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Foreword

Welcome to the CSCE 2021, 3" Conference on Sustainability in Civil Engineering (CSCE’21) is going
to be held by Department of Civil Engineering, Capital University of Science and Technology,
Islamabad, Pakistan. The main focus of CSCE’21 is to highlight sustainability related to the field of
civil engineering. It aims to provide a platform for civil engineers from academia as well as industry to
share their practical experiences and different research findings in their relevant specializations. We
hope all the participants experience a remarkable opportunity for the academic and industrial
communities to address new challenges, share solutions and discuss future research directions. The
conference accommodates several parallel sessions of different specialties, where the researchers and
engineers interact and enhance their understanding of sustainability in the civil engineering dynamics.

This year, we have wonderful and renowned keynote speakers for this edition of CSCE. We have
received 188 manuscripts from different countries around the world including UK, USA, KSA,
Hongkong, Turkey, China and Pakistan. All papers have undergone a comprehensive and critical
double-blind review process. The review committee comprised of 54 PhDs serving in industry and
academia of UK, Hungry, Australia, New Zealand, Chile, Poland, Germany, China, Malaysia,
Hongkong, KSA, Oman, Sri Lanka, and Pakistan. After the screening and review process, 62 papers
are to be presented in Conference.

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 the authors, presenters and participants is also
acknowledged, without whom this conference would not have been possible. Last but not the least, an
appreciation to our advising and organizing committees whose hard work and dedication has made this
day possible.

Conference Chair of CSCE’21
Dr. Majid Ali
Professor, Civil Engineering Department

Capital University of Science & Technology,
Islamabad, Pakistan
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A REVIEW ON FRP REPAIRING OF FIRE DAMAGED RC
MEMBERS

2Blawal Hasan, ® Sami Ullah

a: Civil Engineering Department, University of South Asia, Lahore. blawalhasan@gmail.com
b: Civil Engineering Department, University of Engineering and Technology, Peshawar. samiullahktk426@gmail.com

Abstract- The mechanical properties of concrete are highly affected by the fire event.
Load bearing-capacity of reinforced concrete (RC) structural members reduced due to
reduction in concrete strength caused by the elevated temperature. This study presents a
review on repairing techniques of fire damaged RC structural members. The
investigations covered physical dimensions, loading-effect method and bonding behavior
and residual-strength assessment. The advantages of fiber reinforced polymers (FRP)
recall of RC members' performance/strength over the steel coating, enlargement of the
section, steel-plate bolting (SPB) and fiber reinforced polymers (FRP) are discussed. The
fiber reinforced polymers (FRP) post-fire repairing technique reviewed to achieve the
design or more strength, as compared to pre-heated, of damaged RC member. It was
observed that FRP coating, around the RC members, enhanced the strength up to or more
than the pre-heated design strength of concrete.

Keywords- Fire damaged RC members, fire exposure, post-fire assessment, post-fire repairing methods.

1 Introduction

In the construction industry, concrete is the most widely used building material since it is easily available, very cheap
material. More importantly, it can be molded into any shape with less skilled labor as compared with the steel structures.
As concrete is quasi-brittle material, it has very high strength in compression but weak in tension. Reinforced concrete
(RC) structure consists of several structural members, such as slab, beams, columns and footing. The collapse of the
building occurs due to the failure of these structural members. Failure of the structural members can occur due to
degradation, which can be caused by earthquakes, overloading, blast, high temperature exposure, deformation caused by
seismic loading, variation in structural design and lack of maintenance. The ultimate strength of RC structural members
decreases due to the fire exposure causing the reduction in strength and stiffness of the material. In the case of fire, the
mechanical decay of concrete and even significant effects at the structural level may occur due to spalling and
reinforcement exposure [1].

The elevated temperature and cooling affect the load bearing capacity by reducing the strength of concrete [6]. After fire,
it becomes necessary to assess the mechanical properties of the RC members and adopt some repairing methods if required.
There are a lot of methods for the treatment of RC structural members. The main methods which are being used are the
bolt plating method, section enlargement method, fiber reinforced polymers (FRP) coating/jacketing method [2]. Steel
coating for the retrofitting can be used for improving the seismic shear strength but the rectangular column’s coating can
be buckled at the hinged area when subjected to lateral loading [7]. Steel-plate-bolting (SPB) method is usually adopted
for the RC flexural members by fixing steel plates, both opposite sides, with the help of bolts [8]. The replacement method
is, only used when the cost factor is not important, mostly adopted for the slab repairing [3]. FRP unidirectional repair of
the RC column can enhance the load bearing capacity of the post-heated column up to or greater than the original level of
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pre-heated column [4]. FRP coated RC structural members can be capable of achieve satisfactory resistance during fire

[5].

After the fire event, proper repairing and retrofitting are required for further use of the structure. This is because the high-
temperature leaves adverse effects on concrete. This can be in form of spalling of concrete debonding between steel and
concrete. There are many studies on the repairing techniques of concrete but this study focuses on the significance of the
FRP repairing of the RC members after the fire. Steel jacketing and increasing the dimensions of the structural members
are costly methods of repairing techniques. The use of the FRP repairing technique is economical compared with other
techniques and no extra load is applied over the member as it is light in weight. Also, this technique doesn’t reduce the
workspace and free area between the repaired members. Post-fire repairing of RC members with FRP can even help in
enhancing, more than pre-fire, the strength of the member.

2 Properties of Fire Subjected RC Members

Reinforced concrete gets a permanent decrease in strength due to high temperatures. Elevated temperature leaves adverse
effects on reinforced concrete (RC) members. Initial morphology varied after the event which results in a decrease in
mechanical properties of concrete after fire [9]. Microstructural properties of concrete are exposed at elevated temperatures
[10]. Spalling of concrete depends upon two factors, pour-vapor pressure and thermal stress caused by the elevated
temperature as described in Figure 1. Pore-vapor pressure cannot form spalling but only contribute to micro-cracks along
with heat surface. Under thermal stress, these micro-cracks likely to buckle and spall near the heating surface [15].
Different RC members behave differently which are described below.

"I‘empernture ! Temperature

' Stress

0 ~~ Tension | iy

1 Depth

Compression

A A

EEEEEEEESEEEEEs s

Figure 1: Spalling Factors of concrete due to Fire, a. pore-vapor pressure, b. thermal stress [15]

2.1  Compression Members (Columns)

The column can suffer fire up to four dimensions. Bending type depends upon the number of faces exposed to fire. One-
and three-sided exposed column may be considered subject to uniaxial bending and if two or four faces exposed to fire
will be considered subject to biaxial bending. Tan et al. [11, 12] developed a method, for one-, two-, three- and four-sided
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exposed column, to examine the fire resistance of column while spalling of concrete was not considered. The decrease was
observed in residual strength of corner column two-sided exposed to asymmetric fire and subjected to uniaxial and biaxial
bending [13]. Enlargement of dimensions of columns enhances the fire resistance [14].

2.2  Flexural Members

221 Beams

Many research studies have been conducted on the performance of flexural members exposed to elevated temperatures. In
an analysis of experimental study considering beam type, beam load ration and concrete cover thickness, it was concluded
that primary beams are shown better fire resistance in comparison with secondary beams because the tensile strength
wasn’t degraded [16]. Variations in shear failure modes were observed mandatory in frame-restrained beams and cantilever
beams after exposure to elevated temperature. So, for evaluation of after-fire shear capacity, the design of RC beams is not
acceptable under room temperature [17].

2.2.2  Slabs

Several studies have been conducted to evaluate the performance of slabs under fire. Three main factors that influence the
fire resistance are load level, the thickness of concrete cover and temperature. Spalling in concrete produced by fire
seriously reduces the structural and thermal response of the slab which makes it less resistant to fire [18]. It is obvious, in
high temperatures, that the degradation of stiffness and strength of the material is the main factor affecting the behavior of
structure [19]. During the fire, the complications in the behavior of structure are cracking, degradation and thermal
expansion. The stress-strain graph at different elevated temperatures has been presented in Figure 2.

