a. A section through weir, b. A section through submerged orifice 
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Here, the channel is rectangular, so: 

୕ൈ୬

ଵ.ସଽ ୶ √ୗ
= 

  
ఱ
య


మ
య

= 1.26H
ఴ
య   (3) 

The equation (3) provided the height of approach channel. Provided with height, calculating the width and Cross-sectional 
area of the channel by W = 2H and A = W x H respectively. 

When the flow is diverted from stream or river, there are some suspended particles. The settling basin is used to settle 
down these suspended particles. Settling basin has two portions: the first portion is called sand trap which settles down 
smaller size particles and the second portion is called gravel trap which settles down larger particles. There are different 
components of settling basin like, inlet zone, settling zone and outlet zone as shown in Figure 2.

𝐿 ௦ ൌ
ଶൈொ

ሺௐೞൈೡሻ
 (4) 

  Where, Q = design flow in 𝑚ଷ/s, Ws = Basin width 

  𝑉௩= fall velocity, taken as 0.03m/s for the value for 0.3mm particles. 

Dୡ ൌ
౩

ሺ౩ൈ౩ሻ
  (5) 

Where, Dc = average collection depth, 𝑉𝑂௦ = volume of silt stored in the basin in m3 and Ls = Basin length 

2.1.4 Design of fore-bay 

Structurally, the fore bay and settling basin are same but in forebay, outlet transition is replaced with a trash rack. The 
typical fore bay for MHPP is shown Figure 3. The recommended size for forebay should be such that a person can go 
inside for cleaning and at least once a year to repair. 

Figure 03: Typical Fore bay in MHPP 

a) b) 

Figure 2: a. Top view of settling basin, b. Side view of settling basin 
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It has been recommended that the minimum submergence head for a penstock should be calculated as below: 

𝒉𝒔 
𝑽𝟐

𝟐𝒈
 (6) 

For the design of the weir and approach channel, different moments are calculated and sliding and overturning stability 
checks are applied to check the stability. For the structural design of the settling basin, determine the dimension (length, 
width and height) of the tank from hydraulic design. The tank should be designed according to the situation (whether the 
length to width ratio is more or less than 2), so in this case it is more than 2.  Thus, assuming the long wall is a cantilever 
and the short wall to act like a beam with both ends fixed. In the present study the shape of the tank is rectangular. The 
tank that is resting on ground the slab, the slab should be designed in such a way that it can safely transfer water weight 
and the structure self-weight to the ground. Normally, the floor slab thickness ranges from 150 mm to 250 mm with a 
minimum of 3% reinforcement. 

3       Results and discussion  

3.1    Hydraulic Design 

3.1.1   Intake structure 

The intake structure dimensions and flow characteristics are determined and summarized in Table 1. 

Table 1: Intake structure Hydraulic Design 

3.1.2   Approach channel 

In the present study, the channel is a rectangular channel and the slope is found out from the site topography. Approach 
channel design values have been summarized in Table 02.   

Table 2: Approach channel Hydraulic design 

Approach Channel 

Discharge 
(Q) 

Slope (S) Max Velocity 
(Vmax) 

Height 
(H) 

Width (W) Area (A) Actual 
Velocity (V) 

Depth of 
Approach 
Channel 

10 cusecs 1/500 4.92 ft/sec 1.24 ft 2.48 ft 3.09 ft² 3.23 ft/sec 2.24 ft 

Intake structure 

Discharge 
(Q) 

Velocity of Water 
Through Orifice (V) 

Area of 
Orifice 
(Q/V) 

Height of 
Orifice (H) 

Width of 
Orifice (W) 

Depth of 
Weir (D) 

10 cusecs 4.815 ft/sec 2.068 ft² 0.75 ft 2.77 ft 2.75 ft 
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3.1.3    Design of settling Basin 

According to [4] the thumb rule for the width of the settling basin is 2 to 5 times the width of the approach channel. 
Assume the width of the settling basin will be two times the width of the channel. All others dimensions of settling basin 
have been calculated and summarized in Table 03.        

3.1.4      Design of Forebay 

The hydraulic analysis provided the dimensions for the forebay which is shown in Table 04. The minimum submergence 
head required for the penstock is done in accordance with the standard [5]. 

Table 4: Hydraulic Design of forebay 

3.2     Structure Design 

All the structural components of MHPP have been designed in accordance with the standard. 

3.2.1   Structure design of Approach channel 

Multiple checks and standards applied to the check the stability of retaining the wall, designed for approaching the 
channel and the designed values are provided in Table 05. The retaining wall’s structure dimension has been provided in 
Table 06.  

Design of settling basin 

Discharge 
(Q) 

Width of 
Settling 

Basin (Ws) 

Settling 
Velocity of 
Particles 

(Vv) 

Settling 
Basin 

Length (Ls) 

Silt Load 
(𝑺𝒍) 

Silt Density 
(𝑺𝒅) 

Volume of 
Silt (𝑽𝑶𝒔) 

Collection Depth 
required for 

settling basin (𝑫𝒄) 

10 cusecs 4.94 ft 0.197 ft/s 16.2 ft 12096 kg 73.68 kg/ft³ 328.34 ft³ 4.1ft 

Design of forebay 

Discharge 
(Q) 

Storage 
Capacity 
of Fore-

bay 

Volume 
(V) 

Length 
(L) 

Width 
(W) 

Actual 
Depth 

Velocity 
in 

Penstock 

Min head in 
Fore-bay Req 
above crown 

(𝒉𝒔 ) 

Storage 
Depth 
(𝒅𝒃) 

Min 
Depth 
(𝒉𝒔 
𝒅𝒃 ) 

10 cusec 60 sec 600 ft³ 16.1ft 4.94 ft 7.5 ft 9.8 ft/sec 2.25 ft 1 ft 3.25 ft 

Table 3: Hydraulic Design of settling Basin
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Table 5: Approach channel structure design 

Approach Channel 

Discharge 
(Q) 

Slope (S) Max Velocity 
(Vmax) 

Height 
(H) 

Width (W) Area (A) Actual 
Velocity (V) 

Depth of 
Approach 
Channel 

10 cusec 1/500 4.92 ft/sec 1.24 ft 2.48 ft 3.09 ft² 3.23 ft/sec 2.24 ft 

Table 6: Retaining wall of approach channel 

3.2.2   Structure design of forebay and settling basin 

The reinforcement details for the design of settling basin and forebay is mentioned in Table 07. 

4      Conclusion 

In this study, the design of different components of Peochar MHPP is done by using standard rule and procedure. The 
different components include; the intake structure, approach channel, settling basin and forebay are designed. From the 

Structure Design Walls of approach channel 

Top Width of 
Retaining Wall 

Bottom Width of 
Retaining Wall 

Height of 
Retaining Wall 

Unit Weight of 
PCC (𝜸𝒄  ) 

Unit of Water 
(𝜸𝒘) 

0.75 ft 1.5 ft. 2.24 ft. 150 lb/ft³ 62.4 lb/ft³ 

Table 7: Structure design of settling basin and forebay 

Structure design of settling basin and forebay 

Design of long wall Design of short wall Design of base slab for settling basin 
and forebay 

Thickness of the 
Wall (d) 

Vertical & 
Horizontal 

Reinforcement 

Vertical & 
Horizontal Reinforcement 

Thickness of the 
Slab 

Reinforcement in 
Both Directions 

(Mesh) 

12 inches #4 bar @ 9in c/c #4 bar @ 9in c/c 6 inches #4 bar @ 9in c/c 
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hydraulic design the sizes of these components are determined. The results obtained from the redesign are more economical 
as compared to the existing MHPP at the site. MHPP will tremendously improve the socio-economic life in northern 
regions of Pakistan. This will ultimately reduce the wood cutting issue which northern people are using for energy 
consumption, particularly in the winter season. This will result in discouraging deforestation and ultimately preserve the 
ecosystem. 

5      Recommendations  

The following recommendations have been suggested in these studies: 

• The proposed project in the present studies, is economically viable and it can be attractive for private investors. Therefore,
the government of KPK should invite and encourage the private sector to take up this project for implementation. 

• A single turbine unit has been proposed. In future, a design scheme having two smaller turbine units equivalent in capacity
to a single unit could be worked out. This would be beneficial in a way that during lower flows a single turbine unit would 
be operational while during full design flow both the units will be working. 

• In the proposed scheme, economic analysis is done by doing an economic comparison between the proposed MHPP and
an equivalent capacity thermal power plant. Another way of doing this economic analysis is through Long Run Marginal 
Cost Method (LRMC). An economic study based on LRMC could be done in the future. 
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Abstract- Increase in population results in rapid urbanization. As a result, imperviousness 
increases, infiltration decreases, runoff discharge, and flood peak rise. Different patterns of 
urbanization and understanding its impact on flood responses are getting the attention of 
researchers. This study focuses on the changing urbanization impact on the flood peak of the 
Soan basin (SRB) using HEC-HMS v. 4.9 (Hydrologic Engineering Center - Hydrologic 
Modeling System). The input variables for the HEC HMS model were estimated using the 
Digital elevation model, Land use/ Land cover maps, and Soil and rainfall data. The urbanization 
trend has been increasing in the 20th century and the Soan river basin (SRB) has been 
experiencing an expansion from 3% to 17% from 1997 to 2020. The response to land use land 
cover (LULC) change on the calibrated event of 1997, simulated peak discharge for 1997 land 
use land cover (LULC) was 2383 m3/sec, for 2010 land use land cover (LULC) it was 2442 
m3/sec and for 2020 land use land cover (LULC) LC it was 2462 m3/sec. HEC- HMS modeling 
shows an elevated increase in simulated peak discharges (flood flow) and runoff volume as 
shown in (Table 1) due to an increase in a built-up area in (SRB) between 1997 and 2020. The 
study showed that urbanization has a larger impact on flood peaks rather than flood volume. 

Keywords Flood intensity, Flooding, HEC-HMS, HEC Geo-HMS 

1. INTRODUCTION:
Due to the rise in imperviousness, sudden changes in land use in emerging economies and an increase in extreme rainfall 
events may be significantly raising the danger of flooding, especially in metropolitan areas [1]. Extreme storm occurrences 
that cause urban floods are of great interest to several scholars worldwide. The likelihood of severe rainfall occurrences 
rises as the world's temperature rises. The changing patterns of rainfall events demonstrate the need for flood modeling. 
Changes in land use land cover (LULC) have a significant effect on the watershed ecosystem, economic activity, and 
hydrological processes. In addition to environmental vulnerabilities, land use land cover (LULC) shifts are important 
drivers of environmental change on a global scale, with potential negative effects on human well-being and way of life 
[2]. Land-use changes within a basin have a wide range of temporal and spatial effects on hydrological processes. It may 
have an effect on hydrological processes including interception, infiltration, evaporation, and an increase in runoff. 

The rapid increase in the built-up area has adverse effects on the hydrological, it increases perviousness as a result increases 
surface runoff, and decreases groundwater flow, and lag time. The changes in land use with climate change have negative 
impacts not just on environments but on urban infrastructure in South Asia's tropical region [1]. On -average, metropolitan 
basins lose 90% of their storm precipitation to surface flow, while nonurban, wooded basins retain 25% of their rainwater. 
It is well known that increased impervious surface areas contribute to the effects of urbanization on hydrological processes 
[3]. 

The identification of appropriate techniques to analyze the influence of land-use change on storm runoff generation remains 
a critical issue. In various case studies, land-use patterns and rainfall events were inputs to an event-based hydrological 
model to evaluate the basin's hydrological responses to actual or expected precipitation events. These strategies have 

Page 332 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-405 

provided a warning of the likelihood or severity of future hydrologic reactions. Few methodologies exist for estimating 
peak discharges from projected land use patterns [4]. 

HEC-HMS describes the spatial patterns of a basin using a basin model by dividing a basin into relatively homogeneous 
sub-basins. The HEC-HMS system of hydrological modeling techniques aims at identifying sub-basin peak discharge 
hydrographs and directing flows through channels to the study outlet. In this study, the Curve Number (CN) was employed 
to find surface flow and peak discharges as land use distribution at the regional scale, and the curve number (CN) could 
be created and hydrologically validated. Similarly, Du et al., 2019 [3] in the Xiang River Basin, China, employed SCS CN 
to anticipate the effects of LULC change on flooding behavior caused by shifting urban patterns. 

Kumar et al. 2022 [5] carried out a study on the combined effect of hydrological variations and Land use land cover change 
in the USRI watershed, India, and found out that due to increasing urbanization and reduction in water bodies and green 
cover there has been an increase in streamflow. Umukiza et al. 2021 [2] employed an event-based method to explore the 
effects of fast LULC change on peak discharge and flow volume and observed that peak flow/ discharge depends on the 
curve number (CN), which relies on the LULC scenario. If growth in built-up areas is pursued, strategic countermeasures 
that do not enhance the area's susceptibility must be implemented.Younis et al. 2018 used a lumped model and event-based 
model (HEC-HMS) and LANDSAT data to study the evaluate the impacts of LULC changes on hydrology in the upper 
Indus basin, including forest area, bare land, and impervious increases. The LULC change research was conducted on a 
small scale in the Mansehra metropolitan district (16 km2). Soil and built-up area rose from 69 percent and 8.2 percent in 
2000 to 78 percent and 13.76 percent in 2010, respectively, while river flow increased by 33.61 percent from 2000 to 2010, 
suggesting a significant positive relationship between LULC and river discharge on a regional scale [6].The flood response 
to the built-up area by utilizing the HEC HMS model was done by Emam. et. al 2016 [1]. The peak discharge based on 
precipitation to a 50-year return period in 2030 increased by 130%, due to land use cover and change. The aims of this 
research are to (1) analyze the flooding process and identify the significant land-use changes and their spatial distribution 
from 1980-to 2020; (2) investigate the land-use pattern changes effects on the flood regime of the Soan basin. 

2. DATA AND METHODOLOGY:

2.1  Study region: 

The Soan River is a significant tributary of the Indus River and a key hydrological unit of Pakistan's Potohar plateau, with 
its source in the Murree Mountains. The Soan River passes via the Chirah and Dhoke Pathan hydrological gauging stations 
before flowing into the Indus River. Both the Chirah sub-basin and the Dhoke Pathan sub-basin are located above the 
hydrological gauging stations at Chirah and Dhoke Pathan, respectively. The Soan basin as shown in (Figure 1) is 6842 
km2 in size and has an elevation range of 262 to 2264 m. The basin's slope ranges from mild to severe, and monsoon-fed 
streams account for virtually all of the basin's flow.  Simly dam being the primary drinking water supply for Islamabad, 
the capital of Pakistan, receives water from the Soan River. It also serves as the Potohar plateau's primary irrigation water 
supply [7].  

Figure 1 a) FAO soil map of study area. b) Study area map of SRB (Soan river basin) c) Delieated Soan basin 
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2.2 Data sets: 

The daily precipitation data is provided by PMD (Pakistan meteorological department), WAPDA, and NARC of three 
gauging stations, and stream flow data at two gauging stations (Chirah and Dhoke Pathan) from 1960 to 2013 were 
collected. The two flood events were identified in July-1997, and July 2010, and the precipitation data and flow data have 
been used. 

The soil types as shown in (Figure 1) were extracted from the data-sharing site of the Food and Agriculture Organization 
soil map. The HSG (hydrologic soil group) A, B, C, and D classifications, are used to represent high to low permeability 
rates when the soils are fully saturated and not have vegetation cover, and experiencing a high-intensity rainstorm 

The Land Use and Land Cover data for 1997 and 2010 were extracted from a data-sharing site of glovis.org and re-
classified into a water body, bare land, Vegetation land, forest, and Built-up area. The hydrologic soil group “D” covers 
most of the area of the Soan basin, followed by the group “C” [3]. 

2.3 Hydrological engineering center- hydrologic modeling system rainfall-runoff simulation procedure: 

In contrast to fully-distributed hydrological models, HEC-HMS separates an entire basin model into homogenous sub-
basins basis on the area threshold established in the model. It takes various sub-basins changing surface conditions into 
account. Evapotranspiration and snowmelt have not been considered in the HEC-HMS model since short-term flood events 
are depicted as being driven by high-intensity rainfall. To estimate the hydrological impact of LULC modifications solely, 
LULC maps are employed in conjunction with the precipitation data [8]. As a result, the semi-distributed model is 
preferable for simulating flood occurrences at a broad basin size. HEC HMS v4.9 was used in this work to predict surface 
runoff using different LULC maps. 

HEC-HMS uses the following steps to run the simulation: 

1. Basin model shows the physical characteristics of the study area.
2. Meteorological model takes rainfall data as input associated with each sub-basin.
3. Control specifications show the start and end and a time step of the simulation.
4. Time series data manager has observed discharge data and rainfall gauge data.

All of the above-mentioned models are combined to simulate by defining the following parameters: 

1. SCS-curve number- excess precipitation or runoff: The SCS-CN (Soil Conservation Service Curve Number) is a
function of total rainfall, land cover, soil characteristics, and moisture. CN value ranges from 30 for permeable soil
to 100 for water bodies, being the most important parameter CN value is used to represent the urbanization level.
CN (Curve number) grid was created to extract individual curve numbers for each sub-basin, using the LULC maps
and FAO soil maps in conjunction with the HEC-Geo HMS extension of Arc Map and using the CN lookup table,
provided by the SCS report [9] and Juan Du. et.al 2019 [3] in Xiang River Basin, China.

2. SCS-UH (Soil Conservation Service Unit Hydrograph): SCS unit hydrograph was used to calculate the direct runoff,
the average UH resulting from runoff, and rainfall at gauges in agriculture basins.

3. Baseflow method: The Recession Model is used as a tool to explain the drainage processes from natural retention
in basins. The river depth where additional runoff accumulates is defined by the baseflow parameter in flood studies.

Results: 

3.1 Land-use land-cover change analysis: 

Supervised classification of LANDSAT images of 1997, and 2010 (Figure 2) and applied algorithm of maximum 
likelihood. The images were classified into; Waterbody, Bare-land, Forest, Vegetation, and Settlements. LULC analysis 
was carried out by estimating the areas of LULC in 1997, and comparing them to the areas of land cover in 2010 and 2020 
as shown in (Figure 3). As of 1997 the bare land covered most of the Soan river basin, forest, and vegetative land covered 
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25%, Built-up area covered 3% and water body covered approx. 1% of the total Soan basin. In the year 2010, vegetative 
and bare land covered most of the area by 39%, and 38% respectively, with 13% of the area as forest and built-up area 
covered 9% and water bodies covered approx. 1% of the total Soan basin. In 2020, 55% of vegetative land covered most 
of the area of the Soan Basin, the built-up area has slightly increased to 17% of the total area, and forest and bare land 
covered 14% and 13% of the total Soan river basin area. 

Figure 2 Land use maps a) 1997b) 2010 c) 2020 

3.2 Impact of land use/land cover change on peak flood flows: 

The rainfall-runoff is the result of a combination of climatic and topographical conditions. The HEC HMS model was 
calibrated for the event of July 1997 (Figure 4) and validated for the event of 2010 as shown in (Figure 5).  The calibrated 
HEC HMS model for the 1997 event is used to simulate the flood responses to different LULC conditions (Curve number 
and impervious percent) of 1997, 2010, and 2020 as shown in (Figure 6). 
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Split sample methodology and streamflow observation data gathered at the watershed's outlet were used in the calibration 
and validation of the HEC-HMS model. 
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Figure 4 Calibration run for event 1997 
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Conclusions 
The following conclusion has been drawn from this study: 

1. The Land-use land cover change varied spatially such as the artificial surfaces increased from 1997 to 2020 i.e.,
from 3% to 17%. The significant land-use change in SRB was vegetative cover (Agriculture, grass, etc) increased
from 25% in 1997 to 55% in 2020. The major urbanization or urban area expansion rate occurred at Rawalpindi
and Islamabad of approximately 500 km2 in 2020.

2. The peak flood flow and flood volume increased from 1997 to 2020 by 79 m3/sec and 13 mm with increasing
urbanization and the flows were observed at the outlet. Soan river basin has most of the area covered by an arable
or vegetative cover which is why it had little effect on the elevated peak. Acknowledgments:
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Abstract -It is the local scour that is causing the most serious damage to the bridge. 
One of the most important considerations in pier design is how to minimize scouring. 
The experimental decrease of scouring around various kinds of bridge piers using 
mesh wire is investigated in this paper. There are many kinds of mesh wires that are 
put above the streambed level around the piers of bridges to decrease scouring. Using 
mesh wire to around the circular pier gave us the finest results. Compared to 
conventional bridge piers, scouring on the circular pier with mesh wire was reduced 
by up to 52% after 48 hours of testing. In comparison to square and rectangular 
bridge piers with mesh wire, the scouring on circular and square bridge piers was 
reduced by 52% each. This means that the most effective mesh wire bridge pier is a 
circular bridge pier. 

Keywords: Scouring; mesh wire; Rectangular Bridge Pier; Scour Reduction, Piers 

Introduction  
Small scour holes around bridge piers are inevitable in alluvial channel beds exposed to the erosive action of approaching 
river flows. Bridges that span alluvial channels need to be designed and built with a knowledge of the maximum scour 
depth that may occur near the piers over the expected lifetime of the bridge [1]. Scour depth at piers is still in its infancy 
because of the intricacy of the scour challenges. Floods, with their unpredictable and even counter-flowing flows, are ideal 
conditions for major scouring. The local flow structure, which has a high degree of volatility and vorticity, causes bed 
material erosion, resulting in scour, which is caused by a three-dimensional boundary-layer separation at the pier. 
Researchers have been studying scouring at bridge piers for some years now. Alluvial channel scour has been studied 
extensively, and researchers have developed a set of prediction equations to estimate the maximum scour depth at bridge 
piers under diverse approach flow, sediment size and gradation, and pier type and size situations. [2]. It takes time for the 
hydrodynamic forces in the scour hole to no longer remove particles from the pier scour hole, which is why it persists for 
a long period. When the scour hole achieves this equilibrium, the scour depth does not fluctuate much until the flow 
conditions or bed material changes. The purpose of this paper to minimize the scouring around the different shapes of 
bridge piers by placing the mesh wire at the bottom of piers on the bed of the ground [3]. however, the aim of this research 
is to investigate the scouring around the different shapes of piers using the mesh wire and compare their results in reduction 
of the scouring.   

Experimental Procedures 
All the experiment was performed in the Water resources & Hydraulics Engineering Laboratory of Department of Civil 
Engineering, University of Engineering and Technology, Taxila. The channel had specifications of 20 m length, 1 m wide 
and 0.75 m deep glass-sided flume with an adjustable tailgate at the channel-end to regulate the flow depth used for the 
experimental depth. Through the centrifugal pump, discharge was supplied to the tank then inter to the main channel by 
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aligned honeycomb diffuser in the direction of flow for smooth and uniformly distribution of flow crosswise. At the tail of 
channel water enter in the sediment tank after filling and trapping the flowed sediments, the flow discharges in the main 
channel. Plan view of the Laboratory channel and experimental setup shown in Figure 1: Plan View of Channel A 9m long, 
0.20m deep and .96m wide false bottom of uniform, medium size (d50=.51mm) bed material and pier base was introduce, 
sand size considered in this study stood in compliance to the condition of D/d50 > 50 in order to dominate the sediment 
size effect on the scour evolution process guaranteeing non ripple-forming sand [4]. The diameter of the pier was not more 
than 10% of the channel width to prevent the effect of walls on scouring [5]. therefore double square pier modelled by 
0.06m dimension of wood material. The trapezoidal broad crested weir (TBCW) modelled by wood material, weir width 
equal to the full width of channel, crest length was 50cm, the weir was 5cm above the flat bed, the sides slopes of the 
TBCW was 1V:2H, which is more stable and seepage control [6] The dimension of TBCW was within the limits [7]. The 
mesh wire of size 0.5" X 0.5” is used in addition to the foundation which is placed at ground level of the bed to encounter 
the scouring. 

Figure 1: Plan View of Channel 

Research Methodology   

• The experimental setup took place in the hydraulic lab's open channel.
• Wooden bridge piers of all shapes and sizes are used.
• Square mild steel wire mesh of size: 0.5" X 0.5" & Diameter 1.2mm is used at the bottom of bed of different shapes

of bridge piers of size 6"x6" after scaling down.
• A flume is used to test the effectiveness of scouring on various pier configurations.
• Each inclined bridge pier's scour depth is recorded.
• used to determine distance and/or surface roughness

1.1 Equation 

Clear water conditions were used for all the trials. The following equation should be used to calculate the discharge value. 

   Q = 
𝟐

𝟑
 𝐂𝐫𝐝𝟐ඥ𝟐𝐠 𝐛𝟐𝐡𝟐

𝟑
𝟐ൗ
  +  

𝟐

𝟑
 𝐂𝐫𝐝𝟏ඥ𝟐𝐠 ሺ𝟐𝐛𝟏ሻ𝐡𝟏

𝟑
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  + 

𝟖

𝟏𝟓
𝐂𝐭𝐝ඥ𝟐𝐠 tan (𝛉 𝟐ൗ ) 𝐡𝟏𝐞

𝟓
𝟐ൗ
  

Alternately, we may say that b is the width of the weir and the angle of the notch. Discharge coefficient for rectangular 
sharp-crested weirs and triangular sharp-crested weirs, respectively. Weir crest water head (h), effective head (he), and 
gravitational acceleration (g) are all measured in feet. 
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Results  
Table 1: Experimental Condition and Result 

Case Pier Shape 
Q 

(m3/s) 
T  

(hr) 
h 

(m) 
ys_f  
(cm) 

ys_ f/D

1 Circular 
Pier with 

mesh wire 

0.020 2 0.15 6.3 0.75 

2 0.029 2 0.15 6.8 0.78 

3 0.038 2 0.15 7.4 0.81 

4 Square 
Piers with 
mesh wire 

0.020 2 0.15 4.3 0.88 

5 0.029 2 0.15 5.0 0.9 

6 0.038 2 0.15 5.7 0.933333

7 Rectangular 
piers with 
mesh wire 

0.020 2 0.15 5.1 1.03 

8 0.029 2 0.15 5.6 1.09 

9 0.038 2 0.15 6.2 1.12 

Figure 2: Relationship b/w Effective depth and effective velocity of different piers with mesh wire 
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 Fig 4:  Relationship B/W souring depth with Froud number using different shapes of bridge piers with mesh wire 

  Fig  3   : Scouring depth near the different shapes of  Piers with mesh wire 
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   Fig5:  Relation b/w efficiency % and Discharge with mesh wire  

Table 1: shows the Experimental Condition and carried out in lab with different shapes of piers (Rectangular, Square, 
Circular) with mesh wire at the three different discharges Fig 1 and Fig 2 shows the scouring around the different shapes 
of piers it shows that the effective velocity increases the scouring depth around the piers increased. The scouring depth is 
maximum for the rectangular shapes bridge piers i.e., 1.12 and minimum for the circular shapes piers i.e.,0.75  
Fig 3 Shows the relationship between the Froud number and depth of scouring of different shapes of bridge piers with 
mesh wire shows that as the Froud number increased the scouring depth around the bridge piers increased mean Froud 
number has the directly relation with Scouring depth. From this Fig 3 we noted that the Scouring depth is minimum i.e., 
0.81 for circular shape pier for each Froud number and Scouring depth is maximum i.e., 2.12 for rectangular shaped pier 
for each Froud number. Fig 4 Shows that the percentage reduction in scouring is maximum for the circular pier with mesh 
wire i.e., 52% and for the square pier with mesh wire is 34% and for the rectangular pier with mesh wire is 25%. Hence 
the most efficient pier with mesh wire is circular pier. Scouring can be minimized by using mesh wire for circular pier.  

It's far expected that the research carried out in this research will contribute to the development of opportunity substances 
in successfully reducing bridge pier scour. There's big ability for this subject matter to end up value effective and 
sustainable even as also being completely operational. It's far predicted that the varying parameters used inside the checking 
out will immediately make contributions to the reduction or enhancement of a scour hollow across the bridge pier. Wire 
mesh technique can be employed in bridge piers like the gabion wall used for protection. 

Conclusion  

An open channel experiment was used to test the effectiveness of various bridge pier forms utilizing mesh wires in this 
study. 

1. Based on the results of this experiment, the following conclusions were drawn:
2. A reduction in the scouring depth is achieved by using mesh wire around the different shaped piers.
3. Increasing the channel discharge minimized scouring using mesh wire around different-shaped bridge piers.
4. Rectangular Bridge pier with mesh wire at the bed level outperformed all other types of bridge piers, with a 52 percent

efficiency rating. With the round bridge pier, the scouring is decreased by up to 52% compared to the traditional
bridge-piers.
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Abstract- Storms and flooding caused significant damage to buildings and bridges. The 
waterborne debris created during such natural disasters will cause significant damage to 
many structures unless they were designed for these loads. Flood field survey findings 
suggested large objects such as wooden logs, cars, vessels, storage barrels, and other 
containers intensify the damage. For this cause, a driftwood approach was established to 
test tree washout, floating trees movement, and collisions with the pier. This paper 
addressed the findings of experimental analysis on the frameworks to measure the debris 
impact force and dynamic properties on pier. It also analyzed the formulas, which were 
defined with the experiment results in the recently released design guidelines (FEMA P-
646, 2012). This resulted in impact force on bridge pier (different shapes of pier) with 
different debris mass and also vibrational characteristics (dynamic properties) of pier by 
using sensors.  Moreover, different hydraulic jumps were observed while observing water 
surfaces in different situations. 

Keywords- Experimental modeling, Flood born debris, Floods, Flow channel. 

1 Introduction 
Flooding is typically defined as a large volume of water overflowing outside of its normal parameters. Floods can cause 
extensive damage to structures, bridges, properties, and human life. Flooding is the accumulation of a large volume of 
fluid (typically water) from a nearby body of water that saturates the ground, which is normally dry all year. The most 
common causes of inland flooding are intense rains over a watershed, either a reservoir or a levee breach, or snow covers 
in northern areas rapidly melting [1, 2]. Understanding flood loads will thus contribute to the design and installation of 
flood-resistant buildings. The current construction and building guidelines pursued by [3] recommend specific methods 
for characterizing the debris effect load, but these are not well developed. 

Flood waters in urban rivers caused by bridge obstructions by various floating debris can cause significant damage to local 
property, infrastructure, and members of the public, and such blockages have become more common in recent years [4-7]. 
These debris can include various types of vegetation, such as wooden logs, shrubs and trees, as well as urban material, 
including shopping trolleys, swept vehicles, and floating containers [4]. 

Bridge structural susceptibility in flood flows is commonly modelled. It is determined by the water depth and flow rate 
combined. Although the Guidelines are derived from historical flood data, their empirical investigation is extremely 
limited. The need to resolve the considerable number of major problems associated with such processes encourages the 
recent shift toward more established and simple deterministic risk assessment methodologies. Post-disaster findings have 
confirmed that vegetation helps to mitigate the negative consequences of natural disasters. A few notable ones from around 
the world are discussed briefly here. The density and thickness of the vegetation on the upstream side both contribute to 
the increase in backwater. A forest, depending on its configuration and thickness, can provide adequate resistance to a 
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flood force. Experimental and numerical studies of the influences of vegetation density disclosed that increasing the aspect 
ratio of the vegetation limits both the water level and velocity behind the vegetation. [8]. The floating debris carried by a 
flood can collide with buildings and bridges, causing additional damage. Not only is vegetation important, but several 
factors contribute to catastrophic variations in floods. The experimental findings show that, even in sparse conditions, two 
rows of vegetation generated more driftwood than a single row of vegetation. More driftwood develops as the aspect ratio 
continues to improve. Inland forest trees can resist the stress of floating debris as well as trapped debris depending on flow 
velocity and Froude number [9]. Tanaka and Ogino [10]  thoroughly investigated the Impulse force on locally constructed 
bridge pier caused by the collision of water-borne floating debris. The impact of waterborne debris on bridge piers in the 
presence and absence of vegetation on structural buildings is investigated in this paper. 