Stress ratio (c./ /. (20°C)) Stress ratio (o, / £, (20°C)
1.0 20 °C 1.0
<100 °C
0.8 200 °C
400 °C
0.6
600 °C
04
0.2 800 °C
1000 °C
0 1.0 2.0 3.0 4.0 5.0 0 4 8 12 16 20
a Strain (%) b Strain (%)
Figure 2: Stress-strain relationship for concrete at elevated temperature, b. Stress-strain relationship for steel at elevated temperature

[19]

3 Types of Repairing Techniques of RC Members

Several techniques are being used for repairing fire damaged RC members. The most commonly adopted techniques are
steel jacketing/coating, section enlargement and FRP repairing technique. The technique is adopted based on the damaged
condition of the member. Table 1 provides the detailed damaged condition so that the repairing method is adopted
accordingly. It is proposed that the level two damaged segment can be fixed by the section enlargement technique, and the
third level damaged is appropriate for the steel jacketing or with FRP repairing technique. Level four is more severe damage
case it should be replaced. The member falling in the damage category of dangerous cannot be repaired. There is only way
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to use it is to reconstruct it instead of repairing. The serious level can be repaired by the section enlargement technique
after removing the most damaged [20]. FRP and steel plate bolting (steel jacketing) techniques can be used for the moderate

and mild level of damaged RC members.

Table 1- Description of Damages and Repairing Technique Proposed According to Damaged Type [20]

Degree of damage Dangerous Serious Moderate Mild
Level of damage Level four Level three Level two Level one
Temperature of >700 600-700 400-500 <400
concrete
Temperature of 400-500 350-400 100-300 <100
reinforcement
Damaged condition Out of plgne Deflection excz_aedmg Deﬂectlor) meetlng No changes

deformation one to three times the limit

The advantage of the techniques used for repairing fire-damaged RC members improve the structure bearing capacity,
stiffness, stability, and give economical solutions to exceed the life of the structures. The techniques are used also to
improve the ultimate load capacity of the structure members and provide anti-corrosion to the member as well. The
disadvantage of the techniques using is that they will never achieve the original strength of the structural members.

3.1  Steel Jacketing Technique.

In this technique, the steel is wrapped around the fire damaged RC structural member. The steel plates and sheets are
attached to the surface of the RC member with the epoxy resins or cement paste. Install the angle on the corners of RC
members (beam and column) and connect them with a splicing plate. The size of the angle and plate is determined by the
designated bearing capacity. The ends are interconnected with another transverse member. The upper end of the column’s
steel jacketing extended up to the upper floor while the lower end anchored to the foundation. The steel has more density
which adds additional weight to the structure as well. The bolting and cutting of steel plates according to section, needed
to be repaired, size and shape make it uneconomical. This technique is suggested for severe fire damaged RC members.

3.2 Section enlargement Technique

The section enlargement technique is the strengthening technique used to achieve the ultimate load bearing capacity of
stability and stiffness. In this technique, the residual strength is investigated first and the section is enlarged so that the
ultimate bearing capacity and strength should be achieved to support the desired loading. The section enlargement
technique was adopted for repairing the bridge columns, after two hours of fire exposure, after determining the residual
strengths [21]. The section enlargement reduces the free area between the RC columns and the headroom between the
beam and the floor. This technique can be used for recall of strength of moderate and mild type of fire damaged members.

3.3 FRP Repairing Technique

Fire badly affects the RC members and due to which it cannot be used for the desired purpose because of a reduction in its
mechanical properties. Without any retrofitting of the structural members, it is very risky to utilize the building after the
fire event. For this one of the repairing methods is FRP. In this technique, the sheet of FRP attached with the structural
members to rehabilitate the ultimate strength of RC members reduced due to fire.
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3.4 Superiority of FRP repairing over other techniques

FRP repairing technique is more economical than any other repairing technique. Fibers present inside the
polymers enhance the strength of the RC members. As the FRP is lightweight than steel jacketing and section
enlargement, there is no need to tackle additional loading of repairing materials. Easy to handle, place and cut
as it is lightweight than the steel. Compared with section enlargement repairing technique, reduction in free
area and headroom is very little that it is negligible. Above discussed advantages make FRP repairing better
than others.

4 FRP Repairing Method Adopted Fire Damaged RC Members

Fire event leaves adverse effects on reinforced concrete members. The degradation and spalling of concrete are the major
defects caused by the fire event. The increase in corrosion damage reduction is a factor reducing the flexural strength of
damaged RC beams. Reinforced concrete coating and steel coating are traditionally used for the rehabilitation of the
reinforced concrete members. Past few years, the use of fiber reinforced polymers has been increased as a strengthening
method as it is lightweight and less complex of anchorage. The characteristics of FRP like lightweight, high strength, high
impact resistance, durability, and corrosion resistance have made it a better material for the rehabilitation of RC [22, 23].
FRP coating is more effective in rehabilitating the flexural member with damage location on top of the member than the
bottom. FRP with the provision of the epoxy coating and coarse aggregates inside the coating surface shown in better
distribution of stress and cracks propagation [24]. There are two ways of applying the FRP repairing on RC members, one
is externally bonded FRP strengthening and the second is near surface mounted FRP strengthening.

4.1 Externally bonded FRP strengthening

For externally bonded FRP strengthening, the FRP sheets are attached to the surface to restore the ultimate capacity of RC
members [25]. The test was conducted on fire damaged beams strengthened by FRP sheets with novel coating. From the
test, it was concluded that the novel coating improved the fire resistance of FRP sheets [26]. Figure 3 illustrates the
externally bonded FRP strengthening technique to restore and rehabilitate the ultimate strength of a T-beam. The bonding
behavior of the RC T-beam and the carbon fiber reinforced polymer was observed. The FPR restores the ultimate strength
and there is no need to enlarge the dimensions of the reinforced concrete structural member.

1220
& % @ © ” % i & L
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- wll 2 e 2 5 .
P e |
ugs -
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. s i) G
| dia. unless otherwise i 5
spacified. ol re o ,‘\ B Carbon FRP sheet
; B i B Insulation
20 mm dia. steel rebar |8 = — 2 ‘
22, :_._" ¥ fexs ; 4
40 mm clear cover - —— L] sealant
300 All dirmensions in mm

Figure 3: Externally bonded FRP strengthening [26]
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4.2 Near surface mounted FRP strengthening

Near surface mounted (NSM) FRP strengthening is an advanced technique that was developed last decade. Mahmoud et
al. conducted research on NSM’s enhanced performance [27]. In comparison with the externally bonded method, NSM
gives better safety from external damage. Figure 4 elaborates the arrangements for the NSM of the RC beam. The epoxy
resin is used for inter-surface bonding. The adhesive property of epoxy resin improved the bonding between FRP sheets
and concrete at elevated temperatures. The RC members repaired with NSM technique give fire endurance of two hours.

L 1524 > A .
1 1
Side elevation o
(NSM system shown) 5 O Sodt Cie Notch NSM tape
> A
y 749 ] e e Ly
- il
L 254 _ L 254 <
= 1 " |
Section A-A (NSM system) Section A-A (externally bonded system)
6.3 mm & steel bar Groove 6.3 mm & steel bar _—
102
-
4 [ ¥ = e e I Y Q...
25 I} 25
¥ 127 = 51 t . 235 :
|¢——————| NSMiape = >

Figure 4: Near surface mounted and Externally bonded FRP strengthening [28]

5 Conclusions

This paper provides a review of the FRP repairing technique of RC structural members damaged by a fire event. Other
repairing techniques like section enlargement and steel coating were also discussed. The techniques using for repairing
fire-damaged review are done to achieve the desired or required properties of the structure to make it usable instead of
reconstructing the whole structure. The techniques using are very effective for improving the structural members'
properties as well as to increase the lifespan of the structure.

The outputs of the study summarized as follows:

e The FRP, steel coating and section enlargement method were used for the repairing of RC members damaged by
fire. The FRP, concrete reinforcement and section enlargement repairing techniques are applicable for the RC
slabs after exposure to elevated temperature. Since the section enlargement is an effective and economic solution
for the slab repairing.