During flood events, debris makes contact with bridge piers in the flood water's path, causing an impact, hydrostatic and 
hydrodynamic loading on bridge pier. Floodwater debris strikes residential or other structures in the floodplain. The above 
implications slow down the debris and apply force to the bridge pier. The intensity of the force can indeed be large enough 
to cause significant, if not disastrous, structural damage. The aim of this study is to evaluate impact forces on bridge pier 
due to floating debris depending on mass and velocity of prototype floating woody debris by experimental procedure as 
well as numerical analysis. 

2 Experimental Procedures 

2.1 Forces On Bridge Pier Due To Flood Born Debris. 
The structural fragility of bridge pier is determined by both demand (loading) and structural sustainability (capability). 
This study focuses on the structural loading caused by the flood. During catastrophic disasters, the advancement of 
floodplains in high-risk areas can be subject to a variety of forces, including impact forces. 

(a)   (b) 

(c) (d) 

Figure 1: Schematic view of (a) flow channel with pier (b) Debris impact with pier (c-d) Flow behavior and difference of 
different parameters in the presence of floating debris with bridge pier 
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2.2 Impact force 
FEMA P-55(2011) suggested an equation to determine impact force which is 

𝐹 ൌ 𝑊𝑉𝐶𝐶௦௧𝐶            (1) 

Wherein 𝐹 is the impact force, W is the debris weight, V is the debris velocity, 𝐶𝐶௦௧ 𝑎𝑛𝑑 𝐶 are the depth, building 
structure, and blockage coefficients, respectively.  Based on the flow depth the depth and blocking coefficients range from 
0-1. Meanwhile, 𝐶௦௧ is based on the form of structure, the direction, the natural phase, and the period of the impact. The 
coefficients in Eq.1 are obtained from laboratory results as well as engineering conclusions. 

The FEMA P-646 (2012) [7] introduced the formula to determine debris impact forces that differed from the previous 
version, and the following is: 

𝐹 ൌ 1.3 𝑢௫ඥ𝑘𝑚ௗሺ1  𝑐ሻ     (2) 

For which, 𝑢௫ refers to the maximum velocity of flow close to the structure. The velocity of the moving debris is 
believed to be equal to the velocity of flowing water.  𝑘,𝑚ௗ, 𝑐  refers to the combined rigidity of the impacted structures, 
the mass of the debris, and the hydrodynamic mass coefficient respectively. As per FEMA P-646 [11] for wooden debris, 
for debris that flows parallel to the flow direction, 𝑐 ൌ 0, for debris with a transverse orientation towards flow direction 
𝑐 ൌ 1, Whereas for debris such as 20-ft and 40-ft cargo ships, 𝑐 ൌ 3 and 𝑐 ൌ 2 respectively.  

2.3 Hydrostatic force. 
The horizontal hydrostatic force is extracted from the change in water level on wall upstream and downstream sides. It is 
given per unit length by: 
Where ρ and g are the density of water and the gravitational acceleration respectively while as h_us and h_ds are referred 
to as depth of water upstream and downstream of the wall.   

2.4 Hydrodynamic Force. 

Hydrodynamic force is resulted from a composite of inertia and drag, while as it depends on both kinematics and dynamics 
of the flow and characteristics of structure respectively. The following concise expression is, in general, followed for the 
Hydrodynamic force per unit length is. 

𝐹 ൌ  𝐶ௗ. 𝜌. 𝑔. ℎ. 𝑢ଶ      (3) 

Where 𝐶ௗ is the drag coefficient, ℎ and 𝑢 are the depth of water near wall and velocity component orthogonal to the object 
respectively. 

3 Research Methodology  
In a glass-sided water flume (constant bed slope 1/500) that is 10 m long, 0.30 m wide, and 0.34 m high at the University 
of Engineering and Technology Taxila, laboratory tests were performed under various conditions. The schematic figure of 
the water channel is shown in Fig.1 (c-d).  A small scale (1/45) of a bridge pier was designed to test the relationship of the 
bore structure and the effect of debris on the structure. This bridge pier has a height of 0.55 m, a width of 0.03 m, and a 
length of 0.10 m and provided an equal building height of 675 cm, a length of 457 cm, and a real building width of 457 
cm. As per the horizontal impact of debris, Eq.2 was used to measure the impact forces on the bridge pier. A high-speed 
digital camera was used to monitor the behavior of the structure model and the velocity, direction, and effect of debris flow 
with the bridge pier. To study the change of vibrational characteristics (dynamic properties) of bridge pier by using sensors. 

Different pieces of wooden planks collide in the staggered arrangement shown in Fig. 1(b) each with various sizes, 
diameter, and weights, was used to measure the effect caused by the wood debris. Moreover, the wooden pier model in the 
open channel is shown in Fig.1 (a). The debris weight was then selected to fit target weights of 0.42 g, 0.43 g, 0.48 g, and 
0.49 g to reflect the debris scale of 1/45. The complete detail of debris used in the present experimental work is given in 
shown in Fig.1 (d) and table 2.  
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Table 2: Debris used in the present work are; 

Debris Type Length (mm) Diameter (mm) Weight (gm) 

D1 97 12.65 14.3 

D2 153 18.2 17.6 

D3 266 19.34 18.24 

D4 255 18.7 29.55 

4 Results 

4.1 Debris Impact Forces. 
Fig. 2 represents the experimentally derived values on the composition of the debris. They were determined using the 
formulas given in the design guidelines. FEMA P-646 (Eq. 2) is to investigate the impact force (Fig.2) of all debris given 
in table 2. The Forces displayed in Fig. 2 are based on the velocity of the debris that is measured experimentally. For 
wooden log debris, FEMA P-646 [11] suggested C=1 and k=2.4×10. 

Figure 2:  Impact force of different debris mass on bridge pier 

The impact force was related directly to the mass of debris, as shown in Fig. 2. The highest value of impact force was 
noticed for D4, while the lowest value was noted for D1. Similarly, in terms of impact force, which is dependent on u/s 
and d/s water head, D3 had the highest value due to its longer length (26.6 cm) when compared to other debris (D1, D2, and 
D4). D2 debris had a lower value due to its shorter length (9.7 cm) and lower diameter value (1 cm). The lower 
hydrodynamic magnitude reflected the lower values of water accumulation upstream of the pier. Because the dynamic 
force was affected by flow velocity, the D2 type of debris had the highest value in comparison to the D3 type of debris, 
which had the lowest value. Because the flow velocity and debris velocity were the same, the experiment confirmed that 
higher flow depth due to longer length reflected the lower velocity shown in Fig. 2. 
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4.2 Use of Software. 
There are number of softwares available which can mimic the process involved in research work and can produce the 
possible results. One of such type of software is MATLAB.  The data of vibrations of piers was collected by using sensor, 
when debris of different masses collided with piers of different shapes.  The vibrational characteristics (dynamic properties) 
of bridge pier was obtained by using MATLAB software and it eased the process of paper writing. 

As by adopting the above practices all dynamic properties of bridge pier of a research paper can be written and together 
compiled to form complete research ready for Peer review. 

a)  (b) 

Figure 3: (a) Vibrational characteristics of original pier (b) Vibrational characteristics of scrapped pier 

5 Conclusion 
Following conclusions can be withdrawn from the conducted study: 

1 The analysis of stability of structures in flood-prone areas is a key problem in assessing flood-induced risks, 
particularly given the high correlation of life loss throughout these tragic events. 

2 The highest value of impact force was observed for D4 (2950.6 N) while the minimum value for the debris D1 (2731.6 
N). 

3 During the analysis, it was found that the FEMA P-646 equation provided a better and more accurate calculation of 
the impact forces. 

4 It was observed that dynamic properties of pier has more stiffness at dominant frequency (170Hz) when pier in 
original shape and less stiffness at frequency (85Hz) when pier is scrapped. 
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Abstract- Small homogenous dams are an integral part of the water resource management 
system yet their failures are common and result in massive life and economic losses. 
Piping, uplift, and porewater pressure buildup, are the primary reasons behind the 
hydraulic failure of the dams. The dam drainage system is of great importance in the 
hydraulic stability of the retaining structure. In this paper, FEM-based analysis has been 
done to examine the effect of drainage material’s geotechnical properties on the hydraulic 
behavior of homogenous small-scale earthen dams. The study results reflect the extent of 
variation in, pore water pressure, flow net patterns, and overall seepage velocity with 
changes in the toe drainage characteristics. With the selection of appropriate drainage 
material, more than 10-m of head loss has been reported at downstream. The results can 
be applied for the upgrading of hydraulic and geotechnical considerations for the design 
of homogenous dams.  

Keywords- Toe Filter, Porewater Pressure, Flow Nets, Hydraulic Conductivity 

1 Introduction 
This paper presents a part of ongoing research on small-scale dams at the Islamic University of Madinah. Water resource 
conservation and development are key global issues under changing climatic conditions. Water resource management has 
been targeted by various international, regional, and national future visions such as the kingdom of Saudi Arabia vision 
2030, the middle east green initiative[1], and the national water vision of Pakistan. With an estimated population of 227 
million by 2025, Pakistan’s current water availability of less than 1100 cubic meters per person, down from 5000 cubic 
meters in 1951, classifies it as a “water-stressed” country that is headed towards becoming a “water-scarce” country if 
action is not taken urgently [2]. According to the records of the International Commission on Large Dams, there are 
approximately 150 dams in Pakistan. The majority of them are located in Punjab and Khyber Pakhtunkhwa (KPK), where 
the River Indus and its tributaries flow from the northern hilly areas to the southern regions of Sindh and fall into the 
Arabian Sea [3]. Most of these dams are homogeneous and are constructed from the middle of the 1960s to 1975. Earthen 
or concrete dams of reasonable height are common hydraulic structures built to impound water [4].  Since large dams 
require huge capital, special geological and geographic conditions, and environmental consequences[5] small scale dams 
will be the easiest solution for Pakistan’s water problems.    

Small dams still withstand a reasonable quantity of water; therefore, proper investigations of dams are required to prevent 
downstream devastation due to any failure. These failures can range from minor to catastrophic, impairing human life and 
property damage [6]. Piping failures in dams are pretty common; the mechanism of ‘‘piping associated with heaving’’ was 
introduced by Terzaghi [7]. Piping failures are attributed to the uncontrolled seepage or unsuitable zonation of materials 
and filters in earthen dams. Other causes of piping that lead to the failures in earth dams can be Hydraulic, Seepage, and 
Structural failures [8].  The unfamous 1976 incident of Teton dam failure in Idaho, USA was primarily due to the piping[9]. 
Another issue with the failure of dams is the dry-wet cycle which can cause cracks in the soil structure and destabilize the 
dam [10]. The piping and undesirable seepage can be effectively controlled by placing an appropriate dam drainage system. 
Various studies have been found in the literature on the design and implementation of dam drainage systems [11][12].  The 
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FEM analysis has also been extensively used for the structural and dynamic stability of the embankments[13]. This study 
particularly focuses on the hydraulic behavior of the earthen dams while considering the material characteristics of the toe 
drainage system. The objective of this research is to highlight the effectiveness of different economically viable 
geomaterials in the toe drainage system.    

2 Materials and Method 
The hydraulic behavior of the dam system has been demonstrated by three different material components. The homogenous 
embankment, the dam foundation, and the targeted drainage systems. The dam drainage system’s main component i.e., the 
toe filter has been modeled by using three different geomaterials. The geotechnical property of the filter varies in terms of 
porosity and permeability. The details of the material properties for all the dam components and the three tested filters are 
tabulated in Table 1. 

Table 1: Material properties of various dam components 

Dam Component  

Geotechnical Properties  

Dry Unit 
weight 

(d) 
kN/m3 

Porosity 
(n) % 

Hydraulic 
Conductivity 

(k) m/s 

Embankment  18  40  1x10‐9 

Foundation  17.5  42  3x10‐8 

Toe Filter 

TF‐1  16  36  3x10‐7 

TF‐2  15  37  5x10‐6 

TF‐3  14  38  1x10‐6 

The FEM analysis for the dam model has been performed by a 2-D dam system. The geomechanics module of the 
COMSOL Multiphysics program has been used for the analysis. The model geometry with distinguished features is shown 
in Figure 1.  

Figure 1: Cross-section of the dam and boundary conditions 
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The small-scale earth dam system comprises a homogeneous trapezoidal embankment. The main dam embankment has a 
6-m long base with a 2-m wide crown, while the dam height is assumed as 6-m. Considering a 1-m freeboard the maximum 
hydraulic head that can be applied to the dam is 5-m. The dam system is overlaying on the bedrock with very low 
permeability. The foundation is 4-m deep and comprises the same soil as that of the main embankment, however, it is more 
porous than the embankment. The more porous foundation creates a longer seepage path and avoids the concentration of 
flow nets in the main dam body.  The study cases are differentiated by the material properties of the toe drainage filter. 
Three drainage filters namely TF-1, TF-2, and TF-3 were considered in this analysis, where ‘TF-1’ was the least permeable 
filter. The density, porosity, and hydraulic conductivity of the filters can be controlled by field compaction. In this study, 
the porosity of filters varies from 36 to 38 %, while the coefficient of permeability of the least permeable filter is three 
times less than the maximum one.  

3 Results and Discussions  
The FEM analysis presented in this section is based on Richard’s equation for flow through porous media under partially 
saturated conditions. The flow nets for the dam system under the hydraulic head of 5-m at equilibrium with TF-1 and TF-
2 filters are respectively shown in  Figure 2a, and Figure 2b. The flow net pattern for both cases is quite similar with flow 
lines concentrated in a more permeable foundation and relatively high permeable drainage filter. Nevertheless, the 
hydraulic head at different dam sections is diverse in the two figures and more porous filter TF-2 has better head loss at 
downstream.  

a) TF-1 b) TF-2

Figure 2: Flow net patterns with different filters, the legend shows the hydraulic head. 

The effectiveness of the filter can be better reflected by comparing the water pressure diagram. The porewater pressure 
situation at equilibrium under the 5-m hydraulic head for the three filters is shown in Figure 3. The dam system with the 
least permeable TF-1 filter has a very limited partially saturated zone, near the dam crown, (Figure 3a). With an increase 
in drainage the partly saturated zone increases this can be seen in Figures 3a to 3c.  

The improved drainage also increases the seepage velocity across the dam sections which is not an encouraging indication. 
The seepage velocities for the three considered cases are compared in Figure 4.  With drainage improvement the minimum 
and the maximum seepage velocities in the system increase. 
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a) TF-1 b) TF-2 c) TF-3

Figure 3 Pressure Distribution concerning Filter Properties 

The widespread velocity lines with an increase in higher velocity red zone at the embankment foundation junction on the 
upstream side can be seen in the figure. The seepage velocities at some locations can reach the critical value and cause 
scoring which can lead to piping.  

a) TF-1 b) TF-2 c) TF-3

Figure 4: Net Seepage velocity (cm/s) Patterns 

The summary of the FEM analysis is presented in Figure 5. With the increase in outflow seepage velocity, the overall 
system head loss (hl) enhances almost exponentially, however, more data sets are required to establish an allowable range 
and an appropriate mathematical relation.  

The head loss reflects the pore pressure drop at various dam sections and hence an increase in hydraulic stability. However, 
the higher seepage velocities can lead to internal erosion and effects long-term stability therefore, a reasonable maximum 
allowable seepage velocity is required to be determined for each dam element. The maximum allowable seepage velocity 
through a porous media mostly depends on the critical hydraulic gradient, material porosity, and soil gradation.  

The study results show that the drainage filter characteristics greatly affect the hydraulic stability of an embankment dam. 
The filter placement shall be strictly monitored during the construction. In situ compaction and permeability tests must be 
done at greater frequency and any misalignment with the filter design shall be referred to the geotechnical engineer. 
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Figure 5: Filter Drainage and Dam performance 

4 Conclusion 
Richards’s approach for partially saturated flow in soils can be utilized in FEM-based models to economically study the 
hydraulic behavior of small-scale homogeneous embankment dams. The study results can be concluded as follows:  

1. The efficacy of the toe drainage is critical in terms of dam stability and can alter the pore water pressure
distribution, and seepage velocity patterns in the dam system.

2. The increase in system outflow velocity remarkably decreases the water pressure at various dam sections however,
it also results in higher seepage velocities which may lead to scoring. Therefore, an optimal solution is required
for the specific site conditions and available materials.

3. The dam design engineers are encouraged to utilize FEM-based tools through industry-academia linkage for the
optimal selection of design parameters and geomaterials.

Acknowledgment 

The authors would like to acknowledge the technical support and other facilities provided by the department of civil 
engineering, Islamic University of Madinah.  

References
[1] Q. U. Farooq, M. T. Naqash, and A. T. Ahmed, “Numerical Evaluation of Embedded Smart Irrigation System for 

Deep-Rooted Desert Trees,” Civil Engineering and Architecture, vol. 10, no. 2, pp. 470–476, Mar. 2022, doi: 
10.13189/cea.2022.100207. 

[2] Planning Commission, “Pakistan Vision 2025,” Goverment of Pakistan, 2014. . 
[3] T. Hussain, A. Basit, and M. N. Javed, “Climate Change Effects on Water Resources and Need of Dams in 

Pakistan,” Global Mass Communication Review, 2021, doi: 10.31703/gmcr.2021(vi-i).24. 
[4] Y. Li, A. Chen, L. Wen, P. Bu, and K. Li, “Numerical simulation of non-cohesive homogeneous dam breaching 

due to overtopping considering the seepage effect,” European Journal of Environmental and Civil Engineering. 
2022, doi: 10.1080/19648189.2020.1744481. 

[5] S.-Y. Han, S.-J. Kwak, and S.-H. Yoo, “Valuing environmental impacts of large dam construction in Korea: An 
application of choice experiments,” Environmental Impact Assessment Review, vol. 28, no. 4–5, pp. 256–266, 
May 2008, doi: 10.1016/j.eiar.2007.07.001. 

[6] J. D. Pisaniello, T. T. Dam, and J. L. Tingey-Holyoak, “International small dam safety assurance policy 
benchmarks to avoid dam failure flood disasters in developing countries,” Journal of Hydrology, vol. 531, pp. 
1141–1153, Dec. 2015, doi: 10.1016/j.jhydrol.2015.09.077. 

0

2

4

6

8

10

12

14

16

1.E‐09 1.E‐08 1.E‐07

H
ea

d 
L

os
s 

in
 S

ys
te

m
 (

hl
) 

m

Seepage Velocity (v)  m/s

Head loss (hl) vs outflow velocity 

Page 355 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-408 

[7] K. Terzaghi, Theoretical Soil Mechanics. 1943. 
[8] I. Singh Saluja ZHCET, A. Mohammad Athar ZHCET, and A. A. Sarfaraz Ansari ZHCET, “Causes of Failure of 

Earthen Dams and Suggested Remedial Measures,” Prof. Sarfaraz A. Ansari International Journal of Computer 
& Mathematical Sciences IJCMS, 2018. 

[9] “Teton Dam failure - at last the complete story.,” CONSTR. NEWS, no. 5501, Mar. 10, 1977. 1977. 
[10] W. Ye and F. H. Ma, “Study on the effect of dry-wet cycle on the dam slope stability,” MATEC Web of 

Conferences, 2019, doi: 10.1051/matecconf/201927201050. 
[11] M. M. Aboelela, “Control of Seepage through Earth Dams Based on Pervious Foundation Using Toe Drainage 

Systems,” Journal of Water Resource and Protection, vol. 08, no. 12, pp. 1158–1174, 2016, doi: 
10.4236/jwarp.2016.812090. 

[12] A. Pak and M. Nabipour, “Numerical Study of the Effects of Drainage Systems on Saturated/Unsaturated 
Seepage and Stability of Tailings Dams,” Mine Water and the Environment, vol. 36, no. 3, 2017, doi: 
10.1007/s10230-017-0468-y. 

[13] K. Fuławka, A. Kwietniak, V. Lay, and I. Jaśkiewicz-Proć, “Importance of seismic wave frequency in FEM-
based dynamic stress and displacement calculations of the earth slope,” Studia Geotechnica et Mechanica, vol. 
44, no. 1, 2022, doi: 10.2478/sgem-2022-0002. 

Page 356 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-410 

TO CALCULATE THE DISCHARGE COEFFICIENT FOR A 

BROAD CRESTED WEIR WITH NON-SUBMERGED 

FLEXIBLE VEGETATION 

a Nauman  Khan*, b Usman Ghani, c Zakir Ullah 

 a: Department Of Civil Engineering, University of Engineering and Technology Taxila, Pakistan,engr.naumankhan800@gmail.com 
b: Department Of Civil Engineering, University of Engineering and Technology Taxila, Pakistan,usman.ghani@uettaxila.edu.pk  

c:Department Of Civil Engineering, University of Engineering and Technology Taxila, Pakistan, zakir6897@gmail.com 
* Corresponding author: Email ID: engr.naumankhan800@gmail.com

Abstract- Broad crested weirs are generally used as an embankment weir in flood plains 
for discharge measurement. Due to erosion these weirs are susceptible to failure. To avoid 
failure of these structures the energy of flowing water must be dissipated. In this research 
work, flexible vegetation with varying density were used to investigate their effect on the 
discharge coefficient and energy dissipation of broad crested weir (BCW). For this an 
experimental study was performed in the hydraulic laboratory of Civil Engineering 
Department UET Taxila. Flexible vegetation cover was installed over the crest of BCW, 
and three different densities of vegetation were used. Coefficient of discharge (Cd) and 
energy dissipation (∆E) were calculated for non-submerged condition of the vegetation. 
From experimental work it was observed that, as the density of vegetation was changed 
from dense to sparse, the value of Cd increases. Lowest value of Cd was observed for 2cm 
c/c spacing (maximum density) and highest value of Cd was observed for 6cm c/c spacing 
(minimum density). It was also observed that for non-submerged condition of weir, 
overflow head (H) increases with increasing discharge values. As far as the energy 
dissipation is concerned, the ∆E decreases as the vegetation density is reduced from 
denser to sparse vegetation cases. Highest value of ∆E was observed in case of 2 cm c/c 
spacing, and lowest value of ∆E was observed in case of 6 cm c/c spacing. 

Keywords- Broad crested weir, Discharge, Coefficient of Discharge, Energy dissipation.  

1 Introduction 
Weir is a hydraulic structure constructed across the river to raise the water level and divert a portion of the river flow for 
irrigation, power generation, water supply schemes and measure discharge [1].These are normally overflow structures 
build as a rigid wall of concrete, brick masonry, stone masonry and compacted earth. Sometimes weirs are provided with 
gates. The gates regulate only a small portion of water. The major portion of water is regulated through crest. Normally 
weir is provided at right angle to the axis of the river, but oblique weir may also be provided. There are broad crested 
earthen weirs, with sloping ramps on upstream as well as on downstream sides.  Such a weir is also used in flood plains to 
measure discharge. Broad crested embankment weir has higher discharge capacity as compare to broad crested weir with 
vertical faces. Embankment weir has a normal slope of 1V: 2H to provide proper stability of slope and control the seepage 
through embankment weir [2]. The increase in the upstream slope of weir also increases the head loss through the weir and 
vice-versa. Also it has been concluded that head loss decreases as the downstream water depth increase [3] 
Broad crested embankments weirs are overflow hydraulic structures. Due to overflow condition theses are more susceptible 
to failure due to continuous erosion of the crest. Now a day’s environmental friendly materials (such as rip-rap, stone 
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pitching and gabions) are used to increase the surface roughness and provide maximum resistance to the flow. In 
embankment weir discharge is reduced by increasing the roughness of surface. The roughness of the crest had its effects 
on velocity distributions and shear stress [4]. The effect of weir height is directly proportional to discharge coefficient, 
while the effect of surface roughness is inversely proportional to discharge coefficient [5]. 
Plants and vegetation also play a vital role in reducing the effect of high velocity of the flow. Plants are provided in flood 
plains to minimize the effects of flood and reduce transport of sediments. To design safe embankments, the vegetated weirs 
play an important role in raising the flood water level. It has also been investigated that vegetation cover over the crest of 
embankment causes much loss in the head of flood water [6]. Vegetation occurs naturally on embankment and creates 
maximum turbulent behavior for the flow. Due to turbulence behavior in the zone of vegetation, energy is dissipated. As 
compare to smooth embankment weirs, vegetative embankment weirs offers greater turbulence and resistance to flowing 
water. It is also investigated that upstream water head is directly proportional to the roughness of the embankment weir, 
because of the availability of vegetation over it [7]. The flow resistance varies with stem diameter, vegetation density and 
elastic properties of vegetation [8]. Hydraulic  performance of semi circular increases by 45% with the increase of particle 
size of roughness material [9]. As compare to other slopes, slope of 1:3 for downstream ramp was most appropriate for 
discharge coefficient [10]. 
In the present research, the impact of flexible vegetation cover with varying density on the discharge coefficient of a broad 
crested weir has been investigated. The energy loss has also been investigated. The results have been shown in the graphs. 

2 Experimental Procedure 
All the experimental work was executed in the hydraulic laboratory of civil engineering department, University of 
Engineering and Technology Taxila. A glass walled open channel with rectangular x-section was used for all the 
experiments (Fig. 2.1a). The channel is fitted with six tanks below it which supply water to the channel through a pump. 
These tanks were filled manually using a water pipe. 
A model of BCW was prepared using plywood and it was installed in the channel (Fig. 2.1b). The weir model was 
trapezoidal in shape. Model had an upstream ramp, a crest and a downstream ramp. A slope of 1V: 2H was provided both 
for upstream & downstream ramps. The crest of the weir was 25cm in length, whereas the crest height & width were 11cm 
and 31cm respectively. Circular holes of diameter 0.9cm were drilled at a distance of 2cm center to center over the crest 
of the weir in a square pattern 

a)  b) 

Figure 2.1: a. Rectangular glass channel, and b. Weir model inside the channel 

Weir model were installed 4m downstream from the inlet of the open channel. Different pattern of flexible vegetation were 
fixed at the crest of weir model with varying density. A movable scale was fixed over the channel, which was used to 
measure the depth of water at two measuring stations. 
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Vegetation used over the crest of the weir was flexible. Flexible sticks made of silicon were used as flexible vegetation 
over the crest of the weir. The flexible sticks were 22.5cm long and had a diameter of 0.8cm.These sticks were transparent 
and could bend with the flow of water. 

3 Research Methodology  
Three cases of flexible vegetation cover over the crest of the weir were studied in this research work. This has been shown 
in Fig. 3.1. 

 Case-1: Flexible vegetation with 2cm c/c spacing (max. density)

 Case-2: Flexible vegetation with 4cm c/c spacing (intermediate density)

 Case-3: Flexible vegetation with 6cm c/c spacing (min. density)
For each case of vegetation cover, four different flow rates (Q) were used. These flow rates were 0.21ft3/s, 0.36 ft3/s, 0.51 
ft3/s and 0.59 ft3/s..  

a)  b) 

c) 
Figure 3.1: Flexible vegetation with a. 2cm c/c spacing, b. 4cm c/c spacing, c. 6cm c/c spacing 

3.1 Calculation for Cd and ∆E 

Discharge passing through broad crested trapezoidal weir was calculated using Eq.1 [11] 

𝑄 ൌ 𝐶ௗ ∗ 𝐵 ∗ ට𝑔 ቀ
ଶ

ଷ
∗ 𝐻ቁ

ଷ
   (1) 

Where; 
Q = Discharge   (ft3/s) 
B = width of weir (ft) 
H = Overflow head over the crest of the weir (ft) 
Cd = Co-efficient of Discharge 

Page 359 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-410 

Coefficient of discharge can be found using Eq.2 

𝐶ௗ ൌ
ொೌ

ொ
  (2) 

Energy dissipation (∆E) through the weir was calculated using following general equation 

∆Eሺ%ሻ ൌ భିమ

భ
∗ 100                                                      (3) 

Eଵ ൌ Yଵ 
భ

మ

ଶ
 (4) 

Eଶ ൌ Yଶ 
మ

మ

ଶ
 (5) 

a)    b) 
Figure 3.2: a. Profile of weir, and b. suppressed rectangular sharp crested weir 

3.2  Calculation of actual discharge in channel 

The actual discharge (Qact) in the channel was calculated using sharp crested rectangular suppressed weir (Fig.3.2b). It was 
installed at a distance of 4m d/s of the inlet. Discharge was calculated using the following equation for suppressed 
rectangular sharp crested weir [12]. 

𝑄 ൌ  3.33 ∗ 𝐵 ∗ 𝐻ଷ/ଶ     (6) 
Where; 
 B = width of weir (ft) (here B=3.10 ft)  
 H = depth of water over the crest (ft) 
 Q = discharge (ft3/s) 

4 Results & discussions 
By measuring the flow depths at u/s and d/s of the broad crested weir, the coefficient of discharge (Cd) and energy 
dissipation (∆E %) were calculated for all the three vegetation cases against various discharge values. Results of all the 
three densities were compared and following graphs were plotted.  
Figure 4.1(a) shows the variation of Cd values for different densities of vegetation. As the density of vegetation change 
from max. to min., the values of Cd increases. Hence it is concluded that Cd is inversely proportional to the density of 
vegetation cover. Vegetation provides resistance to the flow by increasing Head over the crest. So discharge is reduced. 
Cd has lowest values for 2cm spacing (max. density) of vegetation at the corresponding depths, and highest values for 6cm 
spacing (min. density). 
Figure 4.1(b) shows that for non-submerged condition of weir, overflow head (H) increases with increasing discharge (Q) 
values. From Equation of flow it is obvious that Flow (Q) is directly proportional to Head (H), so the results are justified. 

Page 360 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-410 

a )  b) 
Figure 4.1:  a. Cd vs. Q results for flexible vegetation with different densities, b. Over flow head (H) vs. Q results for 

different densities of flexible vegetation. 

Following graph show the relationship between energy dissipation and downstream water depth (Y2). Figure 4.2 shows 
the values of ∆E for different densities of vegetation. As the density of vegetation change from dense to sparse, the values 
of ∆E decrease. Due to Vegetation U/s head is increases and the velocity of the flow decreases. Thus creating a deep pool 
of water for maximum energy dissipation. Energy dissipation is highest for 2cm c/c spacing (max. density) and lowest for 
6cm c/c spacing (min. density). 

Figure 4.2: Effect of density variation on ∆E for flexible vegetation 

This research may be applied practically in flood plain for the safety of Embankment weirs against failure. Flexible 
vegetation over the crest of weir structure increases surface roughness and energy dissipation. So the risk of Crest Erosion 
is minimised. Apart from vegetation we may also use gabions, stone-pitching and rip-rap over crest to increase surface 
roughness. 
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5 Conclusion 
Following conclusions could be drawn from this research work: 

1 Cd values were maximum for 6cm c/c spacing (min. density) and was minimum for 2cm c/c spacing (max. 
density).  

2 It was also observed that for non-submerged flow condition, the overflow head (H) increases with increasing 
discharge. 

3 Maximum value of energy dissipation was observed for 2cm c/c spacing (max. density) and was minimum for 
6cm c/c spacing (min. density). 
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Abstract- River bank erosion is controlled through spur dikes. The River banks scouring around 
spur dikes is complex, especially when they are engaged in the straight position. This is due to 
the interaction of the spur dike's flow pattern with the vortex helical currents. Experiment findings 
are presented in this research that flow around a T-shaped spur dike minimize through inclination. 
The impact of the inclination of the spur dike with unique geometry. Experiments are carried out 
in a rectangular channel with a recirculating flow. The findings indicate that the minimum scour 
depth, as well as the volume and dimensions of the scour hole, decreases as the inclination of the 
T-shaped spur dike rises. The height of the ridge downstream of the spur dike grows as the length 
of the spur dike is increased. The highest scour depths are found at a 00 inclination of T-Shaped 
dyke. After 36 hours of experiment, showing a maximum of 58% reduction in scouring for 150 
inclination compared spur dyke without inclination. So, the more efficient T-shaped spur dyke 
with inclination.  

Keywords: Scouring, Inclination, Spur dykes, Depth, Flume, T- shape  

1      Introduction  
A spur dike is a river training construction that extends away out from bank into to the channel. It diverts the flow stream 
away from the bank, protecting the bank against erosion. Another side after construction of spur dike velocity of flow 
become maximum around spur dike due to this channel bed scouring occurs. The main channel's depth is increased due to 
the flow limitation produced by the spur dike[1]. Over the years, this purpose of spur dikes, that can provide greater defense 
against bed scouring, has been chosen as the primary aim of spur dike development[2]. Spur dikes are constructed at an 
angle to the main flow. Depends upon construction material spur dikes are made of stone, gravel, rock, earth, concrete and 
wood[3]. Spur dikes are constructed to maintain a bottomless, straight channel for improved navigation, and they are also 
helpful in preventing ice jamming. Spur dikes are of various types that can be distinguished according to their appearance, 
construction and action on stream flow. Depends upon design, geometry of spur dikes  the most important consideration[4]. 
A unified theory for determining scour depth at spurs dike is still very much in early stages due to the intricacy of the scour 
challenges. Major scouring occurs often during floods, which feature unstable flows and, in certain cases, flow directions 
that are opposite to those of typical flows. Scour is caused by three-dimensional boundary-layer separation near the dyke's 
end, which causes bed material erosion due to the high volatility and vorticity of the local flow structure[5]. Numerous 
experimental studies of local dike’s shear failure in alluvial streams were conducted, and researchers developed a series of 
prediction methods to estimate the scour depth at various spur dikes to inclination under various flow dynamics, sediment 
size and differentiation. Experiments were carried out to study the scouring arrangement from around spur dike at various 
angles relative to the flow axis. The bed failure caused by aggressiveness of flow due to which it is always have a difficult 
and dangerous problem for hydraulic engineers. It has been known from the previous research that the scouring has a 
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considerable effect by the shape and inclination of spurs and the location of maximum scour depth is highly dependent on 
the spur dike inclination angle. 

2      Experimental Procedures. 
All the experiment is performed in the Water resources & Hydraulics Engineering Laboratory of Department of Civil 
Engineering, University of Engineering and Technology, Taxila. The channel had specifications of 20 m length, 1 m wide 
and 0.75 m deep glass-sided flume with an adjustable tailgate at the channel-end to regulate the flow depth used for the 
experimental depth. Through the centrifugal pump, discharge is supplying to the tank then inter to the main channel by 
aligned honeycomb diffuser in the direction of flow for smooth and uniformly distribution of flow crosswise. At the tail of 
channel water enter in the sediment tank after filling and trapping the flowed sediments, the flow discharges in the main 
channel. Plan view of the Laboratory channel and experimental setup shown in (Figure 1): Plan View of Channel A 9m 
long, 0.20m deep and .96m wide false bottom of uniform, medium size (d50=.60mm) bed material and T-shaped spurs dyke 
is introduce, sand size considered in this study stood in compliance to the condition of D/d50 > 50 in order to dominate 
the sediment size effect on the scour evolution process guaranteeing non ripple-forming sand (Raudkivi & Ettema, 1983) 
( Ettema, Melville, & Barkdoll, 1998). The thickness of the spur dykes was 10 mm which is not more than 10% of the 
channel width to prevent the effect of walls on scouring (Chiew and Melville, 1987). The trapezoidal broad crested weir 
(TBCW) modelled by wood material, weir width equal to the full width of channel, crest length was 50cm, the weir was 
5cm above the flat bed, the sides slope of the TBCW was 1V:2H, which is more stable and seepage control. (Fritzi & 
Hager, 1998). The dimension of TBCW was within the limits (Sturm, 2001) (Henderson 1966) (Chanson, 2004).  

Figure 1: Plan View of Channel 

3     Research Methodology   
 Open channel in hydraulic lab will be used for experimental setup.
 The shape of spur dikes made of wooden will be used.
 To the evaluation of scouring around the different inclination of 0, 9, 15, spur dike will be placed in

flume.
 The slope of the channel bed will be uniform and having sediments of the average diameter 0.71mm
 Scour depth will be measured around T-shaped spur dike with scour gauge or laser distance meter.

Equation:  

Experimental work all were carried out in Hydraulics lab of civil engineering department, theoretical discharge equation 

used for measuring Discharge value.  

  Qt =2/3Crd2√2g (b2h23/2) + 2/3Crd1 √2g (2b1) h13/2 + 8/15Ctd √2g (tan (θ/2)) h1 e5/2 

Page 364 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering  

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-411  

Where;  

θ = Notch angle, b = Width of weir, Crd= Coefficient of discharge of the rectangular sharp-crested weir, Ctd= 

Coefficient of discharge for triangular sharp-crested weir, g = gravitational acceleration, h = Water head on the weir 

crest, he = Effective head  

4    Results: 
Table 1: Experimental Condition and Result 

Dyke inclination 

Q 
(m3/s) 

T  (hr) h 
(m) 

ys_f  (cm) ys_ f/D 

00 
0.023    3  0.20    6.3  0.81 

0.031    3  0.20    6.8  0.83  

0.042    3  0.20    7.4  0.81  

9o 
0.023    3  0.20    4.3 0.89  

0.031    3  0.20    5.0 0.95 

0.042    3  0.20    5.7 0.90 

15o 
0.023    3  0.20    5.1 0.76  

0.031    3  0.20    5.6 0.75  

0.041    3  0.20    6.2 0.65 

Figure 2: Relationship b/w Effective depth and effective velocity of different dyke inclination 
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Figure 3:Scouring depth at different inclination 

Figure 4:  Relationship B/W souring depth with Froude number 

Geometry and inclination of spur dike effects the local scouring of bed channel. Like (Figure 2) explain that scouring depth 
is maximum where spur dikes are without inclination and values of local scouring depth is minimum due to different spur 
dike inclination. Similarly, in (Figure 3) the relationship between the Froude number and depth of scouring with different 
inclination of spur dikes. Experimental work shows that spur dike local scouring is inverse relation with flow condition. 
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The Scouring depth is minimum for spur dikes with maximum inclination for each Froude number and similarly Scouring 
depth is maximum for spur dikes without inclination as shown in (Figure 4). The purpose of this research is to control the 
channel bed scouring after construction of T-shaped spur dike with different inclination. 

5       Conclusion  
In this work, the efficiency of T-shaped spur dykes studied with different inclination by experimentally dykes placed in an 
open channel.   

The following conclusions were drawn from this experimental work 

1. Scouring depth decreases with the use of T-shaped spur dykes with inclination
2. The scouring around the T-shaped spur dykes with inclination decreased with increasing the discharge

in channel.
3. The T-shaped spur dykes with 150 inclinations is most efficient that’s reduced scouring up to 58% as

compared to without inclination spur dyke.
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Abstract- The formation of distresses on pavement causes the Pavement Management 
System to provide an activity of rehabilitation which not only costs money but also has 
environmental impacts. A pothole is the most occurring flexible pavement distress that 
not only causes comfort issues but also leads to the degradation of the remaining 
pavement. It is very significant to address this problem in a sustainable way that would 
decrease the effect on the environment. This paper aims to study different researches on 
pothole formation and its repair strategy that would not only increase the capability of the 
pavement but also be a sustainable solution. A number of research has been done on 
potholes to find feasible and sustainable solutions. An extensive literature review has been 
carried out in this paper regarding different materials that are helpful in minimizing the 
moisture susceptibility of flexible pavement distresses mainly potholes. The analysis 
indicates that pothole formation is dependent upon many factors including the type of 
aggregate, binder type, and external factors like moisture infiltration. Moreover, the 
binder type is a significant factor. The combination of non-woven fabric and ultra-thin 
asphalt overlay is very susceptible to reducing pothole formation which is also considered 
to be more environmentally friendly as compared to other strategies like rubber-modified 
asphalt and hence can be called a sustainable solution. 

Keywords- Potholes, Sustainable pavement solution, Pothole repair 

1 Introduction 
Road network is considered the backbone of any economy and hence road projects are included in major national projects. 
Road projects have a major impact during the construction and also during the maintenance phase of the project at the 
same time the appearance of distresses is also a major liability to the project that not only affects the user comfort but also 
has a very deep impact is the prospect of sustainability. Out of these distresses Potholes is major occurring distress. Hence 
it is very significant to discuss this distress in view of the maintenance phase of a road project. The composition of the 
flexible pavement consists of aggregates and bitumen. The structure is provided by the aggregates which provide the skid 
resistance and resist the load of the vehicles, whereas the bitumen acts as a binder in this mixture. With the advent of time 
the deterioration process of the pavement takes place this happens mainly due to the bitumen degradation leading to 
bitumen brittleness, and environmental exposition. Moreover, there are very bright chances of infiltration of moisture into 
the pavement that later, due to the phenomenon of freeze and thaw causes the initiation of cracks. These cracks can initiate 
at the bottom or from the top. The continuous loading on the pavement for long periods also causes distress to appear on 
the surface if rehabilitation and maintenance are not done at specified intervals, these cracks propagate until they form a 
bowl shape and this bowl-shaped distress is called a pothole. Potholes cause a reduction in the service level of the pavement 
and it is considered the most infuriating distress in pavements [1]. The properties of the materials that can help in avoiding 
potholes require being durable to the environment, cohesion and good workability, rutting potential, durability to traffic 
loading, and free–thaw potential [2]. To repair a pothole there is a variety of methods and materials that have been 
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 previously studied. These repair materials contain (i) Cold Mix Asphalt (ii) Hot-mix Asphalt (iii) other additives and 
polymeric resins and materials. Generally, it is accepted that the hot mix asphalt which is actually the combination of 
Bitumen and fine and coarse aggregates is the best possible conventional repair methodology, yet its applicability is limited 
due to the fact that there are constraints of laying temperature and batch requirement. Contrarily, a low-quality repair is 
achieved by the Cold mix asphalt which is the combination of the bitumen emulsion and cementitious material and 
aggregates but higher flexibility of the application exists, for instance, individual potholes can be repaired using a small 
amount of packages disregard of the weather conditions. Furthermore, modern research has helped in the use of polymeric 
materials in the pavements as admixtures. These polymeric materials and resins have the potential to repair the potholes 
with higher efficiency. Polymeric materials like rapid setting urethane resins and DCPD i.e. dicyclopentadiene are good 
examples. These materials are no doubt expensive and their common use is not possible but with the advancement of 
technology further materials can be discovered that are sustainable in all three aspects. Shrivastava et al [19] developed a 
new technique for the identification of potholes using modern machine learning technology. This method would help 
identify potholes at a very early age hence giving enough time to apply repair strategies. Zhang et al. [20] performed an 
experimental study in which they used waterborne polyester concrete for cold patching of the potholes. The usage of this 
modified concrete proved to be very time-saving as the patched surface could be opened for traffic after just 2 hours. 

Typically, the selection of the material for the repair of potholes is dependent on the resources available, distress level, and 
administrative and political conditions.  In this article, to assess the significance of a pothole repair during the maintenance 
and rehabilitation phase, pothole distress along with the characteristics of flexible pavement and the selection of sustainable 
remedy has been reviewed based on the available literature. Different researches on pothole formation and its repair 
strategy in the last few years have been studied to find techniques that would not only increase the capability of the 
pavement but also be a sustainable solution. A number of research has been done on potholes to find feasible and 
sustainable solutions. An extensive literature review has been carried out in this paper regarding different materials that 
are helpful in minimizing the moisture susceptibility of flexible pavement distresses mainly potholes. 

2 Flexible pavement characteristics and Pothole formation 
The structure of a flexible pavement consists of a subgrade, which is actually the foundation layer, upon this layer, there 
is a sub-base composed of granular material, on top of the sub-base, a base course is laid which is a combination of fine 
and coarse aggregate and on top of this layer is the asphaltic wearing course. Using the linearized theory of elasticity, the 
stresses and the strains on the pavements are evaluated. During the design phase of the flexible pavements, the thickness 
of the layers is considered based upon allowable values of the stresses and the strains in the flexible pavement. The 
characteristics of the surface of the pavement include frictional resistance, ride quality, the potential for hydroplaning, 
sound absorption properties, texture, and wholesome performance of the pavement. The focus on pavement research is due 
to the growing interest in pavement surface concerns and characteristics about performance, traffic noise, and safety. 
Flexible pavements are considered different in terms of behavior under loading along with the aging process of the roads. 
Further research into this topic of flexible pavement can lead to the knowledge of the changes and overall effect on the 
pavements which can help in optimizing the design and hence come forward as a sustainable solution to different flexible 
pavement-related problems.   

A bowl-shaped depression on the surface of the flexible pavement is called a pothole. The size of the pothole ranges from 
six inches to almost three feet. During the service period of a road, it is subjected to heavy traffic loads along with 
environmental conditions. These moving loads displace the small fragments of the surface which deteriorate further and 
cause different distresses like crocodile cracking which advances to become potholes [14]. These potholes first appear only 
on the uppermost layer of the structure but with time water pounds and infiltrate the bottom layers, inducing stress, and 
hence this pothole spreads, depth-wise, further and the stability of the areas decreases further [3]. Potholes are the distresses 
that are localized and are interrupted in the pavement surface and on that region of the pavement the part of the pavement 
has split away, causing a depression of shallow depth [4]. Potholes can be categorized as distress that is a depression on 
the surface of the road in an irregular fashion and the main reason for the formation of this distress is the logging water on 
the roads [5]. 
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Figure 1: Pothole formation sketch [14]. 

3 Different Repair Methods 
Due to the need to be constructed from time to time the maintenance and repairing of potholes remains to be a severe 
problem. In suburban and rural areas, pothole maintenance is very rarely done because of the availability and cost of the 
maintenance. With the intense growth in the construction industry along with the population, the management of waste 
material has become a major problem for most of the world where a large amount of plastic waste is generated and disposed 
of in the environment due to the non-degradation property of plastic it would remain as a part of the environment forever 
causing pollution. Therefore, it is the current need of the country to utilize the waste plastic in road projects. At the same 
time, the upgradation of roads that takes place due to the spreading of the road network causes the insufficiency of the 
original materials, simultaneously the waste produced from the demolition of the old structure is also disposed of in the 
countryside contributes to the increment of land pollution along with traffic congestion. On the bright side, this waste can 
be used in pavements as the replacement of fillers and aggregates with better performance. 

The addition of recycled mixture in bitumen for the maintenance activities like repair of potholes reveals a greater 
efficiency in Improving the mixtures and saving cost. It was established after the study of the recycled materials that the 
recycled asphalt mixtures are preferable due to their reasonable performance and affordability as compared to the mixtures 
that are composed of conventional asphalt [6]. Commonly, the use of recycled materials in Hot Mix Asphalt is preferred 
due to the benefits in regard to environmental sustainability. In alternative to the in aggregate, pavements, made of recycled 
aggregate, is also cost-effective [7]. In the SBDP pothole interface, the use of ultra-thin asphalt overlay UTAO along with 
NWF, that is the non-woven fabric, can help in the mitigation of the stresses that are in a horizontal state [8]. In a research 
study done on the poly ethylene plastics that were used as 10%, 8%, 6% and 4% admixtures in bitumen, and it was found 
out that the optimum results were achieved at 8% for mix. Similarly, the demolished waste was used in replacement for 
the original aggregate. During the aggregate tests it was found that the demolished aggregate has the capacity to be used 
in the village roads and district roads [9]. In another study that was performed to compare the properties of cold mix asphalt 
with a mixture of waterborne epoxy and Styrene-Butadiene rubber asphalt, it was found that the later gave bright results 
in terms of forming strength, excellent in initial strength, low temperature construction workability, high temperature 
stability, low temperature crack resistance, and water stability [10]. 
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Figure 2: Microcapsule-based self-healing technique [11]. 

An advanced technique for the prevention of crack propagation that leads to the formation of potholes is the use of 
microcapsules as shown in figure 1. The healing capsule moves under siphoning action towards the micro-cracks then the 
catalyst in the asphalt mixture polymerizes this capsule hence filling the crack and making a micro crack bond [11]. When 
the cracks propagate, they initiate the ignition of microcapsule by rupturing it hence releasing the additive which diffuses 
with the concrete to seal the crack. When used from 0-0.9% by weight of bitumen at different ratios of air voids it showed 
good results by decreasing the moisture susceptibility and enhancing the properties of bitumen of asphalt mixtures. Using 
the Nano silica at every content of air void improved the resistance to moisture [12]. Nanocomposite along with granite 
and limestone aggregates to test its resistance to stripping. It was seen that the resistance to pothole formation was greatly 
improved along with the increase of resistance of hot mix asphalt using these admixtures combined [13]. 

4 Selection of sustainable method 
The pavement system uses a substantial amount of resources, which results in the degradation of the environment. To 
reduce the consumption of pavement construction materials it is very significant to understand the environmental impacts, 
for proper and effective decision making and for designing sustainable pavements. Hence it is very important to select 
materials that are environmentally friendly and have better durability and reliability as compared to conventional materials 
[15]. An overview of the different pothole materials has been provided in table 1 which shows that synthetic binder has 
more functionality towards damage as compared to conventional repair methods. In this table each type of applied binder 
has been divided on the basis of application and composition i.e. hot applied, cold applied, and synthetic binder. These 
binders have been further divided on the basis of durability, equipment used for laying, the limitation for application, 
environment required for application, their possibility of recycling, and distress type that is mostly experienced in that type 
of binder. 

Table 1 Pot hole repair materials overview on material type basis [15] 

Hot applied asphalt Cold applied asphalt Cement Synthetic binder 
Est. durability Cat I, Cat II, Cat III Cat I, Cat II Cat I, Cat II Cat I, Cat II, Cat III 
Equipment Comprehensive Limited Limited Limited 
Application limitation None None Pothole<1/2m dia Temp >10 deg celsius 
Working environment  Special education None None Special education 
Possibility of recycling Yes Yes No No 
Type of distresses Adhesion failure 

cracks in repair, 
immersed chipping 

Fretting, Loss of 
material  

Adhesion failure, 
Cracks in repair 

Loss of material, loss 
of chippings, 
pavement cracks, 
Cracks in repair 
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The selection of most sustainable option and the best available option is required for the maximum welfare. Using the state 
of the art techniques for sustainability the service life of the flexible pavements can be extended using maintenance 
strategies [16]. If the maintenance budget is increased 2% to account for sustainable maintenance decisions like full-depth 
repair, cold in-situ recycling, whose emission of greenhouse gasses is lower than other options. It has also been observed 
that micro surfacing and functional asphalt overlay are more feasible options when there are low financial restrictions [17]. 
Flexible pavements require periodic maintenance ultimately causing the cost of life cycle to increase [18]. Hence, 
considering all these aspects three materials can be short listed, the use of waterborne epoxy would be a suitable selection 
in this case as it gives very fine results in terms of performance but due to its excess cost this admixture cannot be 
recommended, using synthetic binders have also better results and comparatively are low cost. The use of ultra-thin asphalt 
overlay UTAO along with NWF, that is the non-woven fabric, can be considered the best option for pothole repair.  

5 Practical Implementation 
With the increasing rates of materials and the maintenance cost it is the need of the hour to identify techniques that can 
result in more durable pavements requiring low maintenance. The national highway authorities need to be educated in this 
regard. Moreover, the wastage of material is of great concern that needs to be looked into. With this study being done the 
modern methods and materials that have been discussed in this article can be implemented practically. To ensure efficient 
performance, guidelines provided by the authors should be taken into consideration by the development authority and the 
techniques should be first applied to small sections of roads and continuous monitoring of that section will be required to 
confirm the real time performance of the applied technique. Moreover, developing societies should use these modern 
methods for local streets mainly as the traffic load on these streets is not much. As already mentioned that the cost of the 
waterborne epoxy is more and it is not economically viable solution for pothole, as compared to this technique the use of 
UTAO used with non-woven fabric is a sustainable method for repairing portholes. The thin overlay reduces the cost, and 
also helps sealing cracks that have very minimum width hence stopping cracks to propagate any further. Due to their 
property of penetration, higher softening point, good ductility this material can be considered fit for pothole repair. 

6 Conclusion 
The environmental sustainability of the pavement systems can be enhanced by the use of environmentally friendly and 
recycled materials. The findings of this review article provide valuable information that can be helpful in the selection as 
well as the design of pavement structures that are sustainable, mainly in regions which are highly urbanized and has scarce 
resources. Following are the conclusions drawn from the literature study. 

1. Pavement deterioration and other pavement distresses are mainly the cause of potholes.

2. Pothole is affected by many factors this includes aggregate type, mix design, asphalt binder type, variation in
temperature, method of construction, traffic loads, sensitive saturation zone, and accumulation of water.

3. The cheapest and most sustainable type of repair solution is the use of hot mix asphalt with the addition of waste
material.

4. The current trend regarding Pothole formation is bent towards sustainability and specifically, the use of waste
materials as additives.

5. The film thickness of the asphalt binder is one of the significant factors that affects the resistance to crack
formation. Hence, increasing the film thickness of asphalt around the aggregate surface along with some filler
material can enhance the life of pavements.

6. Use of microcapsule self-healing technology is also an effective way of avoiding pothole formation.

On the basis of the conclusion drawn from the literature, it can be said that the main cause of pothole formation is actually 
other distresses that include alligator cracking, raveling, longitudinal and transverse cracking and, mainly water infiltration 
that expands and contracts with the variation of temperature. Once a particle from the surface is displaced all other particles 
in the vicinity become vulnerable hence leading to pothole formation. Hence using strategies that reduce the chances of 
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crack formation will actually reduce the probability of pothole formation. 
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Abstract- The concept of having layers in flexible pavement is to sustain and distribute 
the heavy traffic load of the vehicles to the subsequent layers. Due to insufficient 
compaction of the asphalt concrete, the surface layers (wearing and base) continue to 
densify under loads resulting in the rutting densification. Rutting in the pavement 
considerably reduces the service life. For this purpose, different factors resulted into 
insufficient compaction of pavements in Pakistan need to be identified.  Mitigation 
measures for rutting densification are required to be proposed for improvement of 
pavement life-cycle. Roads exhibiting rutting-densification were identified. Core samples 
of asphalt concrete surface layers (wearing and base) were collected from the roads. 
Density of these core samples were determined and compared with volumetric of mix 
design adopted during construction. The laboratory samples were prepared in accordance 
with volumetric of the extracted road core samples. These samples were tested in wheel 
tracking machine for determination of the rut-depth. Rutting depth determined in 
laboratory is compared with actual field data of rutting. Results indicate that NHA class 
B is 43% more susceptible to rutting than NHA class A. Effects of different factors like 
mix volumetric, aggregates shape, and asphalt content etc. on laboratory and field rutting 
were evaluated. Necessary mitigation measures to control rutting densification 
phenomenon for future sustainable pavements in Pakistan are also proposed. 

Keywords- mitigation, pavements, rutting densification, sustainable 

1 Introduction 
The design of pavements should be such that it must withstand the stresses against axle loads, moisture change and 
environmental temperatures. The design of pavements should also meet the major distresses like rutting, fatigue, cracking 
etc. acceptance criteria. Pavements should have sufficient skid resistance for the smooth movement of the vehicles. The 
elastic modulus is the parameter which reflects the densification of asphalt mix. Densification of asphalt mix is a function 
of aggregates, asphalt mixing methodology, asphalt mix volumetric, field preparation and compaction, temperature and 
moisture damage etc. inappropriate/insufficient densification of asphalt mixes lead towards rutting in surface course as 
shown in Figure 1. Rutting is the most important type of distress occurred during the life cycle of the pavement. Therefore, 
it is desirable to minimize the rutting. Rutting normally occurs in three types as shown in Figure 1. Rutting densification 
majorly observed in the top of Asphalt concrete pavements. Asphalt concrete pavements have shown variations in the 
performance so there is a need to correlate the asphalt concrete properties to the pavement performance. (Rizvi, Khan et 
al. 2021). 

Rutting is the load related distress.  Although all the pavement layers (base, subbase, subgrade) contribute to rutting but 
the contribution of asphalt concrete layer towards rutting is very significant. The pavement network in Pakistan 
experiencing premature rutting in asphalt concrete layer. The structural design of pavements is based primarily of the 
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empirical relationships developed through research and field experience. Today the design methodologies for the flexible 
pavement falls in two categories, empirical and mechanistic-empirical. Main aim of both these design considerations is to 
limit the horizontal tensile strain at the bottom of asphalt layer to limit fatigue cracking and to limit the vertical compressive 
strain at the top of subgrade to prevent rutting. Extensive rutting lead towards structural failure of pavement and cause 
serious issues like hydroplaning. Rutting in the asphalt concrete layer is generally due to the lateral distortion and shear 
deformation.  

(a) (b) (c) 

Fig 1: Rutting types a) mix rutting b) subgrade rutting c) densification   Source: https://pavementinteractive.org/  

Asphalt rutting is the permanent deformation in the wheel path in the longitudinal direction on the surface of the pavement 
due to repeated application of heavy vehicles. The main causes of asphalt rutting is plastic deformations due to the exposure 
of moisture in the mix design, traffic consolidation and stripping of asphalt. Asphalt rutting negatively effects the life cycle 
of pavement. The main reason of asphalt rutting is change in temperature of environment, stiffness of mix design and 
increase in traffic loads.  Rutting mostly occurs at high temperature and low frequency loading. Rut depth and width is 
also affected by thickness of HMA layer, material quantity, traffic loads and environmental condition. There are three 
stages for the development of rut in the asphalt layer. Initial, intermediate, and final stages according to load repetitions. 
In the initial stage, the densification occurs at a very fast rate primarily due to consolidation (volume change). In the 
intermediate stage, the constant rutting occurs throughout the life of the pavement. In the final stage, accelerated rutting 
occurs primarily due to shear deformation (plastic flow).  

When densification occurs in HMA layer the aggregate rearrange themselves result in the decrease in air void content 
when densification increases with time and traffic the stability of the mix increased due to which the rate of rutting 
decreased. This is called strain hardening. Generally, the void content in newly constructed HMA pavement is 7% which 
reduces considerably (3-5%) in a period of two years. At that point the density of the mix is called ultimate density (at 
which the shear deformation is usually optimized for meeting the demands of traffic). The factor affecting the ultimate 
density are degree of initial compaction, material Properties, mix design, weather conditions, traffic, HMA thickness[16] 

Pavement sustainability is defined as pavement having longer life, good reliability, minimum acceptable life cycle cost 
and environmental impacts.  The failure of pavement earlier than design life is common problem. We lack in best practices 
and lesson learnt from the design and construction of the pavement. The current design methodologies of designing flexible 
pavement are not sufficient to explain sustainability in pavement construction. Sustainable policies are needed for 
evaluating the pavement in terms of environmental, performance, economic and optimized solution from given alternatives 
for design and construction. Using local available construction material, recycled use of aggregates and using green 
technology can contribute to sustainable pavements. The criteria of sustainable pavements are optimizing the use of natural 
resources, reduce the GHG emissions, reduce air, water and noise pollution and improving health, safety and comfort. 
Sustainability must be incorporated in every activity from the initial planning to the final phase of the construction. To 
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prevent rutting the proper mix design methods, workmanship during construction, proper material specifications, proper 
compaction at the site are necessary.[18]  

The most advance technique to reduce rutting is the use of geo-synthetic reinforcement and minimizing the exposure of 
moisture in the mixture during the construction quality control. The use of open graded, dense graded and stone filled 
aggregates in the mixture also reduce the rutting considerably [15]. Following are the objectives of the study 

 To identify the roads in and around Lahore that exhibit rutting densification
 To evaluate the characteristics of identified roads materials
 To determine rutting of identified road mixes in field and laboratory
 To compare field and laboratory rutting
 To propose suitable measures to reduce rutting densification

2 Experimental Procedures 
Table 1 presents the summary of tests carried out under the experimental programme. 

Table 1 shows the experimental procedures employed for carrying out this study. 

Sr. No Test Name ASTM Designation 
1 Sieve Analysis of aggregates ASTM D6913 
2 Loss of abrasion, wear (%) ASTM C131 
3 Plasticity index value ASTM D4318 
4 Softening point ASTM D36 
5 Penetration at 25℃,100 g,5 sec ASTM D5 
6 Penetration of residue % of original ASTM D5 
7 Ductility at 25℃,5cm/min ASTM D113 
8 Ductility of residue at 25℃, 5cm/min ASTM D113 
9 Loss on heating, 163℃, 5 hours (%) ASTM D6 
10 Solubility (%) ASTM D4 
11 Specific Gravity at 25℃ ASTM D792 
12 Stability(kg) ASTM D6927 
13 Flow-0.25(mm) ASTM D6927 
14 Voids in mineral aggregates (VMA %) ASTM D6995 
15 Voids in filled with asphalt (VFA %) ASTM D6995 
16 Unit weight (PCF) ASTM D2726 
17 Loss in stability (%) ASTM D6927 
18 Resilient Modulus ASTM D7369 

3 Research Methodology  
Following methodology was adopted to achieve the objective of study 

Extensive review of possible reasons of rutting densification across the globe 

Various national and international conference proceedings, journals, books etc. were consulted related to review of 
literature and existing practices in control of rutting and its necessary remedies. The review of literature reveals that mix 
design and mix laying are two crucial factors in rutting densification [1-7]. Few noticeable works include [17] indicates 
that rutting can occur due to softening of base, sub-base and roadbed material. The major reason is the moisture infiltration. 
Rutting can be countered due to softening of binder at elevated temperatures as well as insufficient construction practices 
[18]. Rutting can also be encountered due to overloading of vehicles. Due to inadequate structural design of thickness the 
probability of rutting increases. Rutting generates in asphalt layers due to three mechanisms: loss of materials, densification 
and lateral plastic flow (or shear-related deformation), of which the shear-related deformation constitutes the majority of 
current studies associated with rutting. 

Page 376 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22) 
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-544 

Selection of pavement conditioning survey criteria for evaluation of rutting densification 

Highway distress identification manual for the long term pavement performance programme criteria was used to describe 
the rutting. The method described in Figure 2 was used for the determination of the rutting. Straight-edge of 1.2m is placed 
transversely over the portion of the road where rutting was occurred. The maximum vertical distance from the bottom of 
the straight edge to the top surface of the pavement is measured with a gauge and is reported nearest millimetre as the rut 
depth. [19] 

Rutting (Overall Condition) (Asphaltic Concrete Pavement) 

Slight: Rutting 6.35mm to less than 12.7mm deep. 

Moderate: Rutting 12.7mm to less than 25.4mm deep. 

Severe: · Rutting 25mm deep or greater 

Figure 2: Pavement conditioning survey criteria 

Identification of roads prone to rutting densification 

The pavement section selection was accomplished by surveying the routes physically. The main criterion used in this 
selection is that the selected sections should represent the spectrum of pavement cross section, paving materials and traffic 
volume. Rut depth of these roads were measured. Inspect, measure and record the extent and severity of rutting. Roads 
exhibiting rutting were identified and labelled as test site in a survey and described in figure 3. 

Figure 3: Identification of roads 

Rutting Densification 
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Collection of core samples & test pits samples of surface course from rut prone roads 

Core samples of two roads having NHA A class and NHA B class exhibiting rutting were collected and described in figure 
4. Cores were obtained by using a power auger equipped with 6/4-inch coring bit. For thin AC layers 6 inch diameter
coring bit was used and for thicker layer 4 inch coring bit was used. These produced enough material for testing according 
to ASTM.  Most of the cores obtained from wheel paths were utilized for measurement of bulk specific gravity, layer 
thickness and extraction testing to determine material properties. 

Preparation of laboratory mix samples as per gradations found at roads for wheel tracker tests 

Various laboratory tests were conducted to assess the physical and engineering properties of core materials obtained from 
the test site. The cores sample size 150mm diameter and 75 mm height may be obtained by compacting to a target height 
or by sawing one face (which will, subsequently, be the “bottom” face of the test specimen) to desired height. It is not 
permitted to saw both faces of the specimen to obtain the required specimen height for laboratory evaluation of two sample 
of NHA class A and NHA class B, samples are prepared in field and described in figure 5. 