¢ FRP rehabilitation method is the most widely used in the world. Externally bonded FRP and near surface mounted
FRP strengthening techniques were compared. NSM has shown better results such as more ductile performance
and the anchoring of FRP is better in NSM than the externally bonded FRP technique.

e FRP repairing is far good for the rehabilitation of the RC beams

e The section enlargement technique can more effectively enhance the stiffness and ultimate load of compression
members. Also, the construction is simple but the building clearance decreases.

e The properties of FRP are deeply studied. FRP coating, compared with steel coating and section enlargement, is
easy to handle, lightweight, high strength to weight ratio and corrosion resisting.
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It is concluded in this study that the FRP repairing technique is an easy method of repairing and does not apply any
additional load on members caused by the weights of other repairing materials.
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Abstract- The use of natural fiber is increasing day by day because it is an economical
and waste material as well as has advantages from the environmental aspects. Among the
natural fibers, coconut fibers (CF) have the maximum toughness. The addition of
supplementary cementitious materials like silica fume together with coconut fiber will
lead to complementary benefits in terms of mechanical performance and environmental
aspects. Additionally, the establishment of an empirical equation will be helpful for the
researchers to predict the experimental stress-strain response. Therefore, in this study, the
control mix, silica fume concrete, coconut fiber reinforced concrete, and coconut fiber
reinforced silica fume based concrete are investigated for compressive toughness and
empirical modeling. Furthermore, scanning electron microscopy (SEM) is also performed
to study the microstructure of the matrix. It was found that the addition of coconut fiber
and silica fume in the matrix improved the compressive toughness and microstructure of
concrete. In addition, the stress-strain curves obtained from the empirical equation
showed the goodness of fit with the experimental data.

Keywords- Coconut fiber, silica fume, concrete, compressive toughness, empirical modeling.

1 Introduction

In agriculturally progressive countries, natural fibers and plant fibers are available abundantly. These fibers can produce
environmentally friendly materials when added to the concrete as reinforcement. Fibers added to the concrete tend to
enhance the concrete performance such as energy absorption capacity, post cracking response, strength, etc [1-4]. As a
plant residual waste, natural fibers have a significant economic value because of their use in construction materials all over
the world. Natural fibers have the potential to reduce the quantity of basic ingredients in various composite materials that
leads to environmentally friendly material. As compared to synthetic fibers, natural fibers contribute with the same
properties when added to composites in terms of strength against shear, tension, temperature, and impact. The
disadvantages of concrete that can be improved include the brittle behavior, low tensile strength, less resistance to cracks
occurrence and propagation. The uniformly distributed fibers in the matrix play an important role in the improvement of
concrete properties. Additionally, the incorporation of fibers in composites helps in controlling cracks [5]. The use of
natural/plant fibers in building materials is from the Biblical times (approximately 3500 years ago) e.g. in clay sun-baked
bricks [6]. Natural fiber is an economical and waste material, so it has also advantages from the ecological aspects. Among
the natural fibers, coconut fibers (CF) have the maximum toughness [7], [8, 9]. The mechanical properties of CF reinforced
concrete were investigated by Ali et al. [10]. The best performance was observed with 2% fiber content having 50 mm
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length. Currently, composites having fibers and mineral admixtures are introduced by the researchers for civil engineering
applications [11], [12]. Luther [13] used different contents of silica fume (SF) i.e. from 5-15% in concrete and the best
overall results were obtained with 11.5% content of SF by mass of cement. Thus, the combined use of natural fiber together
with supplementary cementitious material will be helpful form improve performance of concrete in term of mechanical
properties as well as sustainability.

The basic mechanical characteristic for fiber reinforced composites (FRC) is the stress-strain curve that is obtained from
the uniaxial compressive load test. For example, an analytical model was developed by Ou et al. [14] for the stress-strain
curve from compression test for the concrete reinforced with different sizes of steel fibers. The model was established to
characterize the stress-strain behavior of composite with a high reinforcing index. It was reported from the results that the
developed analytical model showed good agreement with the experimental results. Li et al. [15] studied the experimental
characterization of polyvinyl alcohol engineered cementitious composite (PVA-ECC) established in the form of stress-
strain curves. It was reported that PVA-ECCs showed that the established model presented good results with that of
experimental results. Wang et al. [16] developed a rational fraction expression that both segments (i.e. ascending and
descending) can be expressed by the rational formula. Saber et al. [17] examined the compressive stress-strain performance
of high strength concrete (HSC) reinforced with synthetic fibers. The two simple models for the compressive stress-strain
curve of the composite were used. It was suggested from the results that, the proposed models are able to predict the
experimental results with better precision. Bencardino et al. [18] performed a comparative study on the experimental data
of steel fiber reinforced concrete and proposed empirical models for stress-strain relationships. It was found that empirical
models showed good agreement with test results. Furthermore, other researchers such as Li et al. [19] and Cao et al. [20]
also conducted a comparative study on compressive modeling and reported a good correlation between experimental results
and empirical models. Thus, it will be of great interest to develop a model for the composites reinforced with natural fiber
for better prediction of experimental data.

The motivation for the current research is to deliver an economical and environmental friendly material to the construction
industry using natural fibers. It is a major issue all over the world for sustainable development to manage agricultural
waste. If instead of synthetic fibers, natural fibers are used in the construction industry it will result in greener and
sustainable development. Lately, the use of natural fibers got special attention in many structural components [10], [21],
[22], [7]. The main focus of the current study is the establishment of empirical modeling instead of evaluating material
behavior. That is why other properties from the compressive test i.e., peak stress, peak strain, elastic modulus, etc. were
not studied. Also, the studies on such material properties of CF reinforced concrete have been reported in the literature [9],
[23]. The significance of the present research is to develop a model that can be helpful to predict the experimental results
of natural fibers reinforced concrete for a structural design application in civil engineering. In this study, the coconut fiber
together with silica fume is studied for the compressive toughness and empirical modelling. In addition, the microstructure
of the matrix is also studied by scanning electron microscopy (SEM).

2 Experimental Procedures

2.1 Raw ingredients.

The ingredients used in the present experimental work include CF, SF, cement, coarse aggregate, fine aggregate, and water.
The SF was bought from Sika Pakistan Pvt. Ltd. The SF used was as per requirements of ASTM C-1240 [24] and contains
a minimum of 85% silicon dioxide (SiO.) and its specific gravity was 2.26. The maximum size was 12.5 mm for coarse
aggregate and the fineness modulus of fine aggregate was 2.7. The length and average diameter of CF used in the current
work was 50 mm and 0.3 mm, respectively. The CF of 2% content by mass of cement was used. The reason for selecting
the length and content for CF is that most of the literature reported the best performance of CF with 50 cm length and 2%
content by mass of cement [10], [7], [25], [26], [27]. The mix design for all the mixes is shown in Table 1. The w/c for CF
reinforced concrete was kept relatively higher to achieve proper compaction of the mix along with good workability. At
lower w/c of the mix containing CF, proper compaction of the fresh mix was not possible which may result in reduced
strength. Since, compaction has more influence on concrete properties, as compared to w/c. A similar approach for the
addition of CF in concrete is also reported in the previous studies [10, 23].
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Table 1- Mix proportions

Cement Sand  Aggregate WI/C  Silica  Coconut

Mix Type Symbols ratio fume fiber
(Kg/m®) (Kg/m®)  (Kg/m® ) (%) (%)

Control mix CM-SF0 400 810 810 0.45 0 0

Silica fume concrete CM-SF10 400 810 810 0.45 10 0

Coconut fiber reinforced CERC-SEO 400 810 810 0.50 0 2

concrete

Coconut fiber reinforced silica CERC-SF10 400 810 810 0.50 10 2

fume based concrete

Note: All percentages are by mass of cement.

The mixing of all the mixes was done by the layer’s method reported by Ali et al. [10]. Cylinders of 100 mm diameter and
200 mm height were cast for compressive properties. A set of two specimens were cast from each mix type and the average
of their result was considered in the analysis. A similar practice of using an average of two specimens is also reported in
the previous study [28]. The casting and curing of specimens were done following ASTM standard C192M-16a [29]. The
compressive strength test of the cylinders was performed following ASTM C39/C39M-17b standard [30]. For the SEM
analysis, the samples were taken from the crushed cylinders after performing the compressive strength test.