Figure 4: Collection of core samples of rut prone roads 

Collection of 
Core Samples 
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Figure 5: Preparation of laboratory mix sample 

Performance of wheel tracker test for determination of laboratory rutting of the mixes observed at road 

Laboratory evaluation for the rutting performance is done by performing the wheel tracking test (WTT). 
Different types of devices were developed to carry out this test under the principle of measuring the permanent 
deformations that occur in the mixture when it is subjected to a loaded wheel. The rut depth was measured on 
the sample at 1 min intervals with a linear variable differential transformer (LVDT) as shown in figure 6. 

Figure 6: Wheel Tracker Test 

Wheel tracker test: 

The wheel tracking test (WTT) has been widely used as a standard laboratory test to evaluate the rutting resistance of 
asphalt mixtures. One sample of each NHA class A and NHA class B are prepared. Specimen diameter is 150mm and 
height is 62mm. Test samples can be in the form of beams or cylinders. Beams are typically compacted with the asphalt 
vibratory compactor while cylinder samples are typically compacted with the Super pave Gyratory Compactor 
(SGC).Cylindrical samples compacted to 4-percent air voids and beam samples compacted to 5-percent air voids resulted 
in wheel tracker laboratory test results that were more closely related to field rutting performance than did cylindrical and 
beam samples compacted to 7-percent air voids.The system must take rut depth measurements at least every 100 passes of 
the wheel. Test temperature significantly affects measured rut depths. As test temperature increases, APA rut depths 
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increase. Samples tested at a test temperature corresponding to the high temperature PG specification better predicted field 
rutting performance than did samples tested at 6°C higher.Rut depth at every 5000, 10,000, 15,000, 20,000 passes and at 
the failure of sample is recorded.  

Assessment of possible reasons causing the rutting densification on the roads by comparing the pavement 
design criteria with actual post construction parameters 

1- Traffic consolidation 
2- Stripping of asphalt 
3- Improper compaction at site 
4- Stiffness of mix design 
5- High temperature 

The performance criterion for total permanent deformation is defined in terms of maximum rut depth in the wheel path. 
Typical maximum rut depth for total permanent deformation are on the order of 7 to 12mm. Design should not exceed 
HMA rutting level of 10mm within design period. 

4 Results 

 Results of extensive review of possible reasons of rutting densification across the globe 

Rutting is one of the most common distress observed in asphalt mixes. Various factors can contribute towards the 
propagation of rutting in asphalt mixes. Various agencies described their own criteria’s for the identification and evaluation 
of rutting in asphalt mixes. Asphalt mix inappropriate design and its inappropriate laying in the field using desired 
resources are the key components that result into rutting-densification of asphalt mixes.  

Results of selection of pavement conditioning survey criteria for declaration of rutting densification 

For declaration of rutting densification the procedure described in highway distress identification manual was used as 
shown in figure 7. Straight-edge of 1.2m is placed transversely over the portion of the road where rutting was occurred. 
The maximum vertical distance from the bottom of the straight edge to the top surface of the pavement is measured with 
a gauge and is reported nearest millimetre as the rut depth. 

Figure 7: Rutting measurement in accordance with the distress identification manual 

Results of identification of roads prone to rutting densification 

Rutting in asphalt layer is caused by combination of volume change and shear deformation due to the application of traffic 
load. It has been observed that shear portion is more significant than the volumetric one. The major portion of the rutting 
occurs during initial loading. Using the above described procedure and the material parameters in Tables, the rutting was 
measured 3mm as measured with 1.2m straightedge as shown in figure 8. 

Scale 

Road 

Straightedge 
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Figure 8: Rutting identification in the field 

Results of collection of core & test pits samples of surface course from rut prone roads 

From NHA class A and B roads cores are collected and tests are conducted on it at binder, aggregate and mix level and 
results are shown in table 2, 3, 4 and 5.

Table 2: Asphalt test of sample NHA class A & B 

Test Parameter Temperature Units Results (NHA 
Class A) 

Results (NHA 
Class B) 

Method 

Penetration 
25℃ 

 -------- 63 66 ASTM D5 
Penetration of 
Residue% of 
original 

% 
78 74 ASTM D5,D6 

Ductility 
   25℃  cm 

Above 100 Above 100 ASTM D113 
Ductility of 
residue 

Above 100 Above 100 ASTM D113,D6 

Loss on heating   163℃  % 0.06 0.07 ASTM D6 
Solubility  --------   % 99.8 99.70 ASTM D2042 
Flash Point  --------   ℃ 305 298 ASTM D92 
Softening Point  --------  ℃ 46.5 47 ASTM D36 

Table 3: Optimum bitumen content of NHA class A & B 

Mix Type Asphalt Wearing Course 

Proposed optimum A.C % by Weight of mix (Class 
A) 

4.25 + 0.3% 

Proposed optimum A.C % by Weight of mix (Class 
B) 

4.0 +  0.3% 

Table 4: Aggregate gradation of NHA class A & B 

Sieve 
Size 

% Passing (NHA Class A) % Passing (NHA Class B) 

Obtained Required Limits 
(Class-A) 

Obtained Required Limits (Class-B) 

1″ 100 100 ---- ---- 

 Rutting Densification 
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Table 5: Asphalt mix properties of sample NHA Class A & B 

Test Property 
NHA Class A NHA Class B 

Required 
Obtained Obtained 

Stability(kg) 1106 1063 1000 min 

Flow-0.25(mm) 13 12.5 8-14 

Voids in mineral aggregates 
(VMA %) 

15.5 15.25 12-20% 

Voids in filled with asphalt 
(VFA %) 

73.25 72.5 65-75 

Unit weight(PCF) 144.41 148.9 Not specified 

Loss in stability (%) 13 15 20 max 

Resilient Modulus (0.1 sec) 8000 MPa 7000 MPa 5000+ 

Resilient Modulus (0.3 sec) 6000 MPa 6400 MPa 5000+ 

Comparison of rut depth of NHA class A & B: 

Field data of rutting of two roads having NHA class A and B is compared and results are shown in figure 9. 

Figure 9: Rut Depth vs. NHA class A and B 
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5 Practical Implementation: 

Every year both provincial and federal governments of Pakistan allocate having budgets for rehabilitation 
overlaying and improvement of roads. This research helps to provide guidelines and database for stockholders 
engaged in road maintenance and design for optimization of cost and performance. 

6 Conclusions 
Following conclusions may be drawn from the finding of this research. 

 It was observed during survey that rutting densification was mostly occurred under the wheel path of vehicles.
Rutting was observed more pronounced at a distance of 1m from centerline and edge on both sides of 6m wide
under study city roads. The roads where asphalt wearing course was laid with asphalt mix designation NHA B
exhibited 43% more rutting than roads laid with NHA A mixes under almost comparable traffic loading.

 Resilient modulus is the most important characteristics of asphalt mix material to control the rutting
densification. NHA class A having resilient modulus 8000MPa at 0.1 sec is greater than the resilient modulus
value of NHA class B having value 6000 MPa at 0.1 sec (25%greater). NHA class A having resilient modulus
7000MPa at 0.3 sec is greater than the resilient modulus value of NHA class B having value 6400 MPa at 0.3
sec (9%greater).

 The major reasons contributing towards rutting densification can be ranked as below
o Overloading of vehicles
o Maintenance issues
o Non-adoption of performance mixes
o Lateral movement of material
o Softening of base, sub-base due to moisture infiltration

To prevent rutting the proper mix design methods, workmanship during construction, proper material specifications, proper 
compaction at the site are necessary. The most advance technique to reduce rutting is the use of geo-synthetic reinforcement 
and minimizing the exposure of moisture in the mixture during the construction quality control. The use of open graded, 
dense graded and stone filled aggregates in the mixture also reduce the rutting considerably.  
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Abstract- The use of off-site manufactured (OSM) elements is increasing in the 
Construction industry due to its benefits in terms of cost, site labour and speed of 
construction. It is commonly acknowledged that off-site production also offers other 
advantages, that are less evident, but still bring significant improvements on both Health 
& Safety and Sustainability if compared to more traditional in-situ construction methods. 
The aim of this paper is to explain how the design and use of OSM reinforced concrete 
abutment panels contributed to a smarter delivery of the A34 new Overbridge in Perry 
Barr, Birmingham, UK. After describing the site and project specific constraints, the 
paper shows the options considered for the new bridge abutments in the early design 
stages and the factors that contributed to the final choice. Details of the definitive solution 
are then illustrated with a focus on Health & Safety and Sustainability improvements. The 
paper then highlights a few key aspects that were considered in the design to ensure 
accurate production in the factory and efficient assembly on site for the abutment panels. 
The conclusion then summarises the direct and undirect savings and benefits that the use 
of OSM abutment panels brought to the project. 

Keywords- off-site manufactured (OSM), bridge abutments, embodied carbon, sustainability. 

1 Introduction 
Modern methods of construction describe different techniques of industry which differ significantly from traditional 
construction approaches [1,2]. These new techniques include various concepts like novel construction, off-site 
manufacturing, and pre-fabrication [3]. All these techniques provide opportunities of continuous improvement in the 
processes of construction industry. This results in reduction of waste and offers improvement in sustainability indicators. 
Offsite manufacturing includes manufacture and preassembly of elements before execution on a site and is considered as 
one of the techniques of modern methods of construction [5]. In the study by Davies, 2013[4], it was described how the 
lack of repetition of end products in the construction industry as compared to other sectors makes off site manufacturing 
more challenging. There are many benefits of OSM technique which include better quality of product, lower costs, faster 
construction and reduced labour reworks on site [1]. In addition, OSM technique with reduced site activities also helps to 
overcome restrictions associated with difficult sites and reduces wastes up to about 90% [6,7,8].  
In this paper a case study is considered to explain the benefits of use of OSM abutment units. The case study is based on 
design and construction of a new overbridge in Perry Barr, Birmingham, UK. Perry Barr is located approximately 4 miles 
north of Birmingham city centre. The area covered by this scheme is located along the A34, which is part of Birmingham’s 
Strategic Highway Network and provides a key arterial route from the M6 motorway and Walsall into central Birmingham. 
The aspiration of Birmingham City Council (BCC) was to deliver a programme of infrastructure improvements at Perry 
Barr to support regeneration of the area.  
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In section 2 of this paper, it is explained which methodology was used to decide the geometry of OSM abutment units at 
design stage. Then in the following section, the outcome of final geometry for OSM abutment units is discussed. In the 
last section, benefits of use of novel OSM abutment units are concluded.  

2 Challenges 
Implementation of OSM techniques as compared to conventional form of construction poses many challenges. In this case 
study for a new overbridge in Perry Barr, there were a number of constraints. These included construction of bridge 
foundations in close proximity to existing structures, strict traffic management restrictions and a tight construction 
programme. The new bridge had to be designed and subsequently constructed within the limited area enclosed by two 
existing overbridges and retaining structures. Most of the construction works also had to be undertaken while the junction 
was operating as per BCC requirements and only occasional lane closures were allowed. Figure 1 below shows a 
photograph that was taken during the OSM abutment units installation. 

Figure 1 – Construction site for the new overbridge. 

During the Design & Build tender process, in-situ reinforced concrete (RC) abutments on piled foundations had been 
considered because of the limited information available. During detailed design, on availability of more information, 
options for OSM abutment units were explored. The key driver for this was the need for ease and speed of construction on 
one side, and the will to provide a sustainable and innovative solution. The final proposal for the new bridge abutments 
consisted of OSM RC leaf abutment panels. The original abutments were 1.20m thick and required a series of in-situ 
concrete pours, while the panels were slimmer and totally precast, which was an added value as they could save time and 
eliminate risks associated with fixing rebar and concrete casting. As the abutment stiffness is key in the load distribution 
of integral bridges, a reduced 0.50m thickness was investigated by implementing a preliminary 2D frame model. The 
subsequent ideas of backfilling the substructures with no-fines concrete and using a void former at the back of the 
abutments to create a gap also helped reduce the horizontal pressure in favour of a 0.50m thickness.  
To finalise the geometry of the OSM abutment units and to decide their width, two main aspects were considered. These 
included limiting the self-weight of any element to 23 tonnes, due to site lifting constraints, and the type of superstructure, 
which consisted of 25no. MY5 prestressed beams with 150 mm solid deck cover slab. Figure 2 shows the geometry of a 
standard unit of pre-cast abutment.  
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Figure 2 – Pre-cast abutment, standard unit. 

As expected, the revised abutments type reduced the amount of moment being transferred to the foundations because a 
lower stiffness attracts less moment. At that point it was decided to evaluate spread foundations as opposed to piled 
foundations, since the existing bridges, adjacent to the new structure, sit on spread foundations, suggesting good ground 
conditions. It was also found that contemporary photos, originating from construction in 1961, show rock cuts in the 
existing ground and confirming suitability. Spread foundations would be cheaper, quicker to build and less disruptive, 
hence more sustainable. In Table 1 and accompanying Figure 3, key challenges encountered in the selection of OSM 
abutment units’ spread foundation and resolutions are listed. Figure 4 shows a 3D view of the new bridge. 

Table 1 – Challenges and resolutions to enable use of spread foundations. 
Challenge Our resolution 

Keeping the total vertical 
action acting on the 
foundation within its middle-
third. 

- It was ensured that bending moment being transferred to the 
foundations was determined appropriately. By applying a full rotational 
restraint at the base of 2D frame, the bending moment value was 
overestimated.  

- Methods for factoring soil stiffness into Finite Elements (FE) bridge 
models were found. The method proposed by E.C. Hambly in ‘Bridge 
Deck Behaviour’ considered to be suitable and considered.  

- A sensitivity analysis was carried out by using half and twice the 
provided Young Modulus. 

- Values of moment and axial force were used that maximised the 
eccentricity. 

Bridging over the existing 
1830mm sewer pipe with 
spread foundations. 

- To ensure spread footings could bridge over the existing 1830mm pipe, 
an in-situ continuity slab at the back of some precast units over the pipe 
was considered.  

- Checks were carried out to assess how many units were required to be 
stiffened, based on a 2D analysis, to help spreading the load from the 
superstructure onto the areas either side of the pipe.  
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Figure 3 – Main actions being transferred to the foundations. 

Figure 4 – Bridge Revit model 

3 Results and implementation 
Following continuous engagement with the contractor, understanding of the site constraints and completion of feasibility 
checks, the geometry of the OSM abutment units was finalised. The width of standard units was 1955mm and the height 
of all the units was 5906mm. 
Considering the constraints within the site area, 4 different types of OSM abutment units were developed: 

1. 19no. Type 1 standard units.
2. 1no. Type 2 unit with an opening to retain access to an existing pump room.
3. 2no. Type 3 units with a corbel on the side to fit the width of the bridge deck required.
4. 2no. Type 4 units with a corbel on the side and a tapered base to fit within existing structures.
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Figure 5 below shows the position of the different types of OSM abutment units within the new bridge, while Figure 6 
summarises the main construction stages for the new bridge. 

Figure 5 – New bridge, OSM abutment units. 

Figure 6 – New bridge, construction stages summary. 

The comparison between in-situ concrete abutments and the OSM abutment units was carried out and it was found that the 
OSM option is a more sustainable solution. They are an environmentally friendly solution, with minimal waste during 
manufacture and reduced carbon emissions compared to in-situ concrete. Figure 7 shows the comparison between the 
embodied carbon emissions for traditional in-situ abutments and OSM abutments for the specific case of the new bridge 
in Perry Barr. In order to determine the carbon footprint for the two solutions, the impact of site machinery, transport to 
site and labour was considered. Carbon emissions for these three aspects were calculated based on fuel consumption by 
considering specific mileage for transport and labour and time usage of site machinery. 

Figure 7 – New bridge abutments, embodied carbon emissions in-situ vs. OSM [Data courtesy of Tarmac] 
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From a social impact point of view, the time spent in placing these units and disruption to local traffic were considerably 
less than the ones necessary to cast in-situ concrete abutments. The Contractor had an overall time saving of 2 weeks by 
using the proposed OSM abutment panels. In addition, the OSM panels were installed within 8 night-time road closures 
as opposed to the 20-night shifts that would have been necessary for in-situ abutments. 

The Health and Safety benefits are also worth mentioning. No site operatives were required to climb down into the layby 
area to fix rebar cages and work next to live traffic. Risks associated with traffic management were significantly reduced 
and minimised. On the other hand, the use of OSM abutment units added risks associated to the transport of heavy and 
large elements. These are however smaller in comparison with the ones that have been eliminated and reduced. In addition, 
they could be safely managed by competent precast concrete manufacturer and contractor. While OSM elements are 
generally more expensive to manufacture than equivalent in-situ elements, in this case their use saved significant time. 
This resulted in labour and traffic management cost savings, which outbalanced the increased manufacturing cost and led 
to an overall reduced construction cost.   

When dealing with OSM elements, the design needs to also focus on production in the factory and installation on site, 
which are both complex stages for the overall construction process. Supporting the production of high quality OSM 
elements since design stage is key to minimise waste of resources, optimise timescales, achieve higher quality standards 
and have a reduced embodied carbon for the asset. In this sense, design approach consisted of: 

 Getting early precast manufacturer involvement at preliminary design stage to discuss the construction process
and ensure all the parties involved understood the construction sequence.

 Making sure the interface between different structural elements, both precast and in-situ, was clearly and correctly
reflected in the new bridge drawing set.

 Ensuring concrete outlines and reinforcement drawings for the precast abutment panels were thoroughly checked
by different design engineers and issued to the manufacturer as early as possible.

 Checking the fabrication drawings by the manufacturer and clarifying any doubt on reinforcement detailing before
production began.

The described approach enabled the manufacturer to better plan the production of the OSM abutment units and, reduced 
the chances of having delays to the construction programme. As it is generally acknowledged, precast concrete elements 
achieve higher quality standards than their in-situ equivalents. This is beneficial for the asset future maintenance, that will 
likely be reduced for precast elements if compared to in-situ, resulting in an operational carbon reduction. The case study 
discussed in this paper shows as a collaborative approach between the different parts involved in a scheme can maximise 
the benefits of using OSM elements. 

When it comes to installation of OSM elements on site, generally there are significant benefits in terms of Health & Safety, 
which have been previously described in this paper. Many common risks related to in-situ reinforced concrete can be 
eliminated by using OSM elements, on the other hand there are risks which cannot be eliminated and need to be carefully 
managed. In the case of the new bridge in Perry Barr and the OSM abutment panels, these residual risks were essentially 
related to the potential instability of the panels during installation and construction. The following measures were adopted 
to proactively address this hazard and minimise the risk of instability: 

 The shape of the panels was designed to be stable on their own during construction.
 Holding down bolts were provided as a further safety measure, in case anything accidentally hit one of the panels

during the works.
 A shear key between in-situ foundations and OSM units was provided as a precaution against accidental sliding

actions during construction.
 A temporary steel tie at the back of the 3 end units was provided to secure Type 4 units, whose tapered bases

would make the 2no. end units unstable if left to stand independently.
Figures 8 to 10 show some key stages of the installation of the OSM abutment panels. 
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Figure 8 – Installation of OSM abutment panels, preparation [Photo courtesy of Tarmac] 

Figure 9 – Installation of OSM abutment panels, panel positioning [Photo courtesy of Tarmac] 

Figure 10 – Installation of OSM abutment panels, back view of the panels [Photo courtesy of Tarmac] 
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4 Conclusion 
The case study discussed in this paper for use of OSM abutment units presented several challenges at design and 
construction stages. The application of strong engineering principles together with great construction capabilities ensured 
the successful delivery of the new bridge in Perry Barr with an innovative type of OSM abutments. The OSM abutment 
units represent a solution that, compared with traditional in-situ substructures, is safer and more sustainable due to: 

1. OSM abutment units having 34% lower embodied carbon footprint for the new bridge as compared to traditional
in-situ construction.

2. The Contractor being able to reduce construction time by approx. 2 weeks by using OSM abutment units.
3. Installation of OSM abutment units being carried out in 8 nights as compared to 20-night shifts for traditional in-

situ construction, reducing disruption to local communities.
4. The above reduction leading to reduced construction cost.
5. OSM abutment units carrying a reduced number of risks to Health & Safety associated to production and

installation.
The results from this case study showed that the use of OSM abutment units offered great benefit as compared to 
conventional in-situ construction. This technique needs to be considered and developed for other structural elements in the 
future. 
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Abstract- Pakistan is leading towards a major motorway system. Infrastructure growth 
especially highways and most of the roads are flexible pavements which have higher 
susceptibility to Rutting. To overcome this issue we have to find ways to solve these 
problems. Keeping in view the current economic conditions, one must find material 
which is cost effective and locally available. One such material is the use of Marble Dust 
with the replacement of filler material in Flexible Pavements. Therefore different tests 
were conducted to investigate the effect of Marble Dust, on various Mechanical 
Properties such as Marshall Stability, Dynamic Stability and Rutting resistance. Marble 
Dust is cheap and locally available material. The modified asphalt mix were prepared by 
wet process which involves direct mixing of bitumen (60/70 penetration grade) and 
Marble dust at a high temperature (160-165°C) followed by aggregates during mixing 
process. The modified asphalt concrete specimens were prepared with the Marble dust 
percentages of (1%, 2%, 3%, and 4%). Both modified and un-modified Samples were 
prepared by Marshall Mix design (ASTM D6926), using NHA Class A gradation. Prior 
to sample preparation, the bitumen (60/70 penetration grade) and aggregates (Margalla 
aggregate) were tested to check their compatibility according to the standards of NHA. 
The optimum binder content (OBC) 4.4% was found using Marshall Mix design (ASTM 
D6926), which was then used in the preparation of both conventional and modified 
samples. Performance tests including Marshall Stability, flow, Rutting resistance and 
Dynamic stability were performed to check performance of modified mixes. The tests 
results revealed that modified mix containing 50% replacement of filler material with 
marble dust of the total replacement percentage provides best resistance against rutting 
and enhances dynamic stability of flexible pavement than the other modified 
percentages. The whole analysis concluded that replacement of filler material with 
marble dust gives better results regarding pavement performance. 

Keywords- National highway authority, optimum binder content, hot mix asphalt, specific gravity 

1 Introduction 
Marble dust production contributes significantly to environmental problems [1]. Normally 25% of marble dust is produced 
by cutting marble blocks. In the world in many countries, marble dust is settled down by the sedimentation process which 
is then left in situ and causes the appearance of the environment ugly. It also produces dust which jeopardizes both 
agriculture and health [2]. The original reason for using marble dust is economy, sustainability, and the advantages offered 
in terms of the durability of optimum binder content [3]. The marble generation amount is considerable which is in the 
range 5-6 million tons [4]. 

Since ancient times, marble has been used as a construction material. As a result, marble waste being a by-product is a 
very important material that requires appropriate environmental disposal attempts. Marble dust, which is a solid waste 
material produced mostly from the actions on marble can be used as a filler material in road pavements in the preparation 
of bituminous concrete [5]. The production of economic and more long-lasting bituminous concrete using marble waste 
can help the civil engineer profession to ensure the economy in the construction project and rectify the environmental 
problems. This study aims to evaluate the effect of marble dust as filler material on the strength and stiffness-related 

Page 393 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22) 
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-547 

properties of bituminous mixes. Marble dust is the residue that is collected from cutting marble blocks into smaller pieces 
to achieve the required smooth and aesthetic shape. The waste utilization will not only be economical but may also help in 
creating a sustainable and pollution-free environment. Leaving the marble dust in an open environment will cause 
environmental problems. In this study, the rutting resistance of Marble dust modified hot mixed asphalt will be evaluated. 
The effect of different percentages of Marble dust on the performance of HMA mixtures will also be evaluated and the 
possibility of using Marble dust as a filler material will also be assessed. The main focus of this study is to find that 
optimum percentage of marblle dust as a filler replacement in HMA with having low rutting and high dynamic stability. 

2 Research Methodology 

2.1 Phases of Research 

2.1.1 Phase-1 In this phase of the research, the required material (aggregate and bitumen) was collected from the respective 
sources. 

2.1.2 Phase-2 Both aggregate and bitumen were then tested to check their quality as per NHA specifications in this phase 
of the project. All tests were performed in accordance with their respective ASTM/ AASHTO/ BS standards as shown in 
table 1 and table 2. 

2.1.3 Phase-3 This phase consists of the preparation of Marshall Mix Design. The blending of different sizes (coarse & 
fine) of aggregate was done to achieve the gradation according to NHA specifications. The bitumen was added to different 
percentages of 3.5%, 4%, 4.5%, and 5%. For each blend Gmb, Gmm, Marshall Stability, flow, and volumetric properties 
were determined. The results were then plotted and optimum bitumen content was determined to be used in the design. 

2.1.4 Phase-4 In this phase, the filler material was replaced by marble dust in varying percentages in the asphalt mix, and 
checked its Gmb, Gmm, stability, flow, and volumetric properties. 

2.1.5 Phase-5 In the last phase of this research project, the performance of HMA was checked for Rutting and Dynamic 
Stability of the modified and control mixes. 

Table 1: Aggregate tests 

S.No Test Name  Standard   Objective 

1 Sieve Analysis ASTM C-136 Helps in obtaining the proportion of different 
aggregate sizes to be used in Marshall Mix 
samples. 

2 Aggregate Impact Value 
Test 

ASTM D5874-02 This test aims to determine the toughness of 
aggregates. 

3 Los Angeles Abrasion Test ASTM C 535 This test aims to determine the hardness of 
aggregates. 

4 Aggregate Crushing Value 
Test 

BS: 812 This test aims to determine the crushing 
value of aggregate. 

5 Specific Gravity of Coarse 
Aggregates 

ASTM C127-12 This test is performed to find out the specific 
gravity by density bottle method. 

6 Flakiness & Elongation 
Test 

ASTM D 4791-99 It is performed to determine the percentages 
of flaky and elongated particles. 

7 Liquid & Plastic Limit Test ASTM D4318 – 17 This test is performed to find out the liquid 
limit, plastic limit, and the plasticity index of 
soils. 
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Table 2: Bitumen and other tests 

3 Results and Discussion 
Different tests were performed to evaluate the rutting resistance of HMA samples. Results of the tests are given below in 
table 3. 

 Table 3: Results of the tests 

S.No Test 
Name 

Result S.No Test Name Result 

1 Sieve 
Analysis 

The final 
approved JMF 

is shown in 
table 4 and 
it’s graph in 

figure 1 

5 Specific 
Gravity of 

Coarse 
Aggregates 

Aggregate Size Specific Gravity 

3/4 inch 2.66 

1/2 inch 2.51 

3/8 inch 2.71 

2 Aggregate 
Impact 
Value Test 

19.52 % 
(Excellent) 

6 Specific 
Gravity of 
fine 
Aggregates 

Aggregate Size Specific Gravity 

Crushed Sand 2.57 

Filler 2.40 

Marble Dust 2.41 

3 Los 
Angeles 
Abrasion 
Test 

29.06 % 7 Flakiness & 
Elongation 
Test 

Aggregate 
Size 

Flakiness Elongation 

3/4 inch 12.44% 7.03% 
1/2 inch 10.31% 8.92% 
3/8 inch 11.67% 10.82% 
Passing 

Sieve No. 
4 

10.44% - 

4 Aggregate 
Crushing 
Value Test 

19.28% 8 Liquid 
Limit of 
filler 
material 

  & 
Plastic 
Limit Test 
of filler 
material 

Moisture 
Content 

No. of blows 

35 % 16 
31% 21 

24.5% 34 

5.43% 

S.No Test Name Standard Objective 

1 Penetration Test ASTM D5-95 It is used to find the hardness or consistency of bitumen which 
helps in evaluating the grade of bitumen. 

2 Flow & Stability Test ASTM D6927-06 It is conducted to measure the maximum load experienced by the 
bituminous material at a loading rate of 50.8 mm/minute. 

3 Rutting Resistance ASTM D2974 A Rutting resistance test is performed to evaluate the deformation 
that occurs due to heavy traffic with the wheel of vehicles. 
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Mix design Blend for Margalla Hills Site "N.M.S = 19.0 mm" 
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Table 4 shows the Job mix formula which determines the contribution of each size of aggregate in the preparation of HMA 
samples. The upper and lower limit indicates the NHA Class A specifications. HMA samples were prepared according to 
these specifications and the results are shown in tabular form below. 

Table 4: Final approved JMF 

Following is the graphical representation of JMF as shown in figure 1. The blue line shows upper limits, the orange line shows 
lower limits of NHA specifications and the yellow line shows the design gradation of HMA samples. 

Figure 1 Graphical Representation of Final Approved JMF 
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3.1 Marshall Mix Design 
The purpose of the Marshall mix design is to select the asphalt binder content that satisfies the minimum stability and 
range of flow values at the desired density. 

3.1.1 Flow and Stability Tests 

Flow & stability tests were performed with increments of 0.5% of binding material used in HMA samples. These tests 
were carried out to find out the optimum binder content (OBC) used in HMA samples. The results produced are given 
below in table 5. 

Table 5: Determination of OBC 

% Bitumen Content by Mass 
of Aggregate 3.50 4.00 4.50 5.00 

Unit weight (Gmb) 2.336 2.339 2.356 2.352 

Maximum theoretical specific gravity 
(Gmm) 2.493 2.462 2.465 2.426 

Stability (kN) 9.14 9.91 10.48 10.89 

Air voids (% Va) 6.29 5.01 4.46 3.04 

VMA % 14.05 14.39 14.24 14.82 

VFA % 55.27 65.22 68.70 79.48 

Flow (mm) 1.97 2.30 2.67 2.90 

The results of HMA standard samples prepared at OBC were compared with specifications, which showed that the samples 
comply with NHA specifications. 

3.1.2 Flow & Stability Results of Modified Samples 

The modified samples are prepared at OBC with the replacement of marble dust with the filler at different percentages 
from (25-100) %. 
Following are the results of unit weight (Gmb), Flow & Stability, % Air voids, % Air voids in mineral aggregates (VMA), 
and % Air voids filled with the bitumen (VFA) of Marshall Mix samples prepared at OBC as shown in table 6. 

Table 6: Results of modified HMA sample 

Percent replacement of filler with 
marble dust 

0% 25% 50% 75% 100% 

Unit weight (Gmb) 
2.338 2.505 2.523 2.536 2.469 

Max theoretical specific gravity (Gmm) 
2.348 2.509 2.528 2.545 2.476 

Stability (kN) 11.05 12.27 12.70 14.67 12.35 

Air voids (% Va) 4.4 4.40 3.71 3.19 5.78 

VMA % 14.8 15.64 14.58 13.67 16.86 

VFA % 70 71.85 74.55 76.63 65.71 

Flow (mm) 0.91 3.41 3.54 4.16 3.94 
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3.1.3 Results of Rutting Test and dynamic stability of Standard & Modified HMA Samples 

The following table 7 shows the results of the rutting test performed on standard and modified samples of HMA. Table 8 

shows the results of the dynamic stability of standard and modified HMA samples. 

 Table 7: Rutting Test Results  Table 8: Dynamic Srability Test Results 

The results of rutting of standard and modified HMA samples prepared with 50% and 100% replacement of filler material 
with marble dust. The value of rutting is minimum at 50% replacement of filler material as shown in figure 2. Also, the 
value of dynamic stability is maximum at 50% filler replacement with marble dust. If we increase the filler replacement 
above 50%, the value of dynamic stability (DS) decreases as shown in figure 3. 

Figure 2: Graph of Rutting vs Filler Replacement % Figure 3: Graph of DS vs Filler Replacement % 

4 Conclusion 
Following are the conclusions from the conducted study: 

1 When 50% filler is replaced with marble dust, the stability and flow of the hot mix asphalt have improved that is 2163 
KN/m2, at 0% of marble as a filler replacement the dynamic stability of HMA is 1513 KN/m2, and at 100% of filler 
replacement the dynamic stability is 1623 KN/m2. Adding the filler improves the Dynamic Stability and Rutting 
Resistance of the HMA. 