3 Results

3.1 Compressive toughness.

The toughness and specific toughness (ST) are used to determine the compressive energy absorption capability of concrete.
The area under the stress-strain curve is used to calculate the toughness and the ST is calculated as the ratio of compressive
toughness to the compressive strength of the same specimen [31]. The best overall performance was obtained when both
SF and CF were used in the same mix as shown in Figure 1. The addition of SF in concrete has shown a significant effect
on the enhancement of toughness as well as ST. This enhancement is because of filling the pores in the concrete and the
pozzolanic reaction caused by SF. Furthermore, the addition of CF also shown a considerable increase in toughness and
ST of coconut fiber reinforced composites. This increase in toughness and ST is due to the bridging effect provide by CF
under loading.
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Figure 1: Compressive toughness
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The empirical model is shown in Equation (1) consists of a simple rational power function having parameter A. Figure 2
demonstrates the comparison between normalized stress-strain curves and empirical model curves. The parameter “A” is
obtained from fitting the experimental normalized stress-strain curves. The acquired stress-strain curves based on the
empirical model are well fitted in accordance with the experimental normalized stress-strain curve. This indicates that the
empirical model can obtain a better stress-strain response from the experimental stress-strain curves. The highest
correlation coefficients are achieved, i.e. greater than 0.95. This shows that the present model can be applied to predict the
response of the compressive stress-strain curve from experimental data.
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SEM analysis was performed to investigate the micro-cracks in the matrix, fiber-cement bonding, cracks in the matrix, and
fiber condition before and after pullout from the matrix. The fiber bridging effect due to the incorporation of CF in concrete
showed resistance against crack propagation as shown in Figure 3 (a). Also, a proper bond between the CF and matrix can
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be observed in Figure 3 (b). The SEM images of CF surface before mixing and after pull-out are also presented in Figures
4 (c) and 4 (d), respectively. The surface of CF after pull-out was observed to be damaged. Also, the crack was observed
on the surface after fibers pull-out as compared to that of the fiber surface before mixing. The observations of enhanced
toughness properties due to CF addition from experimental results were also supported by SEM analysis. Hence, the CF
addition in concrete favors its utility to be used in civil engineering applications due to improved performance. The
cementitious composites are brittle and there are micro-cracks and voids in the matrix formed during the hydration process.
These micro-cracks propagates during loading, become macro-cracks, and ultimately results in the destruction of the
structure. So, the failure process starts from the micro-cracks present in the matrix which leads towards material failure.
As fibers can provide resistance to the crack propagation by bridging effect. Therefore, fiber addition in the cementitious
composites enhanced the mechanical properties of composites by preventing crack expansion. Regarding the damaged
surface of coconut fiber, it is recommended for future to develop some treatment methods for the improved surface of
coconut fiber that will be beneficial to enhance the bond performance after pull out.

Proper
bonding

a)
Surface
damage
C) —— —_— ! o —————— 200 pm

Figure 3: Scanning electron microscopy analysis, a) fiber bridging, b) fiber bonding and surface peel off, c) fiber surface before
mixing, and d) fiber surface damage after the pullout
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4 Conclusion

In this study, the coconut fiber reinforced silica fume based composites are explored for compressive toughness, empirical
modeling, and microstructural analysis. The following conclusion can be drawn:

The addition of silica fume as well as coconut fiber increased the toughness and specific toughness of concrete.
The stress-strain curves results obtained from the presented empirical model showed good agreement with the
experimental data.

The SEM analysis showed the fiber bridging, proper bonding, and fiber surface damage and also supported the
results of improvement in compressive properties due to the addition of CF in concrete.

The overall best performance was observed with the addition of both coconut fiber and silica fume in the same
mix as compared to that of fiber reinforced concrete reinforced individually with silica fume and coconut fiber.

It is recommended that further studies should be carried out by using more content of CF in concrete for empirical
modeling. In addition, it is suggested to investigate the durability of coconut fiber as a concrete fiber reinforcement.
Furthermore, the study on the overall pore shape and pore continuity of the coconut fiber material for the concrete
application needs to be explored in the future.
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Abstract- Basalt fibre is a novel inorganic fibre which is produced from basalt rock.
In this study the impact of chopped basalt fibres on the concrete workability, com-
pressive and tensile strength, and concrete’s modulus of rupture at 7 and 28-days was
investigated. The concrete used in this research was normal strength concrete with a
target compressive strength of 30/37 MPa. In this research, fibre reinforced concrete
samples were produced using basalt chopped fibres of two quantities (4 kg/m? and 8
kg/m?®) and three different fibre lengths, namely 25.4-mm, 12.7-mm, and 6.4-mm.
The test findings revealed that slump decreased as the quantity of fibres increased
and shorter fibres were used. The mechanical properties of concrete were affected by
the fibre dosage and length. Overall, the results indicated that adding chopped basalt
fibres improved the compressive, tensile, and flexural strength of concrete, particu-
larly at early age, while slightly reducing the compressive strength at 28-days by an
average of 3.9%. The results indicated that adding 4 kg/m? of 25.4-mm long chopped
basalt fibre into concrete provided the best performance of concrete in compressive
and tensile strength, and modulus of rupture.

Keywords- Basalt fibres; Fibre reinforced concrete; Mechanical properties; worka-
bility

1. Introduction

Civil engineers are keen on using construction materials that are cost effective, environmentally friendly, and robust.
Concrete is known as one of the most highly consumed construction materials and plays a vital role in many aspects
of everyday life. Although the plain concrete is strong in compression, it is weak in tension. Microcracks are formed
in concrete during hardening stage [1] and they grow and extend in the concrete matrix when concrete is exposed to
external loads. In order to sustain the developed tensile stresses, an addition of reinforcing elements in plain concrete
is needed. Mixing relatively short and closely spaced fibres can constrain the development and formation of the
cracking, hence, enhancing the mechanical and dynamic characteristics of plain concrete [2]. The reduction of crack
width and numbers in the concrete matrix and the strength gaining are due to the bridging effect in which the fibres

inside the cracks form a kind of bridges between the separated crack’s edges [3], as seen in the Figure 1.

Fibres 7
micro-crack

Fibre Bridging

A gt

X

N
Fibre rupture /ﬂ:l

crack Fibre bridging
(a) (b)

Figure 1: Fibre bridging effect (a) concrete spitting, (b) concrete rupture.

The most commonly used fibres in concrete are steel and polyethylene fibres but they have a great amount of embodied
energy. Among the disadvantages of using steel fibres is high susceptibility to corrosion, high specific gravity, high
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cost of raw material and non-uniform distribution within the concrete mixture [4]. Basalt fibres are considered a
unique product made from basalt rock, a natural material that is found in volcanic rocks. They are a relatively new
composite material characterized by their high corrosion and thermal resistance, their light weight (one-third of the
steel weight) and high strength [5]. Basalt fibres have no toxic reaction with air or water and have no chemical reactions
when they encounter other chemicals which may damage health or the environment. Basalt fibres have an excellent
alkali resistance, and excellent acoustic and thermal properties [6]. Basalt fibres do not need any chemical additives
or hazardous materials in the melting process; hence they are easier and safer to produce [7]. Their recyclability is also
easier, unlike glass and carbon fibres which require high temperature or chemicals to recycle [8], hence basalt fibres
are more environmentally friendly.

Research studies have investigated the influence of chopped basalt fibres on the mechanical properties of basalt fibre
reinforced concrete (BFRC). Ayub et al. [9] investigated the effect of various dosages of chopped basalt fibres on the
mechanical properties of high-performance fibre reinforced concrete. Results showed that adding chopped basalt fibres
slightly improved the compressive strength of concrete while there was significant improvement in the tensile and
flexural strength after 28-days. Similarly, Kizilkanat el at. [10] found that adding 0.25% of chopped basalt fibres in
concrete slightly increased the compressive strength while adding 1% of fibres increased the tensile strength by 40%.
In another research study, Iyer et al. [11] investigated the effect of different dosages and fibre lengths on the
compressive strength and modulus of rupture of concrete at 28-days. The study found that 36-mm-long fibre and a
fibre amount of 8 kg/m? were optimum to achieve enhancement in compressive and tensile strength of concrete. The
study also found that workability decreased as the fibre length and dosage were increased. Similar research was
conducted by Tumadhir and Borhan [12] using slightly shorter chopped basalt fibres (25.4 mm) with different dosage,
the results indicated that the concrete’s compressive strength increased with increasing chopped basalt fibres dosage
up to 0.3% volume fraction. Nevertheless, when the dosage of fibres was increased to very high levels such as 0.5%,
the compressive strength decreased. Ramakrishnan et al. [13] conducted an experimental study using 13-mm long
chopped basalt fibres with contents varying between 0.1 to 0.5% volume fraction. The study concluded that when large
dosage of fibre was added to concrete, the impact and toughness strength of the concrete were increased. However,
the addition of chopped basalt fibres did not improve the compressive and flexural strengths of concrete at 28-days.
Xinzhong et al. [14] concluded that the optimal basalt fibre content and length were 0.15% and 12 mm, respectively,
at which the compressive strength of concrete at 7- and 28-days increased by 62.5% and 25.2%, respectively, while
the tensile strength at 28-days increased by 13.26%. Jiang et al. [15] found that using 12 mm long fibre increased the
compressive strength, splitting tensile and flexural strength of concrete at 28-days. They concluded that the suitable
amount of the fibres was about 0.3% by volume. In contrast, Dias and Thaumaturgo [16] reported that the addition of
0.5% of chopped basalt fibres reduced the compressive strength of concrete at 28-days by 3.9%. Similarly, Jalasutram
et al. [17] found that adding basalt fibres marginally reduced the compressive strength of concrete while it enhanced
the tensile strength and flexural toughness.

It can be noted that the impact of length and dosage of basalt fibres on the physical and mechanical properties of
concrete at 7- and 28-days is inconsistent, and further experimental investigations are required to better understand
their influence on plain concrete. Therefore, the main aim of this study is to investigate the impact of chopped basalt
fibres’ length and dosage on the mechanical properties of concrete at early age and 28-days. The fundamental properties
of BFRC such as slump, compressive strength, splitting tensile strength, and modulus of rupture are tested and analysed
in this study. Two chopped basalt fibres dosages were used, namely 4 kg/m? and 8 kg/m? and three fibres lengths were
used, 6.4, 12.7 and 25.4-mm, as shown in Figure 2. This study suggests optimum fibre length and dosage to achieve
the best concrete performance.

2. Experimental Program

A C30/37 concrete mix was designed using BRE Concrete Mix Design [18]. The details of the mix proportions are
summarised in Table 1. The maximum aggregates size used was 10 mm. The moisture content of the aggregates could
change due to unpredicted weather. To avoid the discrepancies in the moisture content and their effect on the properties
of the concrete, the coarse aggregates and sand were air dried inside the laboratory. A number of concrete mix trails
were conducted in which the basalt chopped fibres were added either in a dried mix (i.e., after mixing the sand,
aggregates and cement) or a wet mix (i.e., after mixing water with dried aggregates) to achieve satisfactory results. It
was decided to mix the sand, coarse aggregates, and cement for 2-3 minutes, then add water and mix for 2-3 minutes,
thereafter, the chopped basalt fibres were added and mixed for 5 minutes.

Seven mixes were prepared to test the compressive, tensile and rupture strength of BFRC at 7- and 28-days. There
were two concrete mixes with 25.4-mm length fibres (4F-25.4, 8F-25.4), two concrete mixes with 12.7 -mm length
fibres (4F-12.7, 8F-12.7), two mixes with 6.4 -mm length fibres (4F-6.4, 8F-6.4) and one concrete mix without fibres
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acting as a control mix (Plain). Each concrete mix is named based on the dosage of the basalt chopped fibres added
into the concrete mix per m* (4 kg/m? and 8 kg/m?) and the length of the basalt chopped fibres (25.4-mm, 12.7-mm
and 6.4-mm). For example, 4F-25.4 denotes for a mix with 4 kg/m? chopped fibres with 25.4-mm length. Six standard
100x100x100 mm cubes were produced for the compressive strength test, three @150x300 mm cylinders for the
splitting tensile strength test and three 100x100x500 mm prismatic beams for the modulus of rupture test, according
to BS EN12390: Testing hardened concrete. The moulds were removed on the following day and the concrete samples
were stored in a curing tank at 20°c.

Table 1: Concrete mix design.

Target w/c ratio Cement Sand Coarse Max Chopped
concrete (kg/m3) (kg/m3) aggregate  Aggregate size basalt
grade (kg/m3) (mm) fibre
(kg/im?)
4and 8
C30/37 0.54 463 700 927 10

25.4-mm chopped fibres 12.7-mm chopped fibres 6.7-mm chopped fibres

Figure 2: The chopped basalt fibre used in this study.

3. Results and Discussions
3.1 Concrete Workability

The workability of fresh concrete can be affected by many factors including aggregate properties such as shape, size
and grading, water-to-cement ratio and the added fibres. In this study, the slump test was conducted according to BS
EN 12350: Testing fresh concrete to determine the fresh concrete workability. Table 1 illustrates the influence of the
fibres’ length and dosage on the concrete workability. The workability in general decreases with increasing the quantity
of basalt fibres for all fibre lengths used in this study. It can be noted that adding fibres dramatically reduces the
concrete workability. For plain concrete, the slump was 245 mm. When adding 4 kg/m? of 25.4 -mm, 12.7 -mm and
6.4 -mm length basalt fibres, the slump reduced by 59%, 55% and 37%, respectively. Due to the high fibres surface
area and content, the friction between fibres and cement paste increases, resulting in reduction of slump. Results
obtained from the tests showed that workability decreased when shorter fibres were being used and as the fibres
contents increases. For instance, adding 8 kg/m? of 25.4 -mm and 6.4 -mm fibres reduced the slump by 65%, 74%
respectively. For low fibres content (i.e., 4 kg/m?) the slump for concrete mix with 25.4-mm fibres was lower than the
slump for the mix with 6.4-mm fibres. The assumption is that for shorter fibres being used with large fibres dosage in
the mix, there are larger fibre distribution density and more fibres per unit volume. Therefore, the fibres are harder to
distribute consistently in the concrete matrix, resulting in reduction in concrete workability [15]. Although the
workability of concrete was reduced with the addition of fibres, no difficulties was found in placing and consolidating
the fresh concrete using the table vibrator. It was observed that the fibres were uniformly distributed throughout the
concrete without balling, bleeding, or segregation.

3.2 Compressive Strength
Table 2 shows the compressive strength results and the strength-effectiveness (%) for each BFRC concrete mix at 7-

and 28-days. The strength-effectiveness of BFRC is more evident at concrete early age than at 28-days. In comparison
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to plain concrete, adding fibres improved the compressive strength of concrete at 7-days by an average of 28.6%. The
highest strength-effectiveness was achieved when 8 kg/m? of 6.4 -mm basalt chopped fibres was added (38.7%), while
the lowest strength improvement was achieved when 4kg/m? of 25.4 -mm fibres was added (20.8%). In the presence
of basalt chopped fibres, the concrete compressive strength at 28-days tended to decrease by an average of 3.9%. There
is a negligible reduction of the compressive strength at 28-days for 8F-6.4 (0.5%). The compressive strength reduction
of BFRC at 28-days with 4 kg/m® and 8 kg/m? dosage fibres ranges from -3.5% to -7.0% and from -0.5% to -3.8%,
respectively. The Scanning Electron Microscope images conducted by Jiang et al. [15] indicated that there was a good
bonding between the fibres and cement matrix at early age while there was bond degradation at 28-days. This
confirmed that the aging of the interface between the cementitious matrix and the fibres reduced the compressive
strength of concrete at 28-days. Similar results were reported by Dias and Thaumaturgo [16] in which the inclusion of
basalt chopped fibres slightly reduced the concrete compressive strength by 3.9%. The results also showed that fibre
length had an effect on the strength-effectiveness of BFRC. For instance, for BFRC with 8 kg/m?, as the fibre length
reduces, the concrete compressive strength at 7-days enhances and the change in compressive strength at 28-days
becomes negligible, as for 8F-6.4.