2 50% replacement gives a maximum improvement in resisting the Rutting and Dynamic Stability of the HMA that is 
3.95mm, at 0% of marble as a filler replacement the rutting of HMA is 4.407mm, and at 100% of filler replacement 
the rutting of HMA is 4.29mm.
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Abstract- It is common for asphalt pavement to develop micro cracks over time, largely 
owing to weather and traffic conditions. Pavement fatigue life is shortened as a result of 
these fissures. When the temperature of an asphalt mixture rises, cracks that previously 
appeared begin to close. The purpose of this study is to use microwave induction to 
determine the effect of temperature on the self-healing ability of asphalt pavement 
material. Asphalt's fatigue resistance was measured using a four-point beam fatigue 
apparatus. This experiment required a certain amount of condition time and temperature. 
Before and after conditioning, the specimens were tested. The first recovery cycle results 
in a significant loss of fatigue resistance, however the loss of fatigue resistance from the 
second healing cycle to the third healing cycle was minimal. Asphalt's self-healing 
properties improved with temperature, too. Temperature was shown to be the most 
important determinant in asphalt's ability to self-heal. Temperatures ranging from 37 to 
40 degrees Celsius had the highest healing index. 

Keywords-. Four-point beam test, Microwave oven heating, Self-Healing, 

1 Introduction 
The pleasant operating experience and low cost of asphalt pavement make it an attractive option for highway construction. 
However, degradation occurs quickly once the road is put into service because to traffic volumes, bitumen ageing, and 
environmental factors such as moisture damage, temperature influence, and UV radiation. Meanwhile, minor cracks 
emerge in the asphalt pavement, which gradually deepen and produce more major problems including travel, potholes, and 
fracturing [1]. Road safety is jeopardised by these deteriorations, which also necessitate costly maintenance. Fractures in 
asphalt mixtures start out as micrometer-sized cracks, but they can quickly grow due to traffic and environmental factors.As 
a result, preventive maintenance programme measures must always be used to extend the life of asphalt pavements. 
Additionally, asphalt mixtures can self-heal without the need for human intervention. Blacktop can also self-heal if they 
are not subjected to traffic forces that can worsen fractures. As a result, complete healing could lay hold of a handful of 
months, which is impossible to achieve in practice due to the constant drift of Lorries. Asphalt is a stuff that can mend 
itself. According to Bazin and Saunier [2], and the role of temperature in self-healing is critical. Although bitumen's 
viscosity is proportional to temperature, at a certain temperature threshold (i.e., 30–70 °C), it tends to flow into cracks by 
capillary and gravity and seal the fissure [3]. During the summer, cracks in asphalt pavement that are evident in the winter 
will disappear, but it is necessary to heat asphalt concrete so that it will heal faster due to temperature. [4]. the high 
temperature created by microwave heating is very difficult to control; it can exceed asphalt's flash temperature limit, 
damaging its chemical structure. Consequently, the time spent in the heating process should be closely survived [5].  

Out of three types of metallic waste examined by Bowen et al., (HBSS) had the best microwave absorption performance 
[6]. It is common practice to employ lubricating and extender oils rich in maltene components (also known as 
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"rejuvenators") in pavement repair since these oils may be used to reconstitute the asphalt binder's chemical makeup in 
order to utilize rejuvenators in asphalt pavements, they must fulfil the following five requirements. Bitumen compatibility, 
high temperature stability, capacity to endure mixing and construction circumstances, healing temperatures between 30 
and 40 degrees Celsius, and the ability to heal continuously or several times are all important considerations [7]. Asphalt 
concrete's thermal capacity and solar radiation would have no extra thermal impact. A decrease in composite viscosity and 
an increase in rutting resistance were both achieved by using microwave-preprocessed ground tire rubber, as shown by Xu 
et al. Gallego et al. looked at the efficiency of a new thermo mechanical treatment for enhancing the healing capacity of 
hot asphalt mixes. A self-healing asphalt mixture including waste metals was studied by Yalcin using induction warming 
and microwave heating [8]. The aim of this paper is to evaluate and compare the self-healing properties of asphalt material 
by using Microwave induction Method. 

2 Experimental Procedures 
Asphaltic pavement materials may be tested for stiffness modulus and fatigue resistance using bending tests. In CEN, 
AASHTO, and Chinese test requirements, four-point bending tests are included. Controlled strain or regulated stress 
techniques of loading are possible for the prismatic beam specimen. Servo pneumatics, an increased digital data collection 
and control system, and user-friendly software make up the CRT-SA4PT-BB Standing Alone Four Point Bend Beam 
Machine. Microsoft ExcelTM-compatible format test data is saved to the disc during testing, which includes both graphs 
and tables. Beam height and breadth may be adjusted to meet AASHTO specifications despite the fact that the clamps are 
spaced at 118.5mm centers (the distance between outer ends is 335.6mm (fourteen inches). Mixing aggregates and bitumen, 
we created asphalt material slabs before dividing them into 4 beams of asphalt mixture. Beam measured 12 inches in 
length, 2 inches in breadth, and 2 inches in depth when estimated over its whole surface area. There were a total of twenty 
asphalt material beams constructed. Asphalt beams were subjected to a Fatigue test using a four-point Beam test device. 
The device's frequency ranged from 0.1 to 30 Hz. Temperatures and frequencies were varied throughout the testing process 
to see what effects were seen. The initial fatigue cycle is the number of times before fractures appear.  

Figure 1: Experimental Setup 
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3 Research Methodology 
To meet the goals of the research, a three-phase procedure was devised. The initial step was to narrow down the options 
for raw materials. A single aggregate supply and three local asphalt binder were chosen. Bitumen from the Attock Oil 
refinery's 80/100 penetration grade and 60/70 penetration aggregates were utilized. Second, several binder tests on asphalt 
binder were done in order to discover binder requirements. Phase 2. It was tested for penetration, ductility, viscosity and 
softening point. Third, the self-healing of asphalt mix was performed utilizing microwave induction. i.e. asphalt mixture 
design specimens were made. This phase's primary test was a four-point beam fatigue test. Tests were performed during 
self-healing to compare the asphalt material beam's fatigue resistance. This was the era in which the Healing Index was 
discovered. Analyzing the data was the last step in the study technique. Asphalt 60/70 and 80/100 mixture healing indices 
were studied. In first phase two different local asphalt binders and Margalla aggregates were chosen to make preparation 
of the asphalt mixture. In Second phase specimens were made ready for both qualitative as well as quantitative tests. To 
check the qualities of the chosen asphalt, both conventional and rheological experiments were carried out. In the third 
phase of research methodology, Self-Healing of asphalt mixture was accomplished by using Microwave oven. The 
flowchart of research Methodology is given below in Figure 2. 

Figure 2; Flowchart of Research Methodology 

4 Results 

4.1 Fatigue resistance of healed specimen 

.A considerable decrease in fatigue resistance was seen after the first healing cycle, however there was no such decrease 
between the second and third healing cycles, as shown by the results of cyclic loading. Because certain aggregate grains 
were shattered during the initial 4 PB test, they were unable to completely restore their strength when microwave treatment 
was applied. When it came to the third and final measure of fatigue resistance, however, the two were almost tied. Broken 
aggregates, in other words, impede healing to a certain extent. Figure 2 shows the results of cyclic loading when 60/70 
grade bitumen was used. Figure 4 shows that 1st fatigue resistance of asphalt material 80/100 was less than that of 60/70. 
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 Healing performance of 80/100 asphalt mixture was greater than that of 60/70. Results of cyclic loading for both grades 
of bitumen are shown in Figure 3 and Figure 4. Because 80/100 grade binder is softer than 60/70, so healing performance 
of 80/100 is greater than that of 60/70. Different vehicles load apply, remove and reapply on road which is an example of 
cyclic loading. Self-healing of asphalt mixture occurs in periods without traffic and under high temperatures, starting 
between 30oC and 70oC depending on the type of bitumen used. The main healing mechanism of asphalt mixture is the 
capillary flow of the bitumen through the cracks at high temperatures. This is a very slow process and cracks may need 
many days to fully self-heal. By increasing temperature, Healing capability can be increased as shown in fig. 

Figure 3: Effect of temperature on fatigue resistance (60/70) 

Figure 4: Effect of temperature on fatigue resistance (80/100) 
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5 Practical Implementation 
Fig 5 shows the working mechanism of the microwave heating vehicle. While moving, the automobile heats the pavement 
via the microwave unit. Additional equipment, because the crusher and the shovel, are set up for mincing the ice layer and 
pushing the ice to the road side. The authors ‘purpose turned into the deicing of the pavement, however plainly comparable 
systems may be used for different heating pavement applications. 

Figure 5: Working mechanism of the microwave heating vehicle 

6 Conclusion 
In the light of results attained, conclusions are summarized as: 

1 High temperatures improve pavement fatigue life because asphalt material fractures mend faster at high temperatures. 
It is reported that cracks seen within the asphalt pavement in winter disappear in summer, however to enhance 
temperature related healing performance, it's necessary to heat asphalt concrete artificially. Self-healing of asphalt 
material also enhanced with increasing time up to some extent and then decreases. 

2 Based on experimental data, healing performance of 80/100 grade bitumen was higher than that of 60/70 grade 
bitumen. 
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Abstract - Rainfall infiltration is a major cause of slope failures in soft and cohesive soils. 
The water infiltration increases the pore water pressures, ground water level and decreases 
the matric suction of unsaturated soils, which has been proved as a critical factor for 
stability of slopes. As a result of increased pore water pressure and decrease in matric 
suction, the shear strength of the soil decreases which increases the likelihood of the failure 
of slope. This paper investigates the failure mechanism of natural slopes subjected to high 
and low intense rainfall with various duration of rainfall events. Finite element analysis was 
carried out using commercially available PLAXIS 2D software, which is considered to be 
a comprehensive tool for geotechnical modelling. It was observed that in addition to slope 
geometry, soil physical characteristics and hydraulic properties, rainfall intensity and 
duration also play a key role in stability of unsaturated soil slopes.  

Keywords- unsaturated slopes, matric suction, pore pressure, slope stability.  

1 Introduction 

Rainfall-triggered slope failures are widespread geological disasters in many parts of the world, especially in the high 
tropical areas, which are extensively covered with residual soils. [1]; [2]; [3]. These slope failures are normally shallow 
with usual depth of slip surface of 1 to 3  m oriented parallel alongside the slope surface [4]; [5]; [6]. During the rainfall 
events, the water infiltrates into the soil which causes reduction in matric suction, which causes a  significant reduction in 
shear strength of soil and hence failure occurs. [7]; [8]; [9][10][11]. Numerous researchers have conducted numerical 
studies as well as laboratory experimentations to get detailed understanding of failure mechanisms of slope failures due to 
rainfall infiltration. (i.e. [12]; [13];[14]). Merat et al. ([15]) conducted a study on 84 landslide events occurs in the Tizi-
Ouzou region of North of Algeria, and reported that more than 65% of  landslides occur because of climate change 
including rainfall and snow. The study showed a great relationship between landslides and climate conditions. Stability 
controlling parameters of slopes, which have been  studied by different researchers [16], [15]; [18],  include the 
permeabilities of soils, saturation degree, slope geometry, existence of ground water table, duration and intensity of rainfall 
event. Various computational programs can be used to simulate the rainfall events for stability analysis including PLAXIS, 
Geo-Studio, ABAQUS, etc. Usually, limit equilibrium methods are adopted by researchers due to their simplicity, but they 
have limitations. With advancements in numerical methods, couple flow-deformation analysis options have been included 
in different tools. It allows researchers to simulate the flow analysis and stability analysis at same time.  

A parametric study [15] conducted with different stability controlling factors including the rainfall intensity and duration, 
degree of saturation, and hydraulic properties of soils concluded that these parameters play an important role in stability 
of slopes. The pore water pressure varies with variation of these parameters and hence factor of safety varies. [19] 
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conducted finite element modelling for stability analysis of unsaturated soil slopes and reported that rainfall infiltration 
causes a reduction in matric suction and increase in  moisture content, which increase pore water pressure and thus  results 
in reduction of safety factor for slope.  

Rainfall events are thought to play a key role in rainfall-induced slope failure due to their intensity, length, antecedent 
condition, resolution, and pattern. [8], [20], [21]; [22]. Intense rainfall has been identified as a triggering factor for many 
slope failures worldwide, and it is widely accepted that many slope failures have occurred during prolonged rainfall. [23]. 
It is well understood that antecedent rainfall significantly contributes to rainfall-induced failures of low-hydraulic 
conductivity slopes, but probably contributes less significantly to those of high conductivity slopes. [24]. Rainfall 
resolution is often critical in determining the amount of precipitation infiltration that might contribute to slope failures 
since rainfall intensity varies. Thus, in the investigation of rainfall-induced slope collapse, using high-resolution rainfall 
data (hourly rather than daily rainfall data) may yield more accurate results, as suggested by [20]. Furthermore, a specific 
rainfall pattern caused the least stable slopes, the lowest minimum factor of safety, and the shortest time to reach the 
minimal factor of safety (high intensities in the beginning, followed by a constant decline towards the end of the 
rainfall)[21]. The relationship between rainfall events and soil hydraulic characteristics influences the quantity of rainwater 
penetration required to decrease surficial soil suction, which can cause a slope failure. When the rainfall intensity is almost 
equivalent to the soil hydraulic conductivity, the incident rainfall can theoretically be completely absorbed into the soils. 
Rainwater infiltration in this situation is most capable of decreasing surficial soil suction to a critical level. Rainfall of 
modest intensity will penetrate completely into the surficial soil, but it may not be enough to decrease the soil's suction. 
When rainfall is especially intense, however, rainwater will move to runoff in part. Because strong rainfall is usually of 
shorter duration, precipitation penetration may be insufficient to lessen soil suction. Matric suction is a crucial factor in 
shallow slope failures, according to several studies [12], [25] [26], [8]. When precipitation infiltrates the slope surface, 
matrix suction decreases and the wetting front slides down until it reaches a depth where the slope's shear strength can no 
longer sustain slope stability. This type of failure occurs more frequently on slopes with low hydraulic conductivity than 
on slopes with high hydraulic conductivity, such as clean sand. [12]. Infiltration can only attenuate suction of the surficial 
soils to shallow depths in the first example, resulting in a shallow slope collapse mechanism. Given the fact that rainfall 
and soil parameters are the determining factors, coupled investigations of seepage and slope stability are now routinely 
used to assess rainfall-induced slope instability. In both seepage and slope stability analyses, the deterministic approach is 
widely used. This paper investigates the failure mechanism of slope subjected to low and high intense rainfall of short and 
long duration. A uniform soil slope with same shear strength is analyzed using finite element methods. The results of finite 
element analysis is presented in following sections.  

2 Slope geometry and material properties 

Commercially available finite element tool PLAXIS 2D was used for this study which is a persuasive program which can 
help users in characterizing geotechnical problems in a realistic manner. This study investigates the impact of low and high 
intense rainfall with short and long duration on factor of safety and total displacements. For this purpose, a series of finite 
element analyses were done. The two-dimensional finite element method was used with 15-node plane strain model using 
the PLAXIS 2D computer program. The studied parameters include the rainfall intensity (mm/hr), and durations of the 
rainfall (hours). Figure 1 shows the typical geometry of the slope used in the numerical analysis. Two sets of rainfall events 
were considered, high-intensity rainfall (60mm/hr, 90mm/hr and 120mm/hr) and low-intensity rainfall (5mm/hr, 10mm/hr 
and 20mm/hr) with different durations (01hr, 03hrs, 06hrs, 12hrs, 24hrs, 48hrs and 96hrs). The hardening soil model was 
used to model the nonlinear behavior of the soil. This constitutive model is an advanced soil models and can be used to 
simulate various types of soil. Published literature provided the material parameters of the soil employed in this 
investigation. The soil index and shear strength properties are summarized in Table 1 and Table 2, respectively. The Van 
Genuchten model was used to simulate the soil-water characteristic curve which is a significant parameter in terms of 
unsaturated slope stability. Figure 1 displays the typical generated mesh for full-scale slope geometry and boundary 
conditions. The vertical boundaries of the model were supposed to be deformable vertically and fixed laterally, whereas 
the bottom boundary was assumed to be fully fixed. For the flow water boundary conditions, the vertical boundary 
conditions were assumed to be permeable and the bottom boundary was assumed to be impermeable. It is assumed that the 
water table is located 20 m below the ground surface. 

Page 406 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)      
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-601 

Table 1: Index Properties of Soil used for this study [27] 

Properties 
Moisture 
Content 
(%) 

Liquid 
Limit (%) 

Plastic 
Limit (%) 

Soil 
Classification 

Specific 
Gravity 

Unsaturated 
unit weight 
(kN/m3) 

Saturated 
unit weight 
(kN/m3) 

Values 32 76 42 
High Plastic 
silt (MH) 

2.64 13.2 17.00 

Table 2: Shear Strength and unsaturated parameters of Soil used in this study [27] 

Parameters 
Young’s 
Modulus 
(kN/m2) 

Effective 
Cohesion 
(kN/m2) 

Effective 
friction 
angle (o) 

Hydraulic 
conductivity 
(m/s) 

Poisson’s 
ratio 

ga gn gl 

Values 10000 8.0 32.0 2.32E-7 0.33 0.7 1.8 0.5 

3 Results and discussions 

Rainfall intensity and duration are the key influencing factors for rainfall induced slope failures. An idealized homogenous 
slope with gradient of 1V:1.5H was analyzed under different rainfall intensities and duration. The figure 2 shows the 
rainfall intensity, rainfall durations applied on slope and variations in factor of safety. Rainfall intensity of 5mm/hr, 
10mm/hr and 20m/hr are classified as low intense whereas, 60mm/hr, 90mm/hr and 120mm/hr are classifies as high 
intense. Rainfall with high intensity and short duration does not have a significant effect, whilst rainfall with low intensity 
and long duration reduces the factor of safety up to the critical condition. This is due to the permeability of soils which 
allows rainfall water to infiltrate into the slope. For 1 hour duration, the safety factor does not change significantly, as a 
result of the hydraulic properties of the soil. For rainfall intensity of  5mm/hr, the factor of safety doesn’t change 
significantly because the infiltration of water was not enough to increase pore water pressure up to critical conditions, and 
hence the slope remains stable with a high safety factor. However, 20mm/hr rainfall intensity was found to be most crucial 

Figure 1: Slope Geometry and typical mesh 
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for slope stability as the safety factor reduced to 1.062 (i.e. on the verge of failure). Rainfall infiltration into the soil body 
decreases the factor of safety  due to the reduction in matric suction and increase in pore water pressure.  

Figure 2: Variation in safety factor with different rainfall intensity and duration

3.1 Safety Factors of slope subjected to low and high intense rainfall 

To investigate slope instability and the failure zone subjected to rainfall infiltration, the critical slip surfaces were assessed. 
Figure 3 shows the critical slip surfaces for modelled slope under different rainfall duration (01 hr & 24 hrs) and with 
higher intensity (120mm/hr) and low intensity (5mm/hr). A shallow slip surface can be seen against short duration while 
a deep failure surface was observed for prolonged rainfall events. Due to the hydraulic properties of fine soils, the rainfall 
water takes more time to infiltrate into the slope and hence delayed the failure. The slope remains stable during the rainfall 
events and fails after some time, depending upon the soil permeability and amount of water infiltrated into the slope. 
Researchers (Mahmood et al. 2011, Tsaparas et al. 2002) have proved that if the ratio of rainfall and saturated permeability 
(q/ksat) is higher, less water will infiltrate into the ground and more water will disappear as runoff water and hence slope 
remain stable. Further, if the ratio is low then more water will infiltrate into the ground, resulting in an  increase in pore 
water pressure which leads to the failure of slope. If the ratio is very low, in case of rainfall with 5mm/hr intensity, then 
pore water pressure would not be affected.  
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Figure 3: variation in slip surface with rainfall of different duration and different intensities 

3.2 Variation in pore water pressure and matric suction 

It has been proved that slope failure occurs due to the reduction in matric suction and a resulting increase in pore water 
pressure. Matric suction is the foremost variable for susceptibility analysis of rainfall induced slope failures. Slope failure 
is mainly dependent on the initial matric suction conditions of soils at surface and subsurface.  Figure 4 shows the 
fluctuations in matric suction due to the rainfall infiltration. It can be observed that rainfall with short duration does not 
reduce matric suction significantly, whilst rainfall with longer duration does. Also, it can be seen that matric suction 
reduction decreased with the slope depth. Maximum suction was observed near the face of the slope whereas, with higher 
depth, its decreased. This is because of the presence of ground water table at  higher depths.  

q=120mm/hr - 01hur 
q=120mm/hr - 24hurs 

q=5mm/hr - 01hur q=5mm/hr - 24hurs 

q=5mm/hr - 01hur q=5mm/hr - 24hur 
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Figure 4: Variation of matric suction with different rainfall intensities and duration 

4 Conclusions 

The purpose of the current study was to investigate the impact of rainfall duration and intensity on slopes with low 
hydraulic characteristics. Finite element based numerical analysis was carried out on an idealized slope with 1V:1.5H 
gradient. Coupled flow-deformation analysis was carried out which allows seepage and deformation analysis at the same 
time. Based on this study, the following conclusions can be derived: 

 In addition to the soil strength characteristics, and slope geometry, rainfall duration and intensity plays an
important role in stability of slopes. The amount of infiltration depends on the hydraulic properties of soil.

 The variation in climate changes resulted in variation of matric suction profile with different time durations. There
is an optimum value among low rainfall intensities at which the factor of safety is critical. 20mm/hr intensity
resulted the minimum factor of safety

q=10mm/hr - 01hur q=10mm/hr - 24hurs 

q=20mm/hr - 01hur q=20mm/hr - 24hurs 

q=120mm/hr - 01hur q=120mm/hr - 24hurs 
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 The rainfall with low intensity and prolonged duration are more critical as compared to the high intensity and
short duration.
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Abstract- Helical pile is an advanced sustainable deep foundation technique. Its 
importance in the construction sector is growing very hastily. However, being an 
advanced foundation technique, there is still an ambiguity about its usage, that whether 
to use helical piles or conventional piles in a construction project. The main objective of 
this paper is to compare helical piles with the conventional piles (i.e., Driven piles and 
Cast-in-situ piles) on the basis of different factors and draw conclusion between them. 
These factors include axial capacity, lateral capacity, method of installation, soil 
condition, cost, impact on environment and construction time. After extensive literature 
review the authors of the paper came to a conclusion that helical piles in many aspects 
are far better than conventional piles. Moreover, they cover several aspects of green 
construction like, less cost, fast construction, less carbon emission, low environmental 
impact, reusability etc.  

Keywords- Cast in Situ Piles, Driven Piles, Helical Piles, Sustainable Foundation Technique 

1   Introduction 
This state-of-the-art literature review effectively shows the differences between helical piles (see Figure 1) and 
conventional piles in terms of several fundamentals. Helical piles, which were originally designed to support lighthouses 
and moorings, but they are now used to support the foundations of both old and new buildings because of their drastic 
improvement in term of efficiency and practicality. When soil becomes soft or oversaturated, it settles and compacts over 
time. This can cause the entire structure to shift out of alignment, which is dangerous. Helical piles, due to their high 
bounce resistance, are an excellent foundation choice for structures subject to frost heave or expansive soils [1]. Besides 
there advantages, the use of helical screw piles is limited by certain flaws like disturbance of the soil during installation 
within the pile helices' affected zone, the high displacement required to fully mobilize the bearing component of their 
bearing plates, and the low buckling resistance of their slender shaft under compression loading [2]. In recent years, the 
field of pile foundations has experienced a sharp increase in the use of helical piles [3]. Because of their high bearing 
capacity, fast installation and better recovery, they are now used in the foundation of offshore wind turbines [4]. The 
Christchurch earthquake caused only minor damage to a number of helical pile-supported structures in New Zealand, 
proving the viability of helical piles as a foundation material in seismically active regions [5]. 

Figure 1: Helical Pile [6]. 
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The factors which were used to draw comparison between conventional and helical piles, and which make helical piles an 
innovative and sustainable foundation technique, includes axial capacity, lateral capacity, method of installation, soil 
condition, cost, impact on environment and construction time. Each one of them is discussed briefly as under;  

2     Axial Capacity

According to Elkasabgy [7], when site subsurface conditions were taken into account, the ultimate capacity of a single-
helical pile was approximately 18% greater than that of a conventional pile, while the ultimate capacities of double-helical 
piles were almost 45 to 85 % greater than that of a conventional pile. This extra increase in the capacity of the helical pile 
was due to the presence of double helixes. Similarly, Sakr [8] also conducted out full-scale tests in Alberta, Canada. He 
discovered that helical piles with same embedment depths provide approximately 230% to 290% larger capacities in 
cohesive soil than driven piles. Hence, he concluded that helical piles have higher capacities due to the use of single or 
multiple helices with diameters greater than the shaft diameter. Sakr [9] further conducted field test on high-capacity helical 
piles, using 5% failure criterion, he computed that the axial compressive capacities of helical piles ranged from 1500 to 
2500 kN, while their uplift capability range from 1500 to 2000 kN. Hence, we can say that helical piles typically have 
axial uplift capacities of 60% to 70% of their axial compressive capacities. Similarly, another researcher Malik [10] 
analyses the axial capacities of helical and conventional piles in the same ground and soil conditions, taking into account 
the effect of increased overburden pressure. He uses dry Toyoura sand that has been compacted to 70%, 80%, and 92% 
relative density in his test. He found that around settlement equals 10% of pile tip diameter, the load settlement curve for 
conventional piles plunges downward without increasing load, but around settlement equals 15% of pile tip diameter, the 
load settlement curve for helical piles plunges. Helical piles with helix-to-shaft diameter ratios of 2–4.1 demonstrated 2–
12 times greater end bearing capacity than conventional piles with comparable pile shaft diameter. Another researcher Ali 
[11] concluded from his experimental work that Screw piles (helical pile) have a high tensile and compressive strength (up 
to three times that of a conventional pile) and can be utilized in a range of soil strata above and below water. 

3     Lateral Capacity 

Wind loads, earthquakes, imbalanced ground pressures, snow loads, axial force on pipes, and load eccentricity are all 
elements that affect lateral loads and moments on piles. As a result, deep foundations are often constructed to resist such 
loads, and thus helical piles are also used to counteract horizontal forces. Sakr [12] conducted field test on high-capacity 
helical piles installed in dense to exceptionally dense clayey soil, he computed that helical piles can withstand high lateral 
load resistance as compared to conventional piles. He also investigated that shaft length was nearly involve in controlling 
the lateral load behaviour. Bien [13] conducted experimental study on helical and conventional piles with the same shaft 
diameter and wall thickness. According to his results, helical and driven piles show identical long-term lateral behaviour. 
His research discovered that the lateral resistance of both helical and driven piles is predominantly controlled by shaft 
diameter and embedment depth. However, when he inspected the piles after four years of their installation, he found that 
the helical piles' long-term lateral resistance increased by an average of 10% to 20%, outperforming the driven piles. The 
lack of total stiffness of the coupling joints along the pile shaft can impact pile performance under lateral loads [14]. 
Therefore, grouting technology was used to overcome the limits of helical screw piles, resulting in "Grouted Helical Pile." 
The concept of a grouted helical pile can be characterised as placing a cylindrical grout column around the helical pile's 
thin shaft to strengthen its buckling resistance, stiffen the coupling joints, and boost pile capacity by increasing the pile 
shaft resistance contribution to overall pile capacity [15]. 

4     Method of Installation 

The method of installation of conventional piles and helical piles is brilliantly explained in this paper, which will essentially 
be an effective comparison analysis. The purpose of this comparison is to show how their installation methods affect the 
environment and the long-term sustainability of civil engineering works. In order to install conventional piles, A standard 
pile is made up of a cylindrical steel shaft with an open or closed end and the installation characteristics of open-ended and 
closed-ended piles are different. Because there is less driving resistance, installing an open-ended pile is significantly easier 
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[10]. To install conventional piles, we have two basics techniques; 

4.1 Displacement Piling Installation 

The method of installing piles into the ground without removing any soil or other material is known as displacement piling 
installation method (i.e., Dropping weight, Vibration, Jetting). 

4.1.1 Dropping Weight 

A hammer about the weight of the pile is raised to recommended height and then released to strike the pile head, which is 
a simple dropping hammer technique. 

4.1.2 Vibration 

Vibratory hammers are composed of helical contra-rotating unusual pieces within a covering affixed to the pile's head and 
are either electrically or hydraulically propelled. 

4.1.3 Jetting 

Water jetting can help piles penetrate sediment or gravel-filled soil. This method, on the other hand, has had little impact 
on stiff clays or terrain with a lot of coarse gravel, cobbles, or pebbles. 

4.2 Non-Displacement Piling Installation 

Similarly, by removing any soil or other material is known as non-displacement piling installation method (i.e., The 
Continuous Flight Auger and Underreaming method)  

4.2.1 Continuous Flight Auger (CFA) 

The Continuous Flight Auger (CFA) is a mobile foundation carrier with a porous flight drill that is dragged in the soil to 
the required piling depth. As the pile is being lifted from the ground, concrete is poured via the flight auger to create it. 

4.2.2 Underreaming 

An underream is created by inserting an underreaming tool into the straight part of a pile shaft and then enlarging it at the 
pile's bottom. After installation and before concrete is put, a man carrying cage is normally dropped and the pile's shaft 
and underream are inspected. 

4.3 Drilling of Pile (Helical Pile Installation) 

For installation of Helical piles, Helical piles are driven in the earth in the same way that a screw is implanted into wood, 
but on a much greater scale. They are screwed into the ground using machine-mounted hydraulic or electrically powered 
drilling tools as shown in Figure 2. The benefit of helical piles is that the torque demonstrated during installation can be 
linked to axial capacity [10]. The torque-to-capacity ratio is monitored in real time during installation, therefore helical 
piles have built-in quality control. Another feature that sets helical piles apart from ordinary piles for bridge applications 
is the speed with which they can be installed while producing the least amount of noise and vibration [9]. Due to their ease 
of installation, rapid use, and other advantages over conventional pile systems, helical piles have become more popular as 
a deep foundation for a range of structures [11]. 

5    Soil Condition 

Except for expansive soil, conventional piles may be installed in any type of soil. However, helical piles are best suited for 
expansive soils of any kind of soils. But there are still some conditions (e.g., hard strata and granular soils) in which 
conventional piles are preferred. Borehole data and professional experience can be used to assess the likelihood of 
discovering hard or soft soil layers that require advanced methods and equipment. The degree of soil consistency, whether 
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 cohesive or non-cohesive, is strongly connected to the difficulties of installing helical piles in the ground. 

Figure 2: Drilling of Helical Pile [16]. 

The three soil types (dense to very dense sand, hard till, and hard clay) plus "gravel/cobble" are considered relatively 
difficult for helical pile placement [17]. Khazaei [18] stated that helix plates might break during installation process, as a 
result, helical pile technology is not suitable for foundations in gravely or stiff soil. Similarly, Safdar [19] also stated that 
helical piles can't be used in very hard, thick, or gravelly soils because the helical plate will get damaged or the helical 
pile's direction might change when it comes into contact with the hard stratum. Helical piles have a high tensile and 
compressive strength (2 to 3 times that of a conventional pile) and can be employed in a variety of applications for a variety 
of soil strata both above and below the surface of the water [20].  

6   Cost of Construction 

The process of constructing a concrete foundation is not only time-consuming, but also costly. A third-party company 
digging the hole, constructing (and dismantling) the shuttering/forming, pouring the concrete, and removing any residual 
soil can cost a significant amount of money as well as construction time. A helical pile system, on the other hand, should 
be less expensive because we only require a helical pile and a hydraulic machine [21]. Helical piles are thought to be more 
cost-effective because they require less people, don't require expensive equipment when used onshore, and can be recycled 
[22]. A report published by Almita Piling Inc. in 2015 stated clearly that helical pile is cost effective than driven piles and 
cast in situ piles as shown in table 1. For example, a cost comparison is made between helical pies system and conventional 
pile systems in the following categories: Material cost, Shipping cost, Labour cost, Equipment cost, Other Direct cost, and 
Total cost, of power substation project near High River City, Calgary, Canada.  