Table 2: Concrete slump test and compressive strength for different mixes

Compressive strength (MPa) Compressive strength (MPa)
Mix Slump (mm) 7-days _ 28-days -
M q strength-effectiveness M q strength-effectiveness
gasure %) easure %)
Plain 245 21.2 - 37.2 -
4F-25.4 100 28.1 32.5 35.8 -3.8
8F-25.4 85 25.6 20.8 35.1 -5.6
4F-12.7 110 25.9 22.2 34.6 -7.0
8F-12.7 75 27.6 30.2 36.1 -3.0
4F-6.4 155 26.9 26.9 35.9 -35
8F-6.4 65 29.4 38.7 37 -0.5

3.3. Splitting Tensile strength

Table 3 shows the tensile strength of concrete and the strength-effectiveness of BFRC at 7- and 28-days. The results
show that the concrete tensile strength at 7- and 28-days increases with addition of basalt chopped fibres, except for
the mix 4F-12.7 for which the tensile strength at 28-days slightly reduces by 4.2%. The increase in the tensile strength
is assumed to be due to the bridging effect of the fibres which delays the development of macro cracks. In comparison
to the plain concrete, the tensile strength for BFRC with 4 kg/m? dosage of 25.4-mm basalt fibres at 7-days and 28-
days increased by 26.4% and 14.4 %, respectively. In general, the concrete tensile strength at 7-days increased as the
amount of chopped basalt fibres increased, except for the BFRC with 25.4-mm length fibres. For instance, as the
amount of fibres increases from the 4 kg/m? to 8 kg/m? the tensile strength at 7-days for BFRC with 12.7 -mm fibres
increases from 7.7% to 24.7%, respectively, and from 15.4% to 21.4%, respectively, for BFRC with 6.4 -mm fibres,
in comparisons to plain concrete. A similar trend is observed at 28-days as the quantity of fibres increases from 4 kg/m?
to 8 kg/m? the tensile strength at 28-days increases from 14.4% to 4.2%, respectively, for BFRC with 25.4.7 -mm
fibres and from 1.9% to 3.4% for BFRC with 6.4 -mm fibres, in comparisons to plain concrete. Furthermore, the results
showed in general an increase in tensile strength for an increasing in fibres length, although the trend is not obvious.
In comparison to the plain concrete, as the length of fibres increases from 6.4 -mm to 25.4 -mm the tensile strength of
BFRC increases from 15.4% to 26.4% at 7-days, respectively, and from 1.9% to 14.4% at 28-days, respectively, for 4
kg/m? fibre dosage. The reason could be that the longer of the fibres being used, the higher of the pulling-out resistance
of the fibres from the cement matrix and the stronger of the bridging effect of the fibres, which contributes to the
tensile strength improvement.
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Table 3: Concrete tensile strength for different mixes

Tensile strength (MPa) Tensile strength (MPa)
Mix 7-days 28-days
Measured strength—(zgsctlveness Measured strength-%g/l;(;ctlveness

Plain 1.82 - 2.64 -
4F-25.4 2.3 26.4 3.02 14.4
8F-25.4 2.06 13.1 2.75 4.2
4F-12.7 1.96 7.7 2.53 -4.2
8F-12.7 2.27 24.7 2.66 0.8
4F-6.4 2.10 15.4 2.69 1.9
8F-6.4 2.21 214 2.73 34

3.4 Modulus of Rupture (Flexural Strength)

Table 4 shows the results of the modulus of rupture and strength-effectiveness of BFRC at 7- and 28-days. Previous
research indicated that adding fibres into concrete enhanced the modulus of rupture of BFRC. Kizilkanat et al. [10]
stated that addition of basalt or glass fibre had beneficial effects on the flexural strength of concrete when compared
with plain concrete. As expected, all BFRC specimens tested in this study showed an increase in the modulus of rupture,
in comparison to plain concrete specimens. As for the tensile strength, the strength-effectiveness of BFRC is more
noticeable at an early age of concrete with an average strength enhancement of 12.7%. The highest strength
improvement at 7-days is achieved for BFRC with 8 kg/m? of 12.7 -mm basalt fibres (28.2%). When compared with
plain concrete, the modulus of rupture at 7-days for BFRC with 12.7 and 6.4 -mm basalt fibres increased from 8.7%
to 28.2% with increasing the dosage of basalt fibre from 4 kg/m3 to 8 kg/m>. The length of fibres has a significant
effect on the modulus of rupture. For BFRC mixes with 4 kg/m? fibres, as the length of fibres increases from 6.4 -mm
to 25.4 -mm, the strength at 7-days increases from 8.7% to 14.6% respectively while the strength at 28-days increases
from 8.8% to 17.1%, respectively, in comparisons to plain concrete. On the other hand, for higher amount of basalt
fibres, the modulus of rupture for BFRC with 24.5-mm fibres is lower than for BFRC with 12.7-mm fibres. As
explained before that longer fibres provide more noticeable bridging effect. However, for high content of fibres, it is
more difficult for longer fibres to distribute uniformly in cementitious composites, hence the bridging effect of fibres
may be affected in some regions of the concrete mix.

Table 4: concrete tensile strength for different mixes

Modulus of rupture (MPa) Modulus of rupture (MPa)
Mix 7-days 28-days
Measured strength %f/]:)(;ctlveness Measured strength tzg/tsctlveness

Plain 3.55 - 4.2 -
4F-25.4 4.07 14.6 4.92 17.1
8F-25.4 3.63 2.3 4.49 6.9
4F-12.7 3.88 9.3 4.59 9.3
8F-12.7 4.55 28.2 4.76 13.3
4F-6.4 3.86 8.7 4.57 8.8
8F-6.4 4.00 12.7 4.32 2.9

4. Conclusion

This study is an experimental investigation on the effect of chopped basalt fibres on the compressive, tensile, and
flexural strength of BFRC at 7- and 28-days. Two dosages of fibres were used, 4 kg/m? and 8 kg/m3 and three lengths
of fibres were investigated, 25.4 -mm, 12.7 -mm and 6.4 -mm. Based on results obtained, it can be concluded that:
e The workability of fresh concrete decreased as the amount of fibres increased and when using shorter fibres.
The slump is lower for mix with longer fibre length and lower content.

e Experiment results showed that inclusion of basalt fibres enhanced the compressive strength of concrete at 7-
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days by 20% to 38.7%, depending on the fibre dosage and length. However, slight reduction in compressive
strength of BFRC at 28-days was observed, with an average of 3.9%. BFRC with 8 kg/m? of 6.4 -mm basalt
fibres performed the best in compression for which negligible reduction of concrete strength at 28-days and
38.7% strength enhancement at 7-days were observed.

®  Generally, the tensile strength of BFRC was increased at 7- and 28-days. The average strength-effectiveness
of tensile strength of BFRC at 7-days was 18.1% while it was 3.2% at 28-days. BFRC with 4 kg/m? of 25.4-
mm basalt fibres performed the best in tension for which the strength at 7- and 28 days was increased by 26.4%
and 14.4%, respectively, in comparison to plain concrete.

e Experiment results showed that inclusion of basalt fibres enhanced the modulus of rupture of concrete at 7-
days by 2.3% to 28.2%, and at 28-days by 2.9% to 17.1%, depending on the fibre dosage and length. The
average strength-effectiveness of modulus of rupture of BFRC at 7- and 28-days was 12.6% and 9.7%,
respectively. BFRC with 8 kg/m?® of 12.7 -mm basalt fibres performed the best for which the flexural strength
at 7- and 28 days was increased by 28.2% and 13.3%, respectively, in comparison to plain concrete.
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Abstract- The objective of this research is to compare the flexural performance of
functionally graded concrete (FGC) to that of conventional Steel fibres reinforced
concrete (SFRC). In this study, four concrete mixes were prepared, containing one
SFRC mix, and three combinations of FGC mixes. The hooked end steel fibres were
used in 0.75 % of the total mix volume in the SFRC and FGC mixes. In FGC mixes,
recycled plastic aggregates (RPA) and recycled concrete aggregates (RCA) have been
substituted for natural aggregates by 15% by weight. Under third-point loading, the
flexural performance of beam-shaped specimens with the dimensions of
100x100x500mm was assessed. In addition, an Ultrasonic pulse velocity test was
conducted on cubic specimens having dimensions of 100x100x 100mm to find the
quality of concrete under the influence of steel fibres and recycled aggregates.
According to the findings, FGC has a lower post-cracking flexural efficiency than
ordinary SFRC. Furthermore, UPV values of FGC are higher than conventional SFRC.
This research reveals the economic advantages of using the functionally graded
materials (FGMSs) concept to minimize the use of fibres.

Keywords- Recycled concrete aggregate, Recycled plastic aggregate, functionally graded concrete, Steel fibres
reinforced concrete, Sustainability.

1 Introduction

Nowadays concrete is globally used for construction purposes. The high compressive strength, workability, and
durability of ordinary Portland cement concrete (PCC) are some of the recognition factors. The PCC contributes
satisfactory performance in the compression zone and no requirement of giving fibres as reinforced in this zone. It is,
however, a brittle material with poor tension efficiency (about 10% of compressive strength) [1].To avoid the brittleness
of PCC, various types of fibres are frequently utilized as reinforcement. Fibre-reinforced concretes (FRC) can boost the
concrete's toughness, flexural strength, and failure mode [1]. Multi-scale fibres with macro fibre and calcium carbonate
(CaCO3) whisker (CW) will increase the mechanical properties and peak strain energy of cementitious composites
substantially [2], [3]. Besides, numerous studies have revealed that fibres might somewhat or entirely replace
conventional reinforcement [4]. According to researchers, the dispersion of fibres over the entire volume of the concrete
portion makes it uneconomical material [5]. In order to minimize the use of fibres, functionally graded concrete (FGC)
was introduced. Functionally graded materials (FGMs) were first suggested by materials scientists in 1984 [6].
Functionally Graded concrete (FGC) is a layer-by-layer fabrication technique that produced with a gradation in
mechanical properties to achieve an intended function. On the other hand, large volumes of waste are dumbed such as
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plastics and demolition wastes which badly affect the natural environment. Electronic waste in developing countries has
the potential to damage people's health and cause pollution [7]. The idea of reusing demolition waste and plastics to
generate RCA and RPA is strongly recommended to solve these issues.

The addition of fibres to ordinary PCC will increase its flexural strength. Substituting natural aggregates for recycled
aggregates (RCA and RPA) in concrete can help to limit environmental harm. Due to its ecological and economic
benefits, Almeshal et al.presented a study of 103 articles and concluded that reusing plastic waste in the manufacture of
concrete or mortar appears to be an environmentally sustainable alternative for getting rid of plastic waste [8]. Recycled
concrete aggregates make up a large portion of building and demolition waste, and their recycling is important for long-
term construction sustainability [9]. A functionally graded concrete (FGC) concept was developed to combine the
benefits of fibres and recycled aggregates. FGMs have the ability to combine different materials to form a continuous
monolithic structure [10].In comparison to a standard single-layered lining, the outcomes show that functionally graded
lining has a higher elastic ultimate bearing potential [11]. Further study shows that under cyclic loading FGC performs
better than ordinary FRC [12].

The aim of this study is to compare the flexural performance of functionally graded concrete (FGC) by using Steel fibres
and recycled aggregates (RPA, RCA) to that of conventional SFRC. There is a lack of research on the effects of
combining recycled aggregates and fibres [13]. Therefore in this research three types of aggregates were used: natural
coarse aggregate (NCA), recycled concrete aggregate (RCA), and recycled plastic aggregate (RPA).In this study, steel
was used as fibre-reinforced material. This study presents the models of steel fibre reinforced concrete (SFRC) (A) and
FGC concrete mixes (B, C, D). FGC mixes consists of Portland cement concrete (PCC) +SFRC (B), recycled concrete
aggregate (RCA) +SFRC (C) and recycled plastic aggregate concrete (RPAC) +SFRC (D). As a reference mix, the SFRC
mix was used. The basic third-point loading test was executed to compare the flexural performance of FRC and FGC.
Whereas, the Ultrasonic pulse velocity test was performed to determine concrete's quality under the influence of fibres
and recycled aggregates. The results of each mix are discussed, and conclusions are presented.

2 Experimental Procedures

2.1 Materials

Ordinary Portland Cement (OPC) according to ASTM C-150 was utilized in this study. And ordinary drinkable water
was chosen. As a fine aggregate, Natural sand of the Lawrencepur brand was used. Three types of coarse aggregates
were used: natural coarse aggregate (NCA), recycled concrete aggregate (RCA), and recycled plastic aggregate (RPA).
The NCA of the Margalla brand was used. Recycled concrete aggregate (RCA) was obtained through the manual
crushing of tested specimens of concrete. As a plastic aggregate, recycled electronic waste (E-waste) was used. Fig 2(a)
depicts the E-waste aggregate. The particle size distributions (PSDs) are shown in Fig 1.

In this study Steel fibre (MasterFibre S 65) was used as reinforcement. The MasterFibre S 65 is a hooked end that
complies with ASTM A820, Type 1. The length (L) of this fibre is 35 mm, the aspect ratio (L/D) is 64 and the tensile
strength is 1345 MPa. Bonding agent ‘ULTRA SBR latex’ complying with ASTM C1059-86 was utilized. It was
produced in the ratio of SBR: water: cement 1:1:3. Fig 2(b) depicts the steel fibres utilized in this study.

100 —o—Fine aggregate NCA RCA RPA
90 1

Percentage of passing
(€]
o

0 — i

0.1 1 Sievesize (mm) 10 100
Figure 1: Particle size distributions (PSDs) of fine aggregates, NCA, RCA and RPA
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2.2 Concrete mixes and testing procedures

Figure 3 depicts the models of four concrete mixes used in this research. These models consist of steel fibre reinforced
concrete (SFRC) (A) and functionally graded concrete (FGC) mixes (B, C, D). FGC is made up of two layers of equal
thickness. FGC group embraces Portland cement concrete (PCC) +SFRC (B), recycled concrete aggregate (RCA)
+SFRC (C) and recycled plastic aggregate concrete (RPAC) +SFRC (D). Steel fibres were used to strengthen the bottom
layer of all FGC mixes. Because concrete pavements are often bent, and thus the upper and lower layers are subjected to
compression and tension, respectively [14]. Subsequently, PCC carries comparatively little tension loads; therefore, the
reinforcement is only needed in the lower layer. All FGC mixes were compared to the SFRC mix, which was used as a
reference mix.

To make the concrete mixes mentioned above, a total of four mix designs are required as shown in table 1. A 0.5 ratio of
water to cement was selected. Steel fibres accounted for 59 kg/m3 of the total (0.75 percent in volume). Previous
research has shown that when the fibres are between 0.5 and 1 percent of the concrete volume, there is a greater increase
in residual flexure strength [15]. Furthermore, Debieb et al. reported an increase in compressive and flexural strength,
especially at the 10% and 20% replacement levels [16]. As a result, the substitution percentage by weight of the natural
coarse aggregates with recycled aggregates (RCA, RPA) was set at 15% in this study, and steel fibres accounting for
0.75 percent of concrete volume.

- P e GN S (b)

Figure 2: (a) The prepared E-waste aggregates and (b) the used Steel fibres

A mechanical mixer was used to mix the concrete. The mixing process consists of two stages: the first stage involved the
mixing of fine and coarse aggregates with half percent water for 4 minutes; the second stage involved the mixing of
cement with the remaining half percent water for another 4 minutes. During the second level, steel fibres were added.
The FGC mixtures were mixed for 8 minutes, while the SFRC mixtures were mixed for 12 minutes.