Table 1: Cost Comparison of the Three Pile Systems 

Pile Type 
Material 
Cost ($) 

Shipping 
Cost ($) 

Labor Cost 
($) 

Equipment 
Cost ($) 

Other 
Overhead 
Cost ($) 

Project 
Duration 

(day) 

Total Cost 
($) 

Helical Pile 468,084 18,450 236,912 128,240 41,282 29 892,968 

Driven Pile 459,552 97,580 270,570 207,785 64,698 32 1,089,585 

CIP Pile 242,346 4,100 508,300 464,278 54,098 53 1,305,974 
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According to Almita Piling Inc., among the pile systems designed and installed for the defined project (power substation 
project near High River City, Calgary, Canada), the helical pile has the lowest installation cost, being the cheapest from 
conventional pile as they have the highest installation cost [23].  

6    Installation Time 

The installation of helical pile is much faster and easier than that of conventional pile. Rapid installation, immediate 
loading, relatively accurate capacity verification, and installation in all-weather conditions, are all advantages of helical 
pile construction [24]. With the help of two crew members, 10 m of helical pile may be installed in just 30 minutes [25]. 
The helical piles are drilled directly into the ground by machine-mounted hydraulic or electrically driven drilling equipment 
and can be joined in groups with a steel load transfer grillage. The relationship between (1) torque, (2) installation time, 
(3) soil layer, and (4) depth may exist in particular patterns in helical and conventional piles which affect the construction 
time rates. The construction time of helical piles is substantially faster than that of conventional heaps, since conventional 
piles must be hammered into the earth, which takes longer than helical piles. Helical piles can also be loaded right after 
installation and installed without casings through groundwater [26]. The U.S. Army Corps of Engineers in New York 
turned the Stony Brook University campus into a temporary field hospital, converting 255,676 square feet of space to 
provide care for up to 1,028 non-coronavirus patients and low acuity coronavirus patients. Helical piles, as compared to 
ordinary piles, were the best foundation solution since they can be swiftly installed and removed when the hospitals are no 
longer required [27]. 

7    Impact on Environment 

Conventional piles generate noise and vibration during the process of installation. With more stringent environmental 
restrictions, it is becoming increasingly vital to determine if the foundation should be able to completely removed or not, 
during demolition of the building. To get higher bearing capacity, drilled shafts or conventional piles are installed in deeper 
depths and in stronger areas, then they are difficult to remove entirely during plant deconstruction. Helical foundations 
provide outstanding building performance and are simple to install even in difficult-to-reach situations. Furthermore, 
helical piles offer the environmental benefit of being easy to take out, as well as the economic benefit of being recyclable 
as compared to conventional pile [28]. All across the world, cementitious materials are widely used in construction. 
However, the cement business has a significant impact on the environment due to Carbon dioxide emission and the use of 
natural resources for manufacturing energy. As a result, lowering cement use is critical for achieving long-term green 
construction practises. Helical piles are utilised, because they are composed of steel rather than cement, to achieve long-
term green construction standards. Conventional piles are pure cementitious works, which have a major impact on the 
environment owing to carbon dioxide emissions [15]. In New Forest England, according to Chestnut Farm Mobile 
Dwelling project, several houses needed to be constructed, so due to low impact on environment and aesthetic view, helical 
piles were used in these prefabricated mobile homes (as shown in Figure 3) [29]. 

Figure 3: Chestnut Farm Mobile Dwelling project [29]. 
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Conclusion 

The authors of this research study came up to a conclusion that helical piles are considerably superior to conventional piles 
in many ways after conducting a thorough literature review. Some of the outcomes are given as under; 

1. The ultimate capacities of single-helical piles were roughly 18% greater than those of conventional piles, while those
of double-helical piles ranged from nearly 45 to 85 percent higher. Another researcher stated that the end bearing
capacity of helical piles with helix-to-shaft diameter ratios of 2-4.1 was 2–12 times larger than that of conventional
piles with similar pile shaft diameters. This extra increase in the capacity of the helical pile was due to the presence
of helixes.

2. The helical piles' long-term lateral resistance increased by an average of 10% to 20%, outperforming the driven piles.
To increase their lateral resistance further, grouting technique will be used.

3. They can be easily installed with the help of hydraulic machine, without making any noise and vibration thus making
it environmentally friendly and green construction technique.

4. Helical piles are best suited for expansive soils or any kind of soil, however they can't be used in very hard, thick, or
gravelly soils because the helical plate will get damaged or the helical pile's direction might change when it comes
into contact with the hard stratum.

5. Helical piles require less people, does not require expensive equipment when used onshore, higher capacity (thus less
number of piles will be required) and can be recycled, making it cost effective construction material.

6. With the help of two crew members, 10 m of helical pile may be installed in just 30 minutes, thus fast installation
technique.
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Abstract- Raft foundations are provided, in case isolated footing fills more than 70 % area 
of building under a superstructure. The term "piled raft foundation" refers to a foundation 
that incorporates the usage of piles and rafts. When high-rise buildings are constructed on 
soil of low bearing capacity or on fill material, piled raft foundation system have proven 
to be cost-effective without compromising serviceability and bearing capacity 
requirements. The use of tactically positioned piles beneath a raft can increases the raft's 
load bearing capacity and decreases differential settlements. Current study is focused on 
evaluation of individual piles’ load carrying capacity in a piled raft foundation system 
embedded in poorly graded sand with relative density of 35 %. A small-scaled model was 
prepared in the laboratory containing galvanized iron piles and aluminum raft. The piles 
were instrumented through strain gauges in order to measure the load resisted by each 
pile. The piled raft model was placed in the center of sand container and subjected to 
vertical load. It was found that the load bearing capacity of piled raft is much greater as 
compared isolated pile and raft only.  

Keywords- Piles, Raft, Piled raft foundation system, Load sharing capacity, small scaled model 

1 Introduction 

Foundations are the most significant and important part of civil engineering structures. The main function of foundation 
is, to take load from superstructure and transfer it into underlying soil to ensure structure stability and serviceability 
requirements. As foundation is one of the most important and critical part of any civil engineering structure so it should 
be designed very carefully because foundation failure will lead to failure of whole structure. The three main types of 
foundations for high rise buildings are, raft foundation, pile foundation and piled raft foundation. When the subsoil is 
having good bearing capacity like gravel and dense sand, raft foundation system is most economic option for high-rise 
buildings. Example are Trianon tower , Trianon tower is  about  190 m  high, and Main   Plaza tower which is about  90 m 
high, both are good examples, in frankfurt In which settlement  are less than 100 mm and tilting   less than 1:800 [1]. When 
upper soil layer is weak, having low bearing capacity and unable to support load from superstructure, piles foundations are 
provided to transfer the load to hard strata. The load from superstructure is transferred to soil via skin friction or end 
bearing or by the combination of end bearing as well as skin friction. Piled raft foundation is an amalgamation of raft 
which is called shallow foundation, and piles (deep foundation) in which load is shared between raft and piles to enhance 
load carrying capacity of soil and reduce structural settlements. Arrangement of piles can be adjusted to reduce differential 
settlement of foundation system and improve load bearing capacity of raft. In traditional design philosophy of piled raft 
foundation, it was assumed that  the total load from superstructure is resisted by piles while ignoring the contribution of 
raft [2]. As raft is directly get in touch with soil, so it bears a considerable portion of load from superstructure, making the 
traditional method of design of piled raft too conservative. If contribution of raft is ignored, the number and length of piles 
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will be increased, making the design uneconomical. The design philosophy for piled raft foundation system is now 
changing, acknowledging the contribution of raft in a piled raft foundation system. Piles are not only designed to take load 
from superstructure but also work as to reduce settlements [3]. A piled raft foundation has composite soil structure 
interaction. Care be required to be taken in the analysis of pile soil interaction, raft soil interaction, pile, pile interaction 
and pile raft interaction [4]. For high rise buildings, the majority of piled raft foundations were constructed on Frankfurt 

clay using settlement-reducing piles[5]. The tactically positioning of piles can improve the raft's load bearing capacity and 

tend to decrease differential, settlements [6]. Davids conducted experimental study and showed that the load from 
superstructures is shared between raft as well as piles, in which piles resist about 50 to 80 % of the total applied load while 
the remaining load was beard by raft [7]. The part of vertical loading from the super structure is transferred to the 
underneath soil via raft contact pressure, which varies from 30 to 60 % of the total vertical applied load; depending on the 
condition of soil under raft. The above percentage is not constant, as the pile length decreases, the load carried by raft 
increases. Also, load carrying capacity of raft increases while increasing spacing between piles. They also demonstrated 
that, in the case of weak soil or soft clay, the piled raft system is suitable for high-rise buildings in terms of bearing capacity 
and serviceability requirements [8]. Hemsley predicted that, the contribution of raft is about 50 % of the total load from 
superstructure[9]. When designing a piled raft system, it was revealed that the raft resisted load in a piled raft foundation 
system ranged from 25 to 51 % of the total applied load applied, with an average assessment of 36 %. The load from 
superstructure is divided among  raft and piles, while the piles system usually resisting about 50 to 80 % of the total applied 
load and transferring such load in deeper strata [10]. From previous few decades, high rise buildings especially in Gulf 
area has been constructed, on piled raft foundation system. Few of them include as Burj Khalifa in Dubai and QIPCO 
tower in Doha[11]. According to available research study, most of researcher worked on combined load bearing capacity 
of piles in a piled raft foundation system. The main purpose of this study is to explore the individual piles load sharing 
capacity in piled raft foundation system.

2 Experimental Study

2.1  Scope 

The core purpose of this study is to evaluate the load sharing capacity of individual piles in a piled raft foundation system 
under vertical load. For this purpose, a small scale model was prepared in the laboratory and subjected to vertical loading 
to predict individual piles load sharing capacity, as inadequate research has been carried out on individual behavior of piles 
under vertical loading. So the modern age demand to conduct experimental study using small scale model to predict 
individual piles load carrying capacity. This study also aims for the estimation of piled raft settlement against applied 
vertical load. 

 2.2 Test Equipment 

To study the individual piles’ load sharing capacity in a piled raft foundation system, a small scale piled raft model was 
prepared in the laboratory and filled with loose sand. The raft was modeled square with dimension of 30 x 30 cm and 2.54 
cm thickness. The raft was made of aluminum with modulus of elasticity 69 GPa. Holes were provided within raft surface 
for installation of piles in different configurations. In total 25 holes with 1.3 cm diameter and 6.35 cm center-to-center 
spacing were drilled into raft surface. The piles were made of Galvanized iron having modulus of elasticity of 200 GPa. 
The piles were made circular and hollow from inner side. Diameter of the piles was 1.905 cm and they were attached with 
raft using nut bolts assembly. Nine (09) piles were manufactured in the laboratory having length of 45 cm. Calibrated 
strain gauges were installed on each pile to predict the load taken by individual piles. A calibrated vertical load cell with 
maximum capacity of 08 ton was also installed to verify the load taken by piles as observed by strain gauges. LVDTs 
(Liner Variable Displacement Transducer) with their tips placing vertically on raft were installed on each side of raft. The 
accuracy of LVDTs was 0.01 mm and their purpose was to measure vertical displacements (Settlements) and rotation of 
piled raft in case of differential settlement. The general view of the load test equipment and description of each part is 
shown in figure.1 
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Load was applied concentrically and vertically on the piled raft model and vertical displacement (settlements) were 
recorded with the help of LVDTs as installed at raft surface via data logger. The soil container was rectangular with 
dimensions of 1.50 m height, 1.20m length, and 0.90m width and was made of steel. The dimension of sand container is 
large enough to satisfy boundary condition. The sand container was made large enough in order to satisfy boundary 
conditions. The soil container was strengthened by providing supports to the side walls of container. The purpose of 
providing extra supports was to prevent the container from bulging while applying load on pile raft model. The piled raft 
model was placed accurately in the center of sand container. To ensure the horizontal and vertical leveling of test model, 
spirit level was used. 

3 Experimental Procedures 

The soil used for this study was poorly graded sand. Grain size distribution analysis was carried out using a set of sieves 
as per ASTM D-422. The grain size distribution curve has been plotted and presented in figure 2. Coefficient of curvature 
(Cc) and uniformity coefficient (Cu) calculated were 0.72 and 3.12, respectively. The sand has been classified as poorly 
graded. The properties of sand have been listed in table 1. As per ASTM D-4254 and D-4253, the minimum and maximum 
unit weights were 106 pcf and 92 pcf, respectively. Testing was carried out at relative density of 35%. This density was 
obtained through mobile pluviator. The mobile pluviator was calibrated by falling sand from sand cone through different 
heights. The desired density was obtained by falling sand from height of 9.5 inch. In order to maintain uniformity of sample 
a shutter with 13mm holes is attached at the bottom of sand cone. As the height of sand container is 1.50 m so it was filled 
in 10 layers while each layer of sand is 15 cm.  

  1 

  2 

  3 

  4 

  5 

  6 
  7 

Figure 1: General view of vertical loading test arrangements 

1. Vertical load arrangements
2. Vertical load cell
3. Raft

4. Sand container
5. Frame supporting for pluviator
6. Data logger

7. LVDTs
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4 Results and Discussion 

Following different configurations were made and will be discussed in subsequent sections. 

a. Single pile only
b. Raft only
c. 04 piled raft

4.1 Single pile

 Load bearing capacity of single pile was determined by subjecting pile to vertical load. The pile was installed at the centre 
of sand container and LVDTs were installed to measure settlement. At a load of 272 N, a very high settlement value of 
6.8mm was measured, that is about 36% of pile diameter. Load settlement curve for tested pile has been shown in figure 
3. A linear relationship was observed.
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Figure 2: Sieve Analysis Table 1: Properties of sand 

Figure 03: Load verse Settlement curve of single pile 
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4.2  Raft only 

The behaviour of raft to vertical loading was observed by placing raft in the centre of sand container after sand pluviation. 
5000 N vertical load was applied and load verse settlement curve was plotted as illustrated in figure 4. From figure, it is 
clear that the raft settles 7.6 mm at 5000 N load. Although, settlement to load ratio for raft is less than that of single pile 
but still it is too high to be not allowed for practical situations. 

4.3 Piled Raft 

Four piles were attached rigidly with the help of nut and bolt to raft with centre to centre distance of 25 cm and subjected 
to vertical loading up to 5000 N. The contributions of piles to vertical loading are presented in figure 5. As it is clear from 
graph that a total of 5000 N vertical load was applied to piled raft. The load taken by piles in this case was 57.7% and load 
beard by raft was 42.3% at settlement of about 3.6 mm. Initially the contribution of raft is less but as vertical load increases, 
the soil beneath the raft gets compacted and stiffness of soil increases causing an increase in its load sharing. It is clear 
from figure that with further increase in load, the contribution of raft increases, at some point beyond 4.1mm the raft 
contribution to load reaches to 50 %. So, it is clear that for a piled raft foundation system constructed on loose sand, initially 
load sharing of raft is less but with increase in load, the soil gets compacted and raft contribution tend to increase. 

Load shared by individual piles in a piled raft foundation system is presented in figure 6. From figure, it is clear that all 
the piles carry almost same amount of load. So, we can say that some portion of load was beard by raft and remaining load 
was uniformly shared with piles. Figure 7 summarized the above discussion by presenting the percentage load carried by 
raft, piles and individual piles. 
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5 Conclusions 
Based on current experimental study, the following conclusions can be made: 

1. Single pile is not efficient to take vertical loads and settles down significantly under nominal load. By providing
raft, settlement will be reduced.

2. In piled raft foundation, the piles not only take load as transferred via raft but also act settlement reducer.

3. Raft with no pile bears load of 5000 N at a settlement of 7.6 mm but with the addition of 4 piles with the same
raft and same loading conditions, the settlement was reduced to 3.6mm. With the addition of 4 piles the settlement
was reduced about 50%.

4. In a piled raft foundation system with four piles, applied vertical load is uniformly distributed among all the
piles.
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Abstract- In the recent past, with increasing height of the buildings, the pile raft 
foundation is becoming an efficient choice to transmit the load safely to the ground. The 
high rise buildings and communication towers are exposed to vertical loads from 
superstructure and lateral loads from earthquake, wave action and wind etc. In such 
situation, to increase the load carrying capacity of the foundation and to decrease lateral 
and vertical displacement, piles are provided under the raft. This type of foundation 
system is call piled raft foundation system. In pile raft foundation system, the load is 
distributed between the piles and the raft, making the system economical as compared to 
old traditional methods in which the piles were taking all the loads. A lot of research work 
has been carried out on vertical contribution of raft in the pile raft foundation system. 
There is very limited literature available on contribution of raft to resist lateral loads. If 
raft contribution to resist lateral loads is considered, foundation design could be made 
more economical. In this research work, a small-scale model pile raft foundation model 
was used for experimentation. It was observed that a considerable amount of lateral load 
was resisted by the raft component. From the test results it came to know that with 
increasing the number of piles, the load carrying capacity/ contribution of raft decreases. 
It was also observed that rear piles resist more lateral load compared to the front piles in 
a pile group. 

Keywords- Pile raft foundation system, Deep foundation, High rise structure, Lateral load contribution 

1 Introduction 
For many years, pile foundations have been used as load bearing and transferring systems. During the early days of 
civilization, the load bearing capacity of the ground was improved by driving timber piles into the ground by hand or 
digging holes and filling them with sand and stones. In1740, after the invention of pile driving equipment by Christoffoer 
Polhem, the use of pile foundation gained more popularity. During the designing of Tower Latinoamericana, Mexico in 
1956, Dr. Leonardo Zeevaert introduced the concept of combined piled raft system to enhance the loading carrying capacity 
of underneath weak compressible soil. This was the first high rise building in which combined pile raft foundation was 
used; otherwise, the pile foundation was the only option for tall buildings before this concept. The tower gained attention 
of geotechnical society when it withstood at 7.9 magnitude earthquake in 1957. Now-a-days, if bearing capacity of soil is 
sufficient, raft foundation is provided under tall buildings to transfer the load to underneath soil safely, otherwise piles are 
provided in combination of raft to transfer the imposed loads to underlying soil strata [1]. In [2], the optimization of pile 
location in piled raft foundation and its effect on the reduction of differential settlement are studied. 
In [3], the piled raft foundation which was designed for Messeturm tower in Frankfurt is studied, with more piles organized 
near the corners. It was determined from this practical case that the reduction of total and differential settlement is 
dependent on pile configuration and comparative stiffness of raft-soil system. 
In [4], small scale piled raft model in the centrifuge test were studied with different pile configuration. The experimental 
study concluded that centralizing piles surrounding point load (i.e., where columns are located) reduces total as well as 
differential settlements, improving design cost-effective but also efficient. According to [5], load resisting of pile’s varies 
with their position in a group, and ultimate lateral resistance within pile group is reduced due to stress zone overlapping in 
the surrounding soil. They also came to the conclusion that the lateral resistance of a pile group is function of row position 
within a group. Results in [6] demonstrated that, for a given displacement, piles in leading row sustained more load than 
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piles in tailing row, and that, due to group effect; all piles in the group take less load than a single pile. It was discovered 
in [7, 8] that pile spacing is directly related to average lateral resistance and group interaction has a considerable impact 
on lowering pile lateral resistance. Several experiments are also conducted to investigate pile behavior under various load 
combinations. The influence of lateral load and bending moment on load carrying capacity of a single pile and a pile group 
was calculated, and presence of lateral loads or bending moment resulted in significant decrease in vertical load carrying 
capacity [9].According to [10, 11], the lateral displacement of piled raft foundation increases under combined loads. 
According to the available literature, most researchers have done work on lateral response, but they only calculated lateral 
deflection with the conclusion that the raft contributes to lateral load resistance. The purpose of this research is to determine 
the potential of raft and piles in resisting lateral load in a combined piled raft foundation System using experiments on 
instrumented small scale models. 

2 Experimental Study 

2.1. Scope 

The main purpose of this research is to study the lateral load contribution of piles and raft in a combined piled raft 
foundation system under a constant vertical load. For this purpose, a small-scale model was prepared in the laboratory and 
subjected to uniformly increasing lateral loading in the presence of constant vertical loading. The contribution of piles and 
raft is determined against every lateral loading.  

2.2. Experimental Setup and Equipment 

To study the lateral load contribution in a combined piled raft foundation system, a small scale instrumented piled raft 
model was prepared in the laboratory. The container was filled with loose sand having relative density of 35%. The 
modeled raft was square in shape and made of aluminum with dimension of 30 x 30 cm and 2.54cm thickness.Total 25 
holes with 1.3 cm diameter and 6.35cm center-to-center spacing were drilled into raft surface for installation of 1.905cm 
diameter galvanized iron piles in different configurations. The piles were made circular and hollow from inner side having 
length of 45cm. They were attached with raft using nut and bolts assembly. Calibrated strain gauges were installed on each 
pile to measure the lateral load contribution of each pile connected in combined piled raft model. A calibrated vertical load 
cell with maximum capacity of 08 ton was also installed to measure the applied vertical loads. Linear Variable 
Displacement Transducers (LVDTs) with their tips resting laterally on raft were installed on each side of raft. The accuracy 
of LVDTs was 0.01 mm and their purpose was to measure lateral displacements. The Schematic and pictorial view of the 
experimental setup and its parts are shown in Figure1 and Figure 2, respectively. 

The piled raft model was placed accurately in the center of rectangular soil container with dimensions of 1.5m height, 1.2m 
length and 0.9m width as shown in Figure 3. The soil container was filled with sand of required relative density of 35% 

Figure 1: Schematic view of experimental setup Figure 2: Pictorial view of experimental setup 

Page 426 of 465



4th Conference on Sustainability in Civil Engineering (CSCE’22)
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-606 

using mobile pluviator as shown in Figure 4. Two pile configurations were used during current study. Four piles with 
center to center spacing of 254mmand 5piles with same layout but having an extra pile in the middle of the  
4 piles setup were used for testing purposes. The lateral load was applied perpendicular and concentrically to the raft 
under constant vertical load of 5000N. The lateral displacement was noted with the help of LVDTs via data logger. 

2.3. Experimental Procedures 

The grain size distribution curve was plotted after carrying out of sieve analysis on the testing soil according to ASTM D-
422 as shown in Figure 5. The uniformity coefficient (Cu) was 3.12 and the coefficient of curvature (Cc) was 0.72 as per 
the plotted grain size distribution curve. The testing soil was classified as poorly graded sand. The maximum and minimum 
unit weight of the testing soil found 106pcf and 92pcf respectively as per ASTM D-4253 and D-4254. 

The piled raft modes testing were conducted in testing soil having relative density of 35%. The targeted relative density of 
testing soil was achieved through sand raining technique using mobile pluviator. Several trials were carried out to find the 
exact height of fall to achieve 35% required relative density. The required relative density was achieved by falling sand 
from a height of 9.5 inches. In order to maintain uniformity of sample, a shutter with 13mm holes was attached at the 
bottom of sand cone and the 1.5m high sand container was filled in 10 layers with each layer of 15cm thickness. 

Figure 5: Grain size distribution curve 

Figure 3: Model sand container Figure 4: Mobile pluviator 
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The piles were placed at their respective location when the container was filled up to 1.2m height. After placing the piles, 
the sand raining again started till the container filled completely. The raft was then fixed by a nut and bolt system with the 
already placed piles, and a little downward pressure was applied on the raft to make full contact of the raft with the soil. 
The schematic and pictorial representations of the detailed experimental study are shown in Figure 1 and 2. The installed 
load cells, strain gauges and LVDTs were connected with data logger to record the required data. Lateral load was applied 
after application of a constant vertical load of 5000N and data was recorded. 

3 Results and Discussion  

Two cases with following pile and raft configuration were used for this study: 

a. Four piles attached with raft as shown in Figure6 and 8.
b. Five piles attached as shown in Figure 7 and 9.

Figure 6: Plan view of 4-Piled Raft Model Figure 7: Plan view of 5-Piled Raft Model 

Figure 8: Sectional view of 4-Piled Raft Model Figure 9: Sectional view of 5-Piled Raft Model 

3.1 4-Piled Raft Model 

Four piles with center-to-center distance of 254mm were rigidly connected to the raft by nut bolt system as shown in Figure 
9. Initially, the system was subjected to constant vertical load of 5000N followed by lateral loading through hydraulic jack.
Figure10 shows that initially all the load is taken by raft due to high stiffness and it mobilizes at very small strain. Raft 
contribution to resist lateral load is also dependent on the lateral displacement because at large displacement the contact 
between the soil and the raft may vanish. At approximately 2 mm lateral displacement, the pile contribution exceeds the 
raft contribution as the soil in front of the piles gets compacted and hence results in an increase in soil stiffness. 
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Figure11shows that back piles take more load throughout the lateral displacement, compared to front piles. This is because 
the soil available in front of the back piles has high stiffness due to confinement. This behavior is against the pile group 
where front piles take more load because the front pile leaves free space behind and due to this free space, the soil stiffness 
decreases in front of the back piles. 

Figure 10: Load distribution b/w piles, raft and piled raft model     Figure 11: Load distribution b/w front pile and back pile 

3.2. 5-Piled Raft Model 

The same layout was maintained as in pile raft with 4 piles with an additional pile installed at the center of raft. Before 
application of lateral load, a constant vertical load of 5000N was applied. Figure 12shows that initially total load is resisted 
by raft. After raft mobilization, the piles started resisting lateral load. Initially, the raft showed very high stiffness, followed 
by sudden degradation of stiffness. This is because the raft resists lateral load only by skin friction between raft and 
the underlying soil. In contrast to the 4-Pile raft, where the pile contribution exceeded the raft contribution at 2 mm, in this 
case the raft and pile contribution continued and never cross each other. This is because the center pile provides resistance 
to avoid overturning/tilting of the system. As piles number increased from 4 to 5, the raft load reduced from 750 N to 200 
N at 1mm displacement. From Figure13, it is clear that again back piles take more load, but up-to 1 mm displacement the 
difference between the loads taken by piles is very small. After 1 mm lateral displacement, the difference gets predominant. 
The middle pile and back pile take same load upto 1.5 mm displacement after that the stiffness of middle pile decreased, 
reaching a constant stiffness at very high displacement. 

Figure 12: Load distribution b/w piles, raft and piled raft     Figure 13: Load distribution b/w front piles, middle and back piles. 

4 Conclusions 
1) At small or no lateral strain, more lateral load is taken by the raft compared to piles.After 2mm displacement,the

soil in front of the piles gets compacted increasing stiffness of the piles and so their contribution in lateral load
sharing.

2) Contrary to group piles behavior, back piles take more load compared to front piles in case of pile raft foundation
system.
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3) With increase innumber of piles, the load sharing by raft decreases and that of piles increases at a given lateral
displacement value.
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Abstract- Due to the presence of week soil with poor engineering features,such as 
structures built in the coastal zone require deep foundations. In these places, the soil 
profile is primarily loose sand, which is subsequently underlain by clayey soil at a 
depth of 3 to 4 meters. The constructions that have been built here have seen a lot of 
settlement. To improve this type of sand grouting is used to increase the bearing 
capacity of soil to decrease settlement in this study. The shear strength of the grouted 
sand improves as the cement quantity increases,effects of cement grouting sand shear 
strength and bearing capacity of the soil improves to experimental findings show that 
4% cement grout is more effective than 2 % and 6% cement grout. The findings of 
numerous studies indisputably show that grouting may be utilized to greatly improve 
the strength properties and reduce the permeability of sandy soils. 

Keywords- Cement Grouting, Sand replacement, Permeation 

1     Introduction 
Grouting is a ground improvement technique that involves injecting a fluid-like substance capable of producing a gel and 
adhering soil particles. Permeation grouting, compaction grouting, and hydraulic fracturing are all options for grouting. 
The unrestricted flow of grouting into the soil cavities with minimum influence is referred to as permeation grouting. 
Solution grouts and suspension grouts are two types of grout. The method of permeation grouting is commonly employed 
to lower ground permeability and regulate the ground flow of water, but it may also be used to reinforce and stiffen the 
ground. [1, 2]. The soil sample in coastal areas is frequently made up of relatively loose sandy soils that extend 3 to 4 
meters below ground level and are loamy by clayey soils of medium stiffness. Excessive settlements may occur in buildings 
erected on such soils, resulting in punched shear collapse. Grouting is an effective technique for repairing poor soil. [3]. 
In 1958, post-grouting innovation was first used on the pile foundation design of the Maracaibo bridge, in which the load-
carrying capacity of the footings was increased by grouting prefabricated piles, and a study on the development of a low-
cost shake table was conducted (Zhou, Xu et al. 2021). This technique is applied to various engineering infrastructure 
projects and has offered substantial social and economic benefits due to its simplicity, speed, and low cost[4]. Because of 
its ability to tackle several common foundation problems, such as the development of low- to intermediate constructions 
over soft to extremely soft clayey soil of vast depth, larger capacity micro piles are in high demand today. For this sort of 
soil, the standard approach of constructing large cast-in-situ masonry piles is both costly and time-consuming. The group 
behavior of cast-in-situ filled with concrete micro piles in densely packed clayey soil is explored in this research. The 
experimental data on the behavior of micro piled rafts under static axial horizontal compressive force are discussed in this 
work[5]. The influence of sand particle size distribution on cement mortar flow behavior and bonding strength was 
investigated. The coarse sand filler used 25–30 %  less water than the fine sand filler in the cement-based mortar [6]. 
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Compaction grouting might be an efficient way to prevent vulnerable soils from liquefying. Grouting resulted in the biggest 
improvement in the sand. Although the silts were improved, the grouting was less successful[7]. 

2. Experimental Procedures

2.1 Material 

The kind of granular media and the aim of grouting influence the choice of grouting materials. Grouting materials often 
used for granular media grouting include cement, bentonite, clay, and lime. The sand was employed as the grouting media 
and cement will be used as the filling material in this investigation. For the production of cement grouts, grade Portland 
Cement (OPC) that conforms to PS 232-2008 will be utilized that properties of cement shown inTable 1,2. The cement 
sacks are stored in airtight containers to prevent any changes in their qualities over time.  

Table 1: The properties of the cement utilized 

Table 2: Cement properties 

The properties of the cement utilized, as well as its  fundamental amenities are determined by ASTM tests such as specific gravity and 
other tests. 

Trial 
No. 

Weight of  
Cement 

(gm) 

Water 
(cc) 

Water(%) Needle 
Penetration 

(mm) 

01 400 100 25 15 

02 400 110 27.5 27 

03 400 112 28 34 

Standard consistency = 28% 

Determination No.  01 

Normal consistency  0.28 

A time when water is added to cement  10:25 am 

Time at the initial setting 12:17 pm 

Total time is taken for the Initial setting 112 minutes 

Time at Final setting 03:04 pm 

Total time is taken for the Final setting 279 minutes 
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2.2 Test 

In this study, shear strength, strength properties, and permeability of cemented grouted sand are investigated in depth. 
Grouting materials' physical characteristics are also investigated. The following are detailed descriptions of the various  

test techniques. 

2.3 Sand  

In this research, cement is mixed with sand as a grouting material. Research material sand is collected from the “Indus 
river, Layyah”, which is used in the present investigation. The grain size distribution curve is shown in Figure 1 below. 

Figure 1 (a) Grain size distribution curve of sand   (b) Shear stress &Normal stress curve 

2.4 Permeability test 

The property of a permeable material that allows water or other fluids to travel through its interconnecting spaces is known 
as permeability. Gravel is extremely permeable, but stiff clay or due to plastic clay is not. A constant head test or a falling 
head test can be used in the lab to evaluate the coefficient of permeability. The permeability was determined in the current 
study using continuous head testing. The rigid wall specifications were 150 mm x 150 mm x 150 mm. The sand was put 
into the mould with a dry density of 14.5 kN/m3 in mind. Water was allowed to flow through the sand's medium at a 
consistent rate. Once a constant condition was established, the discharge was measured. 

3. Research Methodology
The dirt is poured into the tank without causing any damage to the four grout pipelines. Figure 2 depicts the inflow of 
cement and cement grouting into a 21cm x 24cm tank. The cement grout solution slurry is combined with the necessary 
percentage of water and poured evenly into all four grout pipes. There will be no pressure-induced flow of grout into the 
perforated pipes if the slurry solution is agitated constantly and completely. 

  Figure 2: Permeation of grouting occure    
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A tank made of a poly-carbide sheet measuring 21cm x 24cm is used to prepare permeation grouted samples. The grouting 
sand is placed in the tank. For the grouting, four PVC pipes with a diameter of 20 mm are utilized, each with three-
millimeter holes on the surface. The grout is dispersed circumferentially and the grouting is more effective by plugging 
the bottom of the PVC pipe. The grout is placed into the four PVC pipes similarly after being mixed in a cement solution 
with cement ratios of 7:1, 6:1, 5:1, and 4:1 and thoroughly agitated to provide a consistent grout solution. The shotcrete 
sample was maintained wet for 14 days during the curing process. When doing a plate load test, the mold is poured with 
the loosest sand possible. The sample is then placed in the Universal Testing Machine's two compression jaws (UTM). A 
6-inch round plate distributes the load evenly. The sand is squeezed, and the results are used to calculate the load settling 
curve. The following is the load settling curve: On ungrouted soil, a shear strength test is performed, and the results of 
greater force and settlements are recorded. Graph 4 depicts a relationship between maximum load and settlements.Plate 
load tests are carried out for different grout ratios ranging from 7:1 to 4:1 water-cement ratio. After an efficient curing time 

of 7 days, grouted samples are tested to a plate load test, and the results are documented. 

4. Results
Table. 2 Grouting proportions 

Mixing the proportion of grout and their notations 

Notation Water Cement 

G1 7 1 

G2 6 1 

G3 5 1 

G4 4 1 

Figure 3:Combine load settlement graph 
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Figure 3 combine load settlement  denotify relationship between load and settlement of sand and  sample testing specimines 
rename as G1,G2,G3,G4. From the result graph G4 curve is more effective than others three sample of group.Strength of 
cement grouting specimines is more effectiveto bearing te load impact 

5   Conclusion 
The study looks at the strength of grouting materials in order to enhance sand bearing capacity. The efficiency of cement 
grouting is typically determined by the penetration of cementitious material through to the pores of sand. Various tests 
may be used to assess the influence of cement grouting on poor bearing capacity: The ultimate load reduces as the grouting 
ratio lowers. 

 The strength of sand increases constantly by using grouted materials. So Loading conditions increase from24
kN to 44 kN at 5:1 grouting.

 Due to curing and cement content increasing the cohesion ‘’c’’, shearing resistance steadily increased. Curing
impact is more significant at the high value of content as compared to the low value of content. In the situation
of values of c and, Ø the initial soil moisture of the cementitious material has a considerable impact. While the
following equation decreases dramatically as the initial moisture contents of the grout increase, the value of
increases as the initial liquid limit of the grout increases, except in the situation of fine sand. It is found that 4%
cement grout is much more successful in medium and coarse sand than 2 percent and 6 percent.

Furthermore, when medium sand is grouted with 4% cement, the strength of the epoxy-coated sand is substantially higher 
than the strength of the sand in its loosest state. Because of the larger pore space available, coarse sand takes less cement 
than medium sand for grouting to be successful. 
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Abstract- The monthly ground-based precipitation data from 39 stations were utilized to 
analyze the variation in Punjab Province from 1960-2019. The Mann–Kendall method 
was employed to evaluate precipitation spatial-temporal trends. There are also major 
periods, from 1974 to 1977 and 2009 to 2015, with rising yearly precipitation. The 
southern Punjab area noted a greater value of the coefficient of variation (CoV) for yearly 
precipitation. Summer & winter season showing increasing trend on overall stations. In 
contrast, autumn and spring show a decreasing trend for many stations. It can be found 
that the Punjab province has become wetter in summer and winter from the period of 
1961 to 2019.  

Keywords- Precipitation, Punjab, Spatio-temporal analysis, Stations data. 

1 Introduction 
The world climate seems to be varying at an exceptional rate. Punjab province of Pakistan is facing severe climatic 
catastrophes such as floods and droughts. It is extremely affected by the social, environmental and economic losses due to 
climate change [1]. It should be emphasized that 2005 and 2010 saw the majority of the catastrophic floods. It affects many 
people, land, crops, and property. Over 450 medical management centres, nearly a million homes, and nearly 90% of the 
regions used for food restoration were all destroyed [2]. According to a study, the 2010 flood in the Chenab and Jhelum 
was the worst since it caused more damage than the tidal wave disasters of 2004, 2005, and 2009, the earthquake 
catastrophes in Pakistan, and the earthquakes in the Caribbean countries combined [3]. Drought is also frequent in Pakistan, 
influencing social, economic, and environmental society [4]. Droughts have become more common and intense over the 
past 20 years. It has the worst effect on Punjab province's economy the most from 1998 to 2001 [5]. The drought from 
2000 to 2002 is considered the worst since it caused many fatalities, widespread migrations, agricultural failures, and a 
water crisis. 2.2 million persons were impacted nationwide [6]. 

Precipitation is an essential factor that significantly affects the likelihood of severe climatic occurrences. Therefore, it is 
essential to comprehend precipitation properties properly as it forms the foundation of analyses of drought and flooding. 
Numerous research on precipitation trends has been conducted [7], [8]. Precipitation trends throughout the long or short 
term are mostly identified utilizing two approaches, i.e., Mann Kendall test and Sen’s slope [9], [10]. Additionally, few 
articles on the study of precipitation, flooding, and drought in this area have been published [1]. Few studies have 
concentrated on this basin's long- and short-term precipitation study [11]. Therefore, a long term and thorough examination 
of precipitation variability for the Punjab province, Pakistan, is required.  

This research examines the precipitation series' spatial and temporal variation. This study aims to: (1) get the fundamental 
properties of precipitation at various time scales; (2) get the trend and variations in precipitation, and (3) analyze extreme 
precipitation occurrences from 1961 to 2019. 
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2 Study Area 
Punjab Province (Figure 1) is located at 31°79’48’’ Latitude and 74°12’36’’ Longitude with a total area of about 205,344 
square kilometers and covers almost 26% of Pakistan. Punjab is the second largest province of Pakistan. This province's 
climate consists of tropical and costal climates, with annual mean precipitation of less than 400 mm [12]. In the cool zone, 
the yearly average temperature ranges from less than 7 to 12 degrees centigrade to more than 25 degrees centigrade in the 
scorching lowlands. The wet season, known as the monsoon, lasts from July -September. The sub-mountain area averages 
960 mm of annual rainfall, whereas the plains receive 460 mm [13]. The ratio of rainfall fluctuates by around 50 mm/month 
in the rest of the months. Thus, irrigation water from canals is utilized to grow crops during this period. The monthly 
climatic data for all stations is extracted from spatial data and downloaded from the NASA Earth science data website. 
Table 1 shows the statistics from 1961 to 2019 of 39 ground stations in Punjab. These stations were chosen depending on 
their past temporal analysis, consistency, and totality of data; their locations are shown in Figure 1. 

Table 1 Overview of 39 ground-based observation data in terms of annual and monthly mean precipitation 

Cities 
Maximum 

[mm] 
Minimum 

[mm] 

Monthly 
Mean 

Precipitation 
[mm] 

Annually 
Mean 

precipitation 
[mm] 

Standard 
Deviation 

[mm] 
𝑪𝒗 

Islamabad 621.87 0.88 80.55 966.57 82.17 1.02 

Bahawalnagar 137.64 0.75 16.71 200.47 21.82 1.31 

Bahawalpur 154.84 0.60 13.27 159.23 17.89 1.35 

Rahimyar Khan 149.25 0.74 13.22 158.66 17.45 1.32 

Dera Ghazi Kha 173.66 0.71 18.78 225.39 23.84 1.27 

Layyah 119.52 0.48 15.54 186.53 19.04 1.22 

Muzaffargarh 135.20 0.59 14.43 173.15 19.30 1.34 

Rajan Pur 173.35 0.91 16.16 193.97 21.91 1.35 

Faisalabad 195.42 0.74 29.68 356.22 37.15 1.25 

Jhang 133.58 0.65 22.14 265.74 26.15 1.18 

Toba Tek Singh 144.60 0.67 22.12 265.44 27.04 1.22 

Gujarat 329.50 0.57 43.56 522.77 50.66 1.16 

Gujranwala 1 307.94 0.58 45.06 540.71 54.09 1.20 

Gujranwala 2 354.63 0.57 48.27 579.22 57.13 1.18 

Gujrat 563.93 0.72 69.17 830.08 84.12 1.22 

Hafizabad 266.92 0.55 36.85 442.21 43.38 1.18 

Narowal 1 547.96 0.79 76.28 915.37 96.34 1.26 

Narowal 2 402.14 0.74 57.78 693.36 72.68 1.26 

Sialkot 524.90 0.76 69.25 831.03 86.67 1.25 

Kasur 196.60 0.59 32.03 384.30 40.30 1.26 

Lahore 240.22 0.68 40.82 489.78 50.64 1.24 

Nankana Sahib 212.93 0.59 32.39 388.63 39.74 1.23 

Okara 1 153.64 0.63 25.00 300.03 32.26 1.29 

Okara 179.86 0.62 26.58 318.91 33.68 1.27 

Sheikhupura 258.98 0.61 40.27 483.26 49.11 1.22 

Khanewal 99.37 0.44 14.05 168.61 17.63 1.25 

Lodhran 109.94 0.40 10.97 131.63 14.07 1.28 

Multan 117.05 0.38 11.87 142.48 15.74 1.32 

Pakpattan 137.09 0.58 19.15 229.79 23.73 1.24 
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Sahiwal 144.56 0.61 21.30 255.58 26.87 1.26 

Vehari 98.89 0.60 13.98 167.71 17.40 1.24 

Attok 278.79 0.55 45.00 540.05 40.78 0.91 

Chakwal 284.49 0.56 41.12 493.47 40.86 0.99 

Jhelum 411.55 0.57 53.46 641.50 59.50 1.11 

Rawalpindi 511.13 0.74 68.07 816.89 67.00 0.98 

Bhakkar 116.24 0.47 19.42 233.07 21.64 1.11 

Khushab 179.53 0.65 29.03 348.32 31.03 1.07 

Mianwali 196.10 0.48 32.11 385.31 32.90 1.02 

Sargodha 226.45 0.66 31.93 383.22 36.94 1.16 

Figure 1: Study area of Punjab province, Pakistan, with the network of 39 ground-based observations 

3 Methods 

3.1 Mann-Kendal test (MK Test) 

In the current investigation, the non-parametric trend diagnosis MK test was employed. Trends in metrological temporal 
data series have been extensively detected using the MK test [14], [15]. The approach is resilient against outliers and 
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missing numbers and is less susceptible to abrupt breakpoints [16]. The test is susceptible to a serial correlation which 
might impact the test outcomes [17], [18]. The sequential correlation strategy was used in the present study to assess the 
statistical significance of trends in the climatic data set before the MK test was run. The MK test whole process is described 
by [19], [20]. The standardized MK statistic “S” is calculated as: 

𝑆 =  ∑ 𝑠𝑔𝑛(𝑦௭ − 𝑦)
௭ୀାଵ    (1) 

𝑠𝑔𝑛(𝑦௭ − 𝑦) = ൝
+1
0

−1
 

𝑦௭ > 𝑦

𝑦௭ = 𝑦

𝑦௭ < 𝑦

    (2) 

where m is the series length, and yz, ym is the sequential values of data. If n is greater or equal to 10, then the S statistic is 
typically dispersed, and the variance is given by  

𝐸(𝑆)  =  0 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑆)  =  𝑚(𝑚 − 1)(2𝑚 + 5)  −  ∑ 𝑠(𝑠 − 1)(2𝑠 + 5)/18
ୀଵ           (3) 

where n is the number of tied groups, and 𝑠 is the size of the 𝑖sth sth group. The test statistic Z is computed by: 

𝑍 =  

⎩
⎨

⎧
(ௌିଵ)

ඥ(ௌ)

0
(ௌାଵ)

ඥ(ௌ)

𝑆 > 0
𝑆 = 0
𝑆 < 0

     (4) 

The MK test Z statistics have a null hypothesis of no trend and follow the normal distribution with an average of 0 and a 
variation of 1[21]. The statistics Z positive and negative values indicate rising and falling tendencies. 

4 Results 

4.1 Features of average annual precipitation of all ground-based stations 

The average annual precipitation is 131.63 to 966.57 mm for 39 ground-based stations from 1961 to 2019 (Table 1). The 
Bahawalpur and Rajan pur stations, situated in the province's southern region, had the largest coefficient of variation (CoV) 
of the average annual precipitation. In contrast, Attock station had the lowest CoV, measuring 0.91 (north of the Punjab 
province). The yearly mean precipitation for 39 meteorological stations is shown in Figure 2. 

As Figure 2 demonstrates, there are significant fluctuations in the yearly precipitation between 1961 and 2019. In 
Southern Punjab, the year with the most precipitation, 404 mm, was recorded at the Dera ghazi khan station, and the year 
with the least 69 mm, was recorded at the Lodhran station. While in central and northern Punjab, the maximum & minimum 
precipitation were recorded at Narowal (with at least 1390) & Pakpattan (with at least 141) and Islamabad (with at least 
1390) & Bhakkar (with at least 149).  

In Northern Punjab, like Islamabad (1976, 2006, 2010, 2015), and Central Punjab, like Sialkot (2006) and Narowal (1988, 
1990, 1995, 1997, 2006) are stations with annual precipitation above 1200 mm. There are also two major periods, from 
1974 to 1977 and 2009 to 2015, in which most station's yearly precipitation is mostly rising. These finding are in line with 
the outcomes of [22]. 
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Figure 2: Annual averaged precipitation series for 39 ground-based stations 
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4.2 Statistical characteristics of monthly precipitation for all ground-based stations 

Some statistical details of the monthly precipitation series at 39 ground-station stations are reported in Table 1. The 
average annual precipitation is 10.97 to 80.55 mm for 39 ground-based stations from 1961 to 2019. The maximum mean 
monthly precipitation is found in Dera Ghazi Khan (Located in southern Punjab), Narowal (Central Punjab), and Islamabad 
(Northern Punjab). The minimum mean monthly precipitation is found in Multan (Located in southern Punjab), Hafizabad 
(Central Punjab), and Bhakkar (Northern Punjab). The Bahawalpur and Rajanpur station, situated in the southern province 
region, had the largest coefficient of variation (CoV), 135% of the average annual precipitation, while the Attack station 
had the lowest CoV, measuring 91 % (in the north of the Punjab province). The percentage is greater than 100% because 
the data points are very distant from the mean.  

The statistical information on average monthly precipitation for every station from 1961 to 2019 is presented in Table 2. 
The station in north Punjab (Islamabad) had the highest average monthly precipitation in August, and the minimum average 
monthly precipitation was observed in November. Similarly, the station in central Punjab (Narowal station) also had the 
highest maximum monthly precipitation in August, while the lowest precipitation is found in November, respectively. On 
the contrary, the station in the south (Multan station) had the lowest average monthly precipitation in April and maximum 
in July. The results are consistent with the outcomes of [22]. 

Figure 3 depicts the temporal distribution of this basin's average monthly precipitation (as determined by the Thiessen 
Polygon technique). More precipitation is observed in July and August and less from October to December, which is 
intense in spring and summer.  

Table 2 Monthly mean precipitation of all ground-based stations data from 1960 to 2019 

Stations Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Islamabad 56.3 72.9 73.1 60.8 36.5 58.6 210.6 236.1 91.8 22.5 14.9 32.4 
Bahawalnagar 6.7 9.9 9.7 6.4 6.2 16.2 62.4 47.6 25.4 2.2 2.4 5.2 
Bahawalpur 5.3 8.3 8.1 6.4 6.5 15.1 51.4 32.6 18.1 1.3 2.4 3.8 
Rahimyar Khan 5.4 8.1 11.5 8.7 6.7 13.5 40.9 40.1 16.9 1.3 1.8 3.8 
Dera Ghazi Kha 10.7 12.4 16.9 13.9 9.6 18.7 55.4 58.2 16.9 3.3 2.2 7.2 
Layyah 8.1 10.6 12.6 10.2 6.7 13.0 49.5 47.5 18.1 2.0 1.9 6.2 
Muzaffargarh 7.4 10.6 9.0 7.2 6.0 12.8 49.4 45.1 16.1 2.1 1.4 6.0 
Rajan Pur 8.9 11.2 11.6 9.0 7.8 17.7 46.4 51.8 19.8 2.5 1.7 5.5 
Faisalabad 15.7 17.2 18.4 12.3 10.8 30.7 95.0 98.4 41.7 4.9 3.0 8.2 
Jhang 10.6 14.3 16.4 12.6 10.3 22.5 70.9 67.3 26.9 3.9 2.6 7.3 
Toba Tek Singh 10.5 13.1 13.9 10.8 7.9 25.1 69.1 71.0 30.4 3.6 2.5 7.5 
Gujarat 27.6 31.8 31.0 22.8 19.0 38.7 129.2 140.3 55.7 7.8 5.9 13.0 
Gujranwala 1 26.8 29.1 26.6 18.6 18.0 46.8 140.0 145.5 63.7 7.7 5.4 12.4 
Gujranwala 2 31.0 33.3 30.4 20.6 18.5 45.9 144.2 155.9 70.6 8.1 6.1 14.5 
Gujrat 42.5 47.9 46.6 28.7 23.8 57.3 217.7 223.3 99.5 13.1 9.0 20.6 
Hafizabad 22.3 25.4 24.2 19.4 16.9 35.4 108.3 120.6 48.3 6.5 4.5 10.3 
Narowal 1 55.6 46.5 42.4 20.4 19.1 67.9 246.4 250.4 120.8 17.0 7.5 21.3 
Narowal 2 35.4 36.1 31.9 18.5 18.1 61.4 189.4 192.8 77.0 10.4 6.6 15.7 
Sialkot 43.4 42.9 39.7 23.5 21.4 64.0 223.5 227.5 105.1 11.9 7.6 20.4 
Kasur 16.9 15.6 16.8 9.5 10.3 32.8 102.5 101.2 60.5 7.2 3.2 7.8 
Lahore 20.1 22.4 24.2 16.1 15.1 44.4 141.1 125.4 58.1 9.4 4.5 8.9 
Nankana Sahib 18.2 19.8 19.2 14.1 13.3 33.6 99.6 107.8 45.4 5.9 3.5 8.1 
Okara 1 12.4 11.2 12.2 5.8 7.7 23.3 79.5 72.6 61.1 4.1 2.9 7.3 
Okara 14.9 14.1 14.7 7.8 8.9 27.4 84.9 86.1 46.0 3.9 3.0 7.2 
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Figure 3 Temporal trend analysis of ground-based precipitation year data from 1961 to 2019 

4.3 Trends analysis of precipitation for all ground-based stations  

Precipitation spatial trends for different seasons and the whole year from 1961 to 2019 are exhibited in Figure 4, where 
0.05, showing the significant level.  

Sheikhupura 21.8 24.7 24.0 17.2 16.4 43.0 130.7 129.2 54.4 7.7 4.6 9.6 
Khanewal 6.5 10.9 8.1 5.3 6.7 14.8 47.4 42.9 15.4 2.1 2.0 6.3 
Lodhran 5.2 10.1 7.2 4.1 6.2 9.3 41.7 26.1 13.4 1.4 2.0 5.0 
Multan 6.0 10.3 7.2 4.5 5.8 9.9 44.9 32.7 12.0 1.9 1.6 5.8 
Pakpattan 9.5 11.9 12.3 7.0 6.8 20.1 68.1 54.7 27.7 2.1 3.0 6.5 
Sahiwal 11.0 12.7 13.6 7.4 7.2 22.5 70.9 68.1 29.7 2.6 2.7 7.2 
Vehari 6.4 10.8 8.2 5.7 6.9 14.6 45.1 44.1 16.2 2.0 2.1 5.9 
Attok 37.8 46.5 51.8 39.5 23.9 25.9 96.2 124.1 54.1 12.8 7.7 19.7 
Chakwal 29.2 34.7 38.6 30.4 23.8 31.7 99.7 121.7 52.6 10.4 6.1 14.6 
Jhelum 35.5 42.1 41.4 30.7 23.9 44.4 154.9 165.0 66.6 11.3 7.9 17.8 
Rawalpindi 49.9 62.5 62.6 51.0 33.7 52.2 172.2 192.8 80.5 19.8 12.7 27.0 
Bhakkar 10.0 14.2 20.1 13.6 9.4 17.7 57.9 54.7 23.8 3.0 2.3 6.1 
Khushab 15.9 21.4 28.1 19.5 17.2 25.1 82.4 84.8 34.9 6.1 3.9 9.1 
Mianwali 17.7 25.2 38.6 26.8 19.1 22.0 76.0 97.6 40.9 8.3 3.5 9.7 
Sargodha 16.9 22.2 25.9 20.4 19.0 26.4 95.3 103.6 33.6 6.2 4.0 9.7 
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Figure 4 Spatial trends of precipitation for different seasons and a whole year 

If |Z| is greater than 1.96, then the precipitation distribution is significant. When Z>1.96, it shows an increasing trend; 
when Z<-1.96, it shows a decreasing trend. If the Z is less than 95 percent confidence level, it will be exhibited in terms 
of increasing or decreasing trends.  

As in figure 4, the summer & winter seasons show an increasing trend in overall stations. In comparison, autumn and 
spring exhibit a decreasing trend for many stations. It is also noted that 37 stations show a significant decrease in autumn 
while 2 have no significant trend. Twenty-three stations noted a significant decrease in spring, while 26 have no significant 
trend. Moreover, no significant trend was found on an annual scale. These trends are consistent with the outcomes of [23], 
which showed that India's rainfall trend decreased between 1949 and 2012. Our findings concur with [24], who discovered 
negative trends in Iran's southeast and northwest between 1951 and 2009. This demonstrates that there has been a decline 
in precipitation in this South Asian region, which is also indicated as having "mostly decreased" in the Fifth Assessment 
Report of the Inter-Governmental Panel on Climate Variation [25]. The findings here demonstrate the need for good water 
resource management in the Punjab province, which have the biggest populations and make up the majority of Pakistan's 
overall agricultural output and the country's Gross Domestic Product. 

5 Conclusion 
In this study, the precipitation variations between 1961 and 2019 were evaluated. The annual precipitation decreased from 
south to north. Some stations like Islamabad, Sialkot, and Narowal have annual precipitation exceed from 1200 mm. The 
majority of occurrence falls from 1974 to 1977 and 2009 to 2015 with increasing precipitation. The higher variation is 
noted in south Punjab in contrast to northern Punjab. The monthly precipitation follows the same trend from south to north. 
High precipitation was observed from July to August, while low precipitation was noted from October to December. 
Seasonal precipitation shows the different trends in different regions of Punjab. Winter and summer exhibit an overall 
increasing trend, while a decreasing trend is noted in spring and autumn. Understanding these trends and adhering to the 
recommended adaption techniques is necessary. Therefore, a better understanding Pakistan’s climate extreme (such as 
floods and droughts) will lessen their negative effects in the future. 
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Abstract- Arsenic being a global contaminant and highly toxic metalloid has gained much 
attention for many years. Intending to provide potable water to millions of people around 
the globe, the research community has practiced intensive efforts to remove arsenic. This 
review is focused on the possible treatment methods which can be deployed to curb 
arsenic contamination. Apart from discussing arsenic, this review also explored the 
occurrence and removal strategies of pharmaceutical contaminants. Unlike conventional 
contaminants, the problem associated with pharmaceutical contaminants is not their 
presence in abundance but rather very minute concentrations. Nearly undetectable 
concentration of pharmaceutical compounds, and their unpredictable impacts on the 
environment and humans are fundamental concerns for the research community. It has 
been found that conventional treatment technologies are insufficient for the remediation 
of pharmaceutically contaminated environmental segments; therefore advanced oxidation 
processes, membrane technologies, adsorption processes, and various integrated 
approaches have been evaluated in this paper. This review provides an insight into the 
advances being made till now in removing such contaminants from water.  

Keywords- Arsenic, Emerging contaminants, Meta-analysis, Pharmaceutical compounds, Water treatment. 

1 Introduction 

Arsenic (As) is a highly lethal and cancer-causing metalloid that creates approximately 0.00005% Earth's crust and 
distributes in an extensive range via groundwater and surface water systems[1]. Arsenic can be found in inorganic and 
organic forms, generally two forms of arsenic found in aqueous environment including arsenite “As(III)” and arsenate 
“As(V)” [2]. It has an atomic weight of 74.9 g.mol-1 and a specific gravity of 5.73 g.cm-3 with boiling and melting points 
of 614oC and 817oC, respectively. In terms of mobility, the As(III) is highly mobile (25–65 times) in the natural 
environment as compared to As(V), predominantly due to its electro neutrality[3]. It exists as a deformable crystal-like 
solid material with a silver grey color. Moreover, it is tasteless, transparent, odorless, and difficult to detect. Since arsenic 
occurs naturally in geologic environments, therefore, groundwater pollution may arise because of mining, agricultural, and 
industrial practices. It is also known for its toxicity to humans and marine species [4, 5]. Researchers identified arsenic 
pollution as a 21st century disaster. Before the year 1993, the World Health Organization (WHO) endorsed 0.05 mg/L as 
a threshold limit for arsenic in drinking water. Later, the Environmental Protection Agency (EPA) approved a new lower 
limit of 0.01mg/L in the year 2001. Keeping in view the immediate toxicity and long-term consequences of arsenic, ranging 
from mild skin disease to cancer, the World Health Organization (WHO) further decreased its nontoxic limit to 10μg/L 
due to its hazardous nature. For instance, consumption of inorganic arsenic-contaminated rice and prolonged exposure to 
water containing its high concentrations (i.e., >100 mg/L) cause lung ,bladder cancer and other organ failure [6, 7]. 

Pakistan is at the 80th position out of 122 countries in the world, which are facing severe arsenic contamination in water. 
In Pakistan, 3% of the population of Punjab is exposed to a concentration of greater than 50 g/L of arsenic and 20% of 
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Punjab's population is exposed to greater than 10 g/L concentration of arsenic. Similar to Punjab, situation is worse in 
Sindh, where 16% of the population is said to be exposed to greater than 50 g/L and 36% to greater than 10 g/L 
concentration of arsenic [8]. 

Apart from Arsenic, the presence of emerging micro-pollutants (EMPs) found in water bodies is also a matter of rising 
concern at the global level [9]. Major sources of these pollutants include industrial chemicals, illicit drugs, pharmaceutical 
and personal care products (PPCPs), perfluorinated compounds, and flame retardants [10]. Their presence has been 
identified in various natural environments including surface and groundwater sources along with water and wastewater 
treatment facilities [11]. However, their monitoring is globally out of reach as there is a scarcity of data about the quantity 
and occurrence of EMPs in water [12]. 

Among various EMPs, pharmaceutical compounds are getting more attention due to their persistence and toxicity [13, 14]. 
Pharmaceuticals are a vast range of chemicals used in medicine for both humans and animals [15]. Although their presence 
in water bodies has been identified for decades, however, their concentration in the natural environment has just started to 
be recognized as potentially dangerous and unsafe for the ecosystems [16]. Even the small concentrations of 
pharmaceutical compounds in drinking water supplies can cause harmful effects on the health of humans. The existence 
of pharmaceuticals in water comes from hospital waste, therapeutic drugs, and pharmaceutical industry waste. Due to the 
increase in human pharmaceutical consumption, various pharmaceutically active compounds (PACs) are disposed into the 
environment each day [17]. This increasing usage has raised queries related to their harmful risks to the environment, 
quality of water, and human health [18]. The absence of discharge standards and relevant regulations is a major reason 
behind these issues. Even after the conventional treatment, many of the PACs remain in the effluent and be part of the 
environment [19].  

Therefore, the focus of this review is on the potential treatment technologies that can be utilized to remove both arsenic 
and pharmaceutical contaminants from water. Contrary to ordinary pollutants, these micro-pollutants are problematic when 
they are present at extremely low levels. The research community has shown serious concerns about the nearly undetectable 
concentration of pharmaceutical contaminants and their unpredictable effects on the environment and human beings. Since 
conventional treatment methods are ineffective for the removal of such contaminants, therefore, an attempt has been made 
in this review to evaluate various advanced treatment methods (e.g., advanced oxidation processes, membrane 
technologies, adsorption processes, and their integrated schemes) for the effective treatment of such toxic contaminants. 

2 Treatment Methods used for the Removal of Arsenic 

The status of arsenic as a global contaminant has not faded yet. According to the United States Geological Survey (USGS), 
developed and developing countries are exposed to the threat posed by arsenic and emerging contaminants [20]. Currently, 
their sustainable removal is a challenge for the scientific community. To overcome this issue, extensive research has been 
conducted on arsenic removal. The methods used for this purpose include adsorption, ion exchange, chemical precipitation, 
phytoremediation, electro-coagulation, phytobial remediation, and electro-kinetic method [21]. These methods along with 
their strengths and limitations have been described in the following sections.  

2.1 Removal of Arsenic by using the adsorption method 

Adsorption is an efficient and cost-effective arsenic removal method, which is directly applicable in developing regions 
having a lack of qualified staff and fluctuations in electrical supply. Recently adsorption has provided more than 95% 
efficiency for the removal of arsenite and arsenate [22]. This process is primarily determined by the separation process 
using the Van der Waals concept and the electrostatic attraction forces. The efficiency of this method depends upon various 
process parameters including pH, exposure time, presence of other reactive species, adsorbent concentration, original 
arsenic absorption, and temperature. Various adsorbents used for arsenic removal include zero-valent iron, metal oxides 
coated in sand, iron oxide-based sorbents engineered biochar (80% removal), granular adsorbents ( 35% removal), 
clinoptilolite-rich zeolitic tuff, activated carbon (20-40 % removal), and activated alumina (>85% removal) [23-25]. 

2.2  Removal of Arsenic by using the Ion-exchange method 

Ion exchange is a physicochemical treatment process. Ions electrostatically maintained on the hard surface of ion-exchange 
resin solution are swapped from solution with the ion of a similar charge [26]. The United States Environmental Protection 
Agency (USEPA) also suggested specific ion exchange resins for arsenic subtraction [27]. The process parameters 
influencing the efficiency of this method include the concentration of arsenic, type of resin, high sulfate salts, competing 
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ions, and total dissolved solids (TDS). Previously, Ortega, et al. [28] reported 18.9% arsenic removal efficiency by using 
the ion-exchange method. 

2.3  Removal of Arsenic by using the chemical precipitation method 

Chemical precipitation uses mixtures such as sulfides, calcium, magnesium, and ferric salts for treatment. These reagents 
aid in the removal of arsenic by reducing dissolved arsenic to molecules with limited solubility compounds [29]. 
Previously, two-stage nanofiltration and chemical precipitation were used to treat gold excavation wastewater for arsenic 
and calcium removal [30]. Similarly, removal efficiencies of 98.5%, 96.3%, and 26.5% were reported by using lead hydro 
oxide, lead nitrate, and lead oxide, respectively. Since this process produces toxic sludge, therefore pre-oxidation is 
necessary which results in the production of hazardous disinfection byproducts. To overcome this issue, sequential 
oxidation, chemical treatment, sedimentation, and filtration all are required for treatment. 

2.4  Removal of Arsenic by using the phytoremediation method 

This process utilizes plants for the removal of contaminants with minimum fertilizer input, thereby making it socially 
acceptable and environmentally sustainable [31]. These plants generally have deep roots, high tolerance, fast development, 
and are capable to absorb arsenic from contaminated soil [31, 32]. For this purpose, some plant species use direct absorption 
for aerial metal buildup, whereas, other plant species transfer metals via transporter proteins [33]. Studies also suggest 
combining nanomaterial with plants and microbes to enhance conventional bioremediation methods [34]. For instance, 
Yang, et al. [35] reported an arsenic accumulation of up to 171% by inoculating the process with Cupriavidus Basilensis 
bacteria. However, the non-specific presence can harm the surrounding environment. Since the removal efficiency is 
dependent on the type of macrophyte, therefore, further research is required to better understand this process [34].  

2.5  Removal of Arsenic by using the electrocoagulation method 

It is one of the most prominent methods for the removal of arsenic from water. This process has a high removal efficiency 
of 93-99.9% for arsenic removal [36], however, its limitations include (i) complexity, (ii) the electrodes get passive during 
the removal process, (iii) high power consumption [37], (iv) high cost, and (v) sludge production. For instance, the cost of 
arsenic removal through this process is 1.8 times of a simple coagulation process due to high energy consumption [38]. 
Despite various attempts have been made to overcome the aforementioned limitations, however, further research is 
required for its optimization [39]. 

2.6  Removal of Arsenic by using the phytobial remediation method 

It is an inexpensive and environmentally friendly method. The microbe-assisted plant remediation has been widely studied 
for the degradation of arsenic in rhizophores [40]. Although  this process provides 99.9% arsenic removal efficiency [41], 
however, it is time-consuming due to slow plant growth and the sensitivity of plant species to arsenic concentration. The 
use of bacteria for the degradation of arsenic through genes is complex and is in the research phase for arsenic removal 
[42, 43]. 

2.7  Removal of Arsenic by using the electro-kinetic method 

This method has been used to remove arsenic from soil and dissolved heavy metals from tainted groundwater [44]. Since 
this treatment method cannot remove arsenic in its dissolved phase, therefore, using an integrated treatment would be an 
environmentally friendly, technically efficient, and economically viable solution [45]. This aspect demands further 
research to investigate the integration of the electro-kinetic method with other treatment techniques. A summary of arsenic 
removal efficiencies achieved by using above mentioned methods has been provided in Table 1 [46]. 

Table 1: Arsenic removal efficiencies achieved by using different treatment methods. 

Method Arsenic Removal Efficiency 
Adsorption 95% 
Ion Exchange 18.9% 
Chemical 
Precipitation 

98.5% by using lead hydroxide 
96.3% by using lead nitrate 

Phytoremediation 
88% by using A. Pinnata 
83% by using L. Minor 

78% by using H. Verticillate 
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Method Arsenic Removal Efficiency 
85.5% by using their mixture 

Electrocoagulation 93-99.9% 
Phytobial remediation 99.9% 

Table 1 is an illustration of different arsenic removal efficiencies that have been achieved by using various treatment 
methods. Among them, the adsorption process has been used extensively due to the easy availability of adsorbent materials, 
simple operation, and cost-effectiveness. 

3 Treatment methods used for the removal of pharmaceutical compounds 

The use of physical, chemical, and biological treatment processes in conventional treatment plants can eliminate a plethora 
of contaminants, however, they are not specially designed to eliminate new pollutants like antibiotics to safe permissible 
levels [47]. Therefore, relying solely on conventional treatment methods would not fulfill the task of removing emerging 
contaminants (ECs). Various researchers examined the possibility of removing emerging contaminants (ECs) using these 
methods, but overall results remained unsatisfactory [48-50]. For instance, Sun, et al. [51] claimed the inadequacy of 
conventional methods for the subtraction of polyfluoroalkyls and perfluoroalkyls. Similarly, He, et al. [52] described the 
incomplete elimination of tetracycline using the coagulation-flocculation method by utilizing polyferric sulfate, 
polyaluminium chloride, and polyaluminium sulfate as coagulants. Likewise, Petrovic, et al. [53] achieved only 7% 
removal efficiency of ECs by using the coagulation-flocculation followed by rapid sand filtration. To overcome these 
limitations, several advanced treatment methods have been developed by previous researchers including adsorption, 
membrane technologies, and advanced oxidation processes (e.g., Fenton/Fenton-like methods) as described below. 

3.1  Removal of pharmaceuticals by using adsorption 

In this process, mass is transferred between the liquid-solid phase, gas-solid phase, liquid-liquid phase, or gas-liquid phase 
[54]. Contaminants adsorb on the surface of the adsorbent via intermolecular forces such as electrostatic attraction, 
hydrophobic interfaces and Van der Waals forces. Previously, different types of adsorbent materials have been used for 
the removal of ECs including activated carbon [55], graphene oxides [56], biochar [57], chitosan [58], and iron oxides 
[59]. The removal efficiency of these adsorbents depends on the type of targeted ECs. For instance, activated carbon gave 
complete removal of ciprofloxacin [60], however, the results were not satisfactory for the removal of paracetamol and 
tetracycline [61]. Similarly, biochar has also been used as an adsorbent for the removal of ECs [62], where thermochemical 
conditions maintained during the synthesis of biochar greatly affect the adsorption efficiency [63].  

Likewise, Azqhandi, et al. [64] observed the complete removal of ciprofloxacin by using montmorillonite clay. 
Furthermore, alum-based adsorbents and zeolite have also been utilized for the removal of such compounds from an 
aqueous medium. The detail of ECs removed by various adsorbent materials has been provided in Table 2 [65]. 

Table 2: Adsorption capacities of different adsorbent materials for the removal of various emerging contaminants. 

Emerging contaminants Adsorbent type 
Adsorption capacity 

(mg. g-1) 
Perfluoro octane sulfonate Polyaniline nanotubes 1651 
Methyl paraben Activated carbon chitosan composite 85.90 
Propyl 
Paraben 

Activated carbon chitosan composite 90.0 

Perfluoro octane sulfonate Bentonite 99.90 
Phenanthrene Bentonite 4.05 
Perfluoro octanoate Polyaniline nanotubes 1100 
Estriol Graphene 200 
Imidacloprid Peanut husk 6.53 
17b-estradiol Modified activated carbon cloths 12.66 
17a-ethinylestradiol Modified activated carbon cloths 11.11 
P-chloro-m-xylenol Powder activated carbon 1.3 
Bisphenol-a Bagasse-b-cyclodextrin polymer 121 
Atenolol Oxidized activated carbon 100.6 
Diazinon Fe3o4-guar gum–montmorillonite 80.0 
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Emerging contaminants Adsorbent type 
Adsorption capacity 

(mg. g-1) 

Diazinon Fe3o4-guar gum 47.17 
Paraquat Modified zeolite 166.71 
Triclosan High-silica zeolites 378 
Metalaxyl Natural clay 0.09 
Atrazine Graphene nanosheets oxide 23.84 
Tricyclazole Natural clay 0.08 
Tetracycline Biochar 58.80 
4-chlorophenoxyacetic acid Activated carbon 0.002 
Clofibric acid Activated carbon 0.002 
Acetaminophen Double-oxidized graphene oxide 704 
Carbamazepine Powdered activated carbon 0.04 
Diclofenac Powdered activated carbon 0.04 
Sulfamethazine Biochar (tea waste) 33.81 
Atenolol Granular activated carbon 4.00 
Bentazon Calcined hydrotalcite 123.10 

Table 2 shows a list of emerging contaminants removed by using different adsorbent materials having varying adsorption 
capacities. For instance, polyaniline nanotubes exhibited maximum adsorption capacity (i.e., 0.002 mg.g-1) for the removal 
of perfluoro octane sulfonate, whereas, activated carbon exhibited the least adsorption capacity (i.e., 1651 mg.g-1) for the 
removal of 4-chlorophenoxyacetic acid and clofibric acid. 

3.2 Removal of pharmaceuticals by using membrane technologies 

Among various physical treatment methods, membrane treatment stands out because of its remarkable efficiency in 
eliminating a range of contaminants from water [66]. Commonly microfiltration (MF), ultrafiltration (UF), nanofiltration 
(NF), and reverse osmosis (RO) membranes are used in water treatment [67]. This method is promising in terms of removal 
efficiency; however, high cost and energy consumption make it an out of reach option for developing countries. Various 
researchers studied the removal of pharmaceuticals using UF and MF but the results were not satisfactory [68, 69]. Apart 
from the membrane type, the nature of pharmaceuticals also dictates the contaminant-removing capacity. For instance, the 
UF membrane is effective in removing non-steroidal anti-inflammatory drugs (NSAIDs), however, results are underrated 
for polar phthalate esters [70]. NF membranes exhibit higher removal efficiency as compared to MF and UF due to their 
small pore size [71]. Taking into consideration different membrane characteristics and working conditions, NF and RO 
can remove 40% to 100% of emerging contaminants [72].  

3.3  Removal of pharmaceuticals using Fenton or Fenton-like process 

Fenton or Fenton-like processes are the types of advanced oxidation processes (AOPs) that use hydrogen peroxide to 
produce hydroxyl radical (.OH ) for oxidation of the contaminants in an aqueous medium [73]. Previously, this process 
was applied for the removal of amoxicillin and a remarkable degradation rate was achieved, however, bioactive 
photoproducts of amoxicillin were formed [74]. Similarly, Sun, et al. [75] reported 100% degradation rates for norfloxacin, 
cephalexin, and ofloxacin via photolysis with hydrogen peroxide. Table 3 shows the efficiencies obtained by using 
Fenton/Fenton-like processes for the removal of ECs [76]. 

Table 3: Studies conducted on the removal of ECs by using Fenton/Fenton-like processes. 

Emerging contaminants Process Removal efficiency (%) 
Levofloxacin Photo-Fenton 80 
Tetracycline Photo-Fenton 80 
Carbamazepine Electro-Fenton 100 
Pymetrozine Electro-Fenton 90 
Dimethyl phthalate Electro-Fenton 96 
Bisphenol A Photo-Fenton 75 

Table 3 shows that reasonable efficiencies have been achieved for the removal of a range of ECs by using these processes. 
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Out of all processes, the Electro-Fenton process has shown promising efficiency i.e., 100%, 90%, and 96% removal of 
carbamazepine, pymetrozine, and dimethyl phthalate, respectively. 

4 Practical Implication 

The information provided in this review can be utilized in choosing appropriate treatment options under given 
circumstances. Furthermore, this review also holds its significance as a single-read source for upcoming researchers in the 
domain of arsenic and emerging contaminants removal. Comparative analysis of various treatment methods has disclosed 
the need for integrated treatment technologies to formulate a universal solution for treatment. This review is helpful for 
upcoming researchers, practitioners and water engineers striving for the effective removal of understudy emerging 
contaminants. 

5 Conclusion 

This review concludes that health impacts of arsenic contamination have been widely explored, however, a huge gap of 
obscurity exists when it comes to the health impacts of emerging contaminants. Further, it was found that both natural and 
anthropogenic sources trigger arsenic contamination; whereas, pharmaceuticals are mostly released into the environment 
by anthropogenic means. The drastic rise in arsenic and pharmaceutical load in the water has compelled the researchers to 
investigate various treatment methods. Outcomes disclosed that the selection of suitable treatment technologies depends 
on user constraints and prevailing conditions. 
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Abstract-As we know PM2.5 has adverse effects on human health and decrease the 
progress of humanity. For this purpose, air quality monitoring departments try to find the 
composition of the PM2.5 and their source of origin and identify the high polluted areas. 
Geographic information systems (GIS) provide useful tools, providing the spatial 
concentration of a region and by these spatial concentrations, an equation is made to 
predict the values of PM2.5 concentration. The research's basic purpose is to identify the 
PM2.5 concentration and create an Equation which is composed of main factors of 
meteorology, which are collected using an inverse distance raster analysis, results to carry 
out analysis at temporal resolution and finer spatial, and to identify the yearly and 
monthly PM2.5 concentrations in Ohio Country. Factors of meteorology and 
concentration of PM2.5 are studied and projected at a large scale in the Ohio state, by 
using measurements from 55 meteorological stations in the study region Ohio for annual 
and for three months (July, August, September). A GIS spatial interpolation procedure is 
used for them. An Ordinary least squares method was used for each of these three 
months' data, and in this way, models were created. The research results show the model 
performance was at this accuracy level (98, 99, and 97). To validate the results of these 
models, the predicted value of PM2.5 data was compared with the value of PM2.5 data 
observed, and the accuracy level for that is at (97, 98, and 96 percent, respectively). The 
show results of the models have a very strong fit of the Ordinary least Squares model to 
the data observed, which confirms, that the results of this work will examine and forecast 
PM2.5 accurately. 

  Keywords- GIS, IDW, OLS, PM 2.5

1 Introduction 
Because of the hazardous impacts on human health of PM2.5 pollution, it is critical to identify the changing levels of 
PM2.5 and to take future preventative steps to overcome the concentration level up to the standard level. PM2·5 is now 
the leading environmental contributor to the global burden of disease. PM2.5 rising from being the fifth leading 
contributor among environmental risk factors in 1990, in part driven by declines in household air pollution and unsafe 
water and sanitation [1]. Cities' PM2.5 concentrations can be improved at various sectors (industrial, transportation, and 
residential, for example) and geographic levels. The US Environmental Protection Agency categorized and identified a 
comprehensive list of harmful air pollutants. These pollutants may go beyond the high risks in various metropolitan 
areas and harm people's health[2]. Nowadays, there is prevalent concern about that, the increasing number of vehicles 
on the road and their impact on public health. One of the health studies showed that a variation in cardiovascular 
mortality rates is associated with PM2.5, concerning the geographical distance from the central monitoring sites. 
Spatiotemporal variation has, therefore, become a matter of concern for environmental scientists, health researchers, 
public health officials, and the public[3]. It is thus important to spot regions where PM2.5 levels exceed the standard 

Page 455 of 465



4thConference on Sustainability in Civil Engineering (CSCE’22) 
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-716 

level to make a realistic PM2.5 prediction method [4]. Given the severity of the air pollution problems in regional or 
national, measurement of PM2.5 has recently attracted more consideration to identify spatial concentration. 

A useful indicator to describe air quality is Air Quality Index (AQI). Which provides information on the recent air 
quality of an area and its health consequences [2]. Government air quality departments used these values to express the 
degree of air pollution in the atmosphere and their public relation, and its value can change according to the air 
emissions variation. To point out the harmfulness of air contamination, the United States Environmental Protection 
Agency (www.epa.gov/aqi) developed an AQI indicator. There are five foremost pollutants of air involved: CO2, 
PM2.5, O3, NO2, and  SO2 [5]. AQI is one of the best ways to continuously assess and explain air quality of an area. 
AQI aims to show the severity of ambient air pollution levels in an easy way to the public by showing the concentration 
of each pollutant on a common scale where health effects, occur at a value that is common to all pollutants. Such 
transformations presented air pollution in an easy accessible way with little knowledge of how the public uses the data  
[6]. The air quality index is reported as the combination of diverse pollutants and this combination is represented by a 
single value [7].  

 Geographic information systems (GIS) have the ability of strong data processing and modeling. It has analysis ways to 
support decision-makers and academics to enhance interpretation and explain data more precisely, hence advancing 
helpful and more significant data[8]. Where analysts and academics use the GIS results to conclude supportive 
arguments on harsh conditions [9]. In recent years different methods and data are presented for quantifying air 
pollution. In environmental research, Geographic Information Systems (GIS) and Remote sensing (RS) techniques have 
been widely used, because of their easy use and accessibility of temporal environmental satellite-driven data[10].  

 Various land base regression methods based are made to look at spatial patterns of PM2.5 concentration in a specific 
region [11]. The two fundamental types of linear regression methods are non-parametric (such as Passing Bablok’s 
Linear Regression) and parametric (such as Ordinary or Least-Square Linear Regression and Deming's Linear 
Regression) [12]. The accessibility of extensive tools for fitting linear regression models, fitting the linear mean 
function to geo statistical data is simple and easy [13].  Accurate and precise estimation is necessary for appropriate 
exposure assessments of PM2.5 concentration. Land use regression (LUR) models have generally been used to prevent 
misclassification and biased risk evaluation in estimation [14].  

In this paper, we construct an alternative way for measuring PM2.5 based on data obtained from the GIS toolbox of geo 
statistical way analysis. Following that, the proposed method used the GIS-based OLS strategy to evaluate three 
individual equations of PM2.5 estimation. The estimations are made for three months from July to September based on 
the data obtained from Ohio State. Using Ordinary linear regressions between the dependent variable (PM2.5) and the 
other independent Metrological factors to form the associations; for this reason, the predictable values will be used to 
represent PM2.5 levels, and the predictor variables will correctly clarify the geographical variations of PM2.5 
concentration in a specific region. 

2 Measuring Procedures 

IDW 

In Arc GIS, the main method used for spatial patterns is inverse distance weighting (IDW). Because inverse distance 
weighting (IDW) is a precise interpolator, data is apprehensively taken into account in this method. The interpolation 
method's purpose is to use measurements z(si), i= 1,2,3,..., n, placed at different point locations, for the reason to 
provide a possibility of the point value of the experienced possessions in the position s0 when observations of the point 
do not exist. The weights assigned to different elements are determined by the element's distance from the estimated 
location. Weights are commonly obtained using the inverse squared distance (represented by the exponent -2), and the 
interpolation approximation function can be specified as: 
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Here di0 represented the path between s0 and si 

OLS model 

Ordinary linear squares are the most often used method for fitting a preliminary linear mean function to geo-
statistical[13]. The formula for OLS regression with k independent parameters is: 

Here i represent locations, and x1i, x2i, x3i…, xki represents independent variables at location i, β0, β1, β2, β3 …,βk 
represents variables that will be predicted, and ε represents the term of error. 

3 Research Methodology 
The essential capabilities like data management and mapping, Arc GIS includes logical approaches that have long been 
a basis for Arc GIS. The spatial data tools of Arc GIS are a collection of approaches for characterizing and modeling 
geographic data. They also examine the geographical pattern of a specific region, processing, trends, distributions, and 
linkages. The study's procedure was implemented in three steps for the prediction of PM2.5: inverse distance weighted 
(IDW) raster analysis interpolation method, regression models formation, and confirmation of the regression models. 
This study's analysis is based on two types of data: an Ohio climate record acquired from NASA satellite data using the 
RET Screen software, and yearly data of PM2.5, AQI data downloaded from the source https://www.epa.gov/outdoor-
air-quality-data/download-daily-data. Arc GIS version 10.3 was used for Ordinary linear squares model development 
and interpolation procedure, as well as making final maps outputs, which were built in the legends and scale bar in the 
respective prediction maps. 

4 Results 
To calculate values of PM2.5 for any site in Ohio State, Inverse Distance Weighting (IDW) method was performed by 
utilizing the measured parameter data of the 55 stations in Ohio State. The resulting Inverse Distance Weighting (IDW) 
map includes AQI, PM2.5, TEMP, HUMIDITY, PRESSURE, and WIND SPEED values are grouped as classes with 
Different colors ranging from lowest value to highest value. The predicted values are limited to the interpolation range 
of the values. Because Inverse Distance  

Weighting (IDW) is an average distance weighted, this average distance weighted cannot be more than the upper value 
or less than the lower value of the given values. As a result, ridges or valleys are not constructed if these limitations are 
not sampled previously. The Inverse Distance Weighting (IDW) was used to distinguish the values of the cell using a 
set of sample points of a site. In comparison to tools of the same function, the Inverse Distance Weighting (IDW) is 
easy to use and execute in the program because there is no need for pre-modeling or subjective assumptions like other 
tools. Figure1, 2, and 7 shows the IDW resulting maps of the Ohio state for 2018 and from July to September 2018 
respectively. 

Annual IDW analysis of PM2.5 

To show the spread of PM2.5 in Ohio State for yearly Inverse Distance Weighting (IDW) procedure has been used and 
the role of the higher and lower value map by colors range (Figure 1). The IDW results have shown the uppermost 
values of PM2.5 at the Western Side stations and Southern stations of State Ohio with a value of 8.89ug/m3 and 
11ug/m3 respectively. The lower PM2.5 values at southern sites are 7ug/m3 and 5ug/m3. The Northern sides of Ohio 
have an unhealthy value of 8ug/m3. 
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 Fig. 1 PM 2.5 map of Ohio State. 

Annual IDW analysis of AQI 

Air Quality index increases as the concentration of PM 2.5 increases in the respective regions (Figure 2). The IDW 
results of AQI have shown the higher values of AQI at the Western Side stations and Southern stations of State Ohio 
with a value of 35.48ug/m3 and 46.30ug/m3 respectively. The lower AQI values at southern sites are 24.4ug/m3 and 
29.4ug/m3. The Northern sides of Ohio have an unhealthy value of 33.33ug/m3. 

 Fig. 2 AQI map of Ohio State. 

Page 458 of 465



4thConference on Sustainability in Civil Engineering (CSCE’22) 
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

Paper ID. 22-716 

Correlation between PM2.5 and Wind Speed 

The highest concentration regions have Wind speed that influences the parallel and perpendicular transport of air 
pollutants. As wind speed rises, the concentration of PM2.5 decreases noticeably. When wind speed increases from 0-5 
km/h to 5-10 km/h, the mean PM2.5 concentration decreases from 55 g/m3 to 33 g/m3. This is because strong wind 
speeds support the increase of PM2.5. Low wind speed, on the other hand, hinders PM2.5 diffusion and causes air 
pollutants to build up at the surface. Next, wind direction has a considerable impact on PM2.5 levels in different 
regions. PM2.5 levels varied depending on the direction of the wind blowing. In this way, the west wind carried the 
maximum PM2.5 throughout the spring. In the summer, the South East wind, North West wind, and West wind 
conveyed additional PM2.5 than other directions of the wind. In this way, in fall, the West wind, and South East wind 
bring more PM2.5 than any other wind direction. In the winter, the South West wind, East South wind, North Wind, 
and West wind transport more PM2.5 concentration than the other winds. In every season, the west wind brings more 
PM2.5 than the other winds. Thus, one reason may be air pollutants in Ohio State come mostly from Indiana State. 

   Fig. 3 Wind speed map of Ohio State. 

Correlation between PM2.5 and Temperature 

 The Temperature values in 2018 are divided into five ranges which are: 10-15, 15-20, 20-25, 25-30, and 30-35. Due to 
the subtropical monsoon climate in Ohio State temperature variation is smaller than in other high latitude areas. PM2.5 
concentrations mean values decrease with the increase of temperature up to some level. PM2.5 mean value is highest 
(11 μg/m3) in the temperature range of 10.1-10.5℃. When the temperature value is equal to 10.5℃ or greater than 
10.5℃, the air convection at the lower surface is strong enough to reduce the PM2.5 concentration up to 10μg/m3 by 
upward transportation. Some months of Ohio State show a positive correlation of PM2.5 with temperature. One of the 
reasons for the positive correlation is high temperature contribute to the formation of particulate matter due to the 
Photochemical process between the particles.  
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  Fig. 4 Temperature map of Ohio State. 

Correlation between PM2.5 and Precipitation 

The rainfall in 2018 was divided into six ranges: 80-90, 90-100,100-110,110-120,120-130, >150. PM2.5 values were 
calculated for each interval of RH values. About 60% of days in 2018 have rainfall less than 115 mm. The frequency in 
110-115 is 15%. The rainfall >120 mm has a low frequency of 2%. PM2.5 concentrations mean values reduce with 
rainfall for different RH intervals. Especially when the rainfall changes from<110 to 115, PM2.5 concentration has 
reduced from 8 μg/m3 to 7 μg/m3. Therefore, precipitation can improve air quality by wet deposition, and PM2.5 
concentration can be reduced significantly. 

 Fig. 5 Precipitation map of Ohio State. 
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Correlation between PM2.5 and Relative Humidity 

The relative humidity in 2018 ranging from 80% - 90% was classified into 3 intervals: 60-70, 70-80, 80-90.Ohio State 
has a humid climate and has a strong negative correlation between PM2.5 concentration and RH. The frequency of RH 
between 80% and 90% exceeds 60% in Ohio State. PM2.5 concentration means the value reduces in each interval with 
the increase of RH value. Some months show positive correlations in Ohio State but the correlation coefficient is very 
low.  A negative correlation exists between PM2.5 and RH in summer in Ohio State because the humidity value is 
higher than 80%. When the humidity value is low in other months the concentration of PM2.5 increases due to 
hygroscopic growth present in the air. As a result of the heavy weight of dry deposition, the particles fall and the 
concentration of PM2.5 reduces. 

  Fig. 6 Humidity map of Ohio State 

Three months IDW analyses (July-September) 

The highest concentration region in August and September indicates Wind speed influences the horizontal and vertical 
transport of Air pollutants. Humidity and Precipitation also have a positive correlation with Air quality in these months, 
temperature has a negative correlation with PM2.5 in these months.  

  Fig. 7 PM2.5 maps of July to September 2018 

Ordinary linear squares models of PM2.5 

By using Ordinary linear squares regression to develop equations for PM2.5 based on the use of independent variables 
with a typical accurateness of 97%. OLS results in summary for July, August, and September 2018 are shown in Tables 
1, 2, and 3 respectively. 
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4.8.1 OLS results in July 2018

Table 1 OLS results summary for July  

Variable Coefficient Std 
Error 

t_ 
Statistic 

Probability Std 
Coefficient 

Intercept −8.9877 29.7821 −0.2976 0.8231 0 
Precipitation 3.1334 0.1972 9.9832 4.2372Eௗ−ௗ14 0.8824 

Temperature 0.0828 0.4972 0.2011 0.9402 0.0207 

Wind speed 2.9822 0.6973 3.9521 1.9721Eௗ−ௗ06 0.0697 

Humidity 0.2011 0.1894 0.7923 0.3922 0.0683 

4.8.2 OLS results in August 2018

Table 2 OLS results summary for August 

Variable Coefficient Std Error t_ Statistic Probability Std 
Coefficient 

Intercept −396.8748 198.8743 −1.9824 0.0452 0 

Precipitation −0.6321 0.8734 −0.6021 0.6012 −0.3032 

Temperature −2.1021 0.5228 −1.7341 0.0424 −0.3141 

Wind speed 22.4264 1.6731 6.7824 1.397Eௗ−ௗ09 0.6972 

Humidity 6.6374 1.9372 1.7866 0.0200 0.8774 

4.8.3 OLS results in September 2018 

Table 3 OLS results summary for September 

Variable Coefficient Std Error t_ Statistic Probability Std 
Coefficient 

Intercept −498.3970 206.5856 −2.5156 0.02175 0 
Precipitation 9.6224 3.2465 3.9762 4.9747Eௗ−ௗ06 0.9872 
Temperature −6.5832 1.9982 −2.1556 0.0357 −0.7797 
Wind speed 16.1574 4.3215 3.2155 0.0029 0.3917 
Humidity 8.2432 1.9858 3.9826 2.626Eௗ−ௗ06 2.0022 

When ordinary linear squares investigation was completed based on data, in this way three analytical models have been 
set to study Particulate Matter (PM2.5). The association and modeling among dependent and independent variables 
according to the circumstances mentioned have been experienced. 

Equations 

The obtained three modeling equations from regression analysis have been made for the measurement of Particulate 
Matter (PM2.5) from July to September represented by three Equations (1, 2, and 3) respectively. 

PM2.5 July=−8.9877+2.9822 Ws+3.1334P     (1) 

PM2.5 August=−396.8748−2.1021T+6.6374 H+22.4264 Ws  (2) 

PM2.5 September=−498.3970−6.5832 T+8.2432 H+16.1574 Ws+9.6224P  (3) 
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Where, Particulate Matter value is represented by PM2.5, Relative Humidity is represented by H (%), Temperature is 
represented by T (°C), Wind speed is represented by Ws (m/sec), and  Precipitation is represented by P (mm). The 
Parameters used as independent variables are; T, H, P, and Ws, with PM2.5 as a dependent variable. Based on both of 
the results of IDW and NASA satellite data, which are combined through  RET screen software and OLS PM2.5 
prediction equations were made to approximate the value of PM2.5 at all the points recorded in the region. It’s 
depending upon the multiple regressions formula. 

In the first case to analyze the relationships between independent and dependent variables OLS regression method was 
used. Precipitation and wind speed are included in the first equation used in the modeling. In July temperature has no 
impact on PM2.5. Linear relationships between variables are limited by the correlation. Most of the variables have a 
high level of co-linearity with each other but the co-linearity of independent variables temperature and humidity, in this 
case, is low. The Temperature probability value as shown in Table 1 is 0.97 which is high than the 0.05 value, for this 
reason, it has not been included in the first equation. The studies consider a good correlation which is more than 0.70. 
But in this case, the goal is to find minimum relations between the variables to find the impacts of these variables. 
Therefore, based on the use of these two variables, a regression model was made represented in Equation (1). 

In the second case, the model represented by Equation (2) included three independent variables: wind speed, humidity, 
and temperature. In this case, precipitation does not correlate so we excluded it from the equation and model 
construction. In the third case, the model that we have represented by Equation (3) included temperature, humidity, 
wind speed, and precipitation. In this case, all independent variables correlate. 

These three equations find the values of the predicted variable for three months. It does not produce the predicted 
variable absolute values but represents the closed or near approximated to the real observed value. In these three 
equations, the coefficients' physical significance shows us a good optimization level, which represented the near value 
of the real observed value can be determined accurately. The three estimated mathematical equations have accuracy 
corresponding to R2 and the probability value obtained from the regression analysis. Forward computations were used 
to achieve the extra high R2 adjusted in estimated model equations. The correlation shown by the three equations, wind 
speed has the highest share in the increased concentration of PM2.5 and next the precipitation. When the speed of the 
wind is strong it increases dust storms and resulting in increased particle sizes.  

 OLS model justification 

In the below Figure, by using 40 points, the justification has been experienced. This justification uses the polynomial 
linear polynomial fitting to calculate PM2.5 values by the OLS model and compare them to the observed values of 
PM2.5. 

Fig.8 Graph of OLS Model validation for July 2018 
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Fig.9 Graph of OLS Model validation for August 2018 

 Fig 10 Graph of OLS Model validation for September 2018 

The justification applied for the months (July, August, and September). The results with R2 up to 0.97 in July and R2   
up to 0.98 in August, and 0.96 in September showed that the total records are within the boundary of confidence. Here 
the observed PM2.5 values refer to the values entered in the PM2.5 model and the estimated PM2.5 represents the 
values that are calculated from the result regression. The predicted method by putting the point’s objective is to 
accuracy attainment and to test the concentration of PM2.5 at the position point. 

Practical Relevance 

This study will contribute to air quality monitoring Agencies in the following ways. The IDW and OLS proposed in this 
study are important because it can support efficient future spatial PM2.5 monitoring. Next, various other hazardous 
pollutants which increase the air quality index can be estimated by adopting these proposed methods. Engineers will be 
able to develop Air quality monitoring systems and mapping systems based on including meteorological factors. This 
study will also help in regulatory or policy assessments to reduce the impacts of PM2.5 by estimating the concentration 
of pollutants.  
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5 Conclusion 
1 The Inverse Distance Weighting (IDW) method is valuable for measuring the consequence of particular 

meteorological factors on PM2.5 concentrations. 
2 The Ordinary least squares (OLS) method is valuable for investigating the general influence on PM2.5 

concentrations by meteorological factors. 
3 PM2.5 concentrations are interrelated to meteorological factors: wind speed, temperature, wind direction, 

precipitation, relative humidity, and air pressure in several ways, including spreading, expansion, chemical 
creation, photolysis, and deposition. 

4 To enhance the perception of PM2.5 meteorological relations, further field tests (e.g., smog chambers and 
sounding) should be conducted to confirm model results. Second, the accuracy of CTM methods should be 
increased. Third, quantitative data should be extracted for forecasting and regulating PM2.5 concentrations.  

5 To mitigate PM2.5 pollution in a specific area, wind corridors and artificial precipitation can be used according to 
the geographical circumstances. 
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