2.3 Production of concrete samples

Prismatic (100x100x500mm) samples were cast to test the flexural performance of the concrete mixes. Besides, an
Ultrasonic pulse velocity test was also performed on cubic specimens having dimensions of 100x100x100mm to estimate
the quality of concrete under the influence of recycled aggregates and steel fibres. The upper and bottom layers were
defined using moulds (Fig 4. a-b). The bottom layer of concrete was mixed and cast according to the defined mark, then
vibrated for 25 seconds. After that, a bonding agent (ULTRA SBR latex) was produced in the ratio of SBR: water:
cement (1:1:3) and applied to the surface (Fig. 4. c-d). When a bonding agent becomes effective second layer (upper
layer) of concrete was cast about 25 minutes later, up to the mould height (Fig. 4. e-f). The vibration of the top layer was
decreased by 50 percent to prevent a mixture of the layers. A total of 12 prismatic and 12 cubic samples were made.
After casting, all specimens were demoulded for 24 hours and cured for 28 days in water at room temperature
(approximately 20 °C). A flexural strength test was used to assess the mechanical performance of steel fibres reinforced
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concrete (SFRC) and functionally graded concrete (FGC). Whereas, to ensure the quality and uniformity of concrete the
Ultrasonic pulse velocity test was carried out.

Table 1- Mix designs (kg/m3)

Mixes ID Cement Water Fine Coarse Aggregates Fibres
Aggregate
NCA RCA RPA
Portland cement 422 211 672 1344 - - -
concrete(PCC)
recycled plastic 422 211 672 1142 - 78 -
aggregate
concrete(RPA)
recycled concrete 422 211 672 1142 202 - -
aggregate(RCA)
steel fibre 422 211 672 1344 - - 59
reinforced

concrete (SFRC)

Figure 3: concrete mixes considered in this study

2.4 Flexural strength test

Modulus of rupture (MR) is another name for this examination. Under third-point loading at a rate of 0.5mm/minute, the
flexural strength test was executed on beam-shaped specimens with dimensions of 100x100x500mm, as per ASTM C78
[17]. During the testing, flexural behavior and the crack pattern was being observed. Three samples were cast for each
blend. Figure 5(a) depicts the prismatic sample being tested. Since fractures begin in the tension zone in the middle third
of the span length, the formula for calculating the modulus of rupture (MR) is as follows:

= )

2.5 Ultrasonic pulse velocity (UPV) test

Non-destructive ultrasonic pulse velocity measurements are used to interpret concrete insufficiencies, such as non-
uniformity and crack presence. This test was carried out on three cubic specimens, each measuring 100x100x100mm.
Figure 5(b) depicts the cubic sample testing. This test is performed by sending an ultrasonic pulse through the concrete to
be tested and measuring the time it takes for the pulse to pass through the structure. The values of ultrasonic pulse
velocity were taken from the Ultrasonic Non-destructive Tester in accordance with ASTM C597-09 [18].
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NG C

Figure 4: Moulds are marked to define the upper and bottom layers: (a) cubic sample (b) Prismatic sample. The casting of the bottom
layer along with an application of ULTRA SBR latex: (c) cubic sample, (d) Prismatic sample; and after casting of the upper layer (e)
cubic sample, (f) Prismatic sample.

(a)

Figure 5: (a) flexural strength testing and (b) UPV testing
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3 Results and discussion

3.1  Flexural strength

Flexure strength results (mean value) of all concrete mixes (SFRC and FGC) are presented in fig.6. All of the FGC
mixes were compared to the conventional SFRC mix. Eq. (2) can be used to calculate relative strength, from which the
difference in strength can be calculated. The differences in flexural strength between FGC mixes and SFRC are
thoroughly explained.

(frec / fsrrc) % 100 2

Figure 6 shows a comparison of steel fibres reinforced concrete (SFRC) and functionally graded concrete (FGC). PCC +
SFRC mix has 5.5 % more flexural strength than traditional SFRC, RCA +SFRC mix has 1.8 % more flexure strength,
and RPAC + SFRC mix has 13.3 % lower flexure strength. The best FGC mix was PCC + SFRC, which provided 5.5 %
more flexural strength than conventional SFRC. Using recycled concrete aggregate (RCA) in concrete, on the other
hand, helps to save the world by reducing the capacity of construction waste that closes up in landfills [19]. Therefore,
FGC compositions of replaced recycled aggregates (RCA, RPAC) cast in the upper layer, combined with a bottom layer
of fibres reinforced concrete, will eliminate environmental waste, thus leading to sustainable growth.

Cement optimization, serviceability performance, and an FGC member having the same deflection strength as a
homogeneous component are just a few of the benefits of the FGC [20]. Concrete's functional gradation can be linked to
a reduction in the element's mass and the formation of multifunctional properties [21]. As a result, using FGC in new
construction can increase PCC's post-cracking behavior. Furthermore, the FGC concept in new construction is much
more effective in bending members, enabling us to reduce the use of fibres that precede society's economic growth.

Flexural Strength (MPa)
= == Variation in Flexural Strength (%)

7 - 10
E 6 “5.8
3 ' 5
£ ® S
2 L0 =
g £
s 3 -
£ >
3 2
L - -10

1

0 -15

A B C D
Mixes

Figure 6: Flexure strength comparison of SFRC and FGC mixes

3.2 Ultrasonic pulse velocity (UPV) test

The UPV test was used to measure concrete's consistency under the influence of steel fibres and recycled aggregates.
The UPV test results are presented in Figure 7. As suggested that Concrete has good durability when its pulse velocity
value varies between 3660-4575 m/s [22]. Higher velocities indicate good material quality and consistency, while slower
velocities can reveal concrete with numerous cracks or voids [23]. From the results, it can be observed that all calculated
values are within the range indicated, which confirms the quality of both SFRC and FGC. Furthermore, the SFRC mix
exhibits a lower UPV value than all FGC mixes. All FGC mixes have higher velocities than the SFRC mix because if we
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use FGC instead of SFRC, it will use fewer fibres. If the amount of fibres is reduced, then there will be fewer pores in
the concrete and its UPV value will be greater. The results are in good agreement with the findings of L. Li.[24], who
reported that the addition of fibres and calcium carbonate whisker (CW) decrease the ultrasonic pulse velocity (UPV)
value. Finally, it has been concluded that FGC increases the quality and durability of concrete as compared to SFRC.

UPV (km/sec) Max. UPV Range (km/sec)

4.575

Al

UPV (km/sec)
w

A B Mixes C D

Figure 7: UPV test values of SFRC and FGC mixes

4 Conclusion

The experimental investigation conducted on the mechanical performance of Steel fibres reinforced concrete (SFRC) and
functionally graded concrete (FGC) yielded the following conclusion.

e The mix PPC+SFRC and RCA+SFRC exhibit higher flexural strength compared to SFRC. While the flexural
performance of RPAC+SFRC is lower than SFRC.

e The FGC combination of PCC+SFRC has a 5.5 % higher strength compared to the traditional SFRC.

e As compared to conventional SFRC, the FGC mix of RCA+SFRC has 1.8 % higher flexure strength, and the
RPAC + SFRC mix has 13.3 % lower flexure strength.

e The strongest FGC mix combination is PCC+SFRC, which offers 5.5 % more flexure strength than traditional
SFRC. Therefore, the FGC mix possessing PCC+SFRC is more effective and cost-efficient in bending members
by reducing the fibres content.

e The ultrasonic pulse velocities of all FGC mixes are higher than the SFRC mix which ensures the concrete's
consistency and uniformity.

e The FGC method, on the other hand, allows us to use fibres in one layer and cast the second layer from recycled
aggregates concrete (RCA, RPA). It can support us in recycling everyday plastic waste and reusing demolished
concrete as an aggregate substitute in new concrete in a cost-effective (environmentally friendly) manner.

In comparison to traditional SFRC, functionally graded concrete (FGC) is more efficient in flexural strength. As a result,
FGC is suggested for the flexural member. However, utilizing different fibres, waste materials, and aspect ratios need to
be examined along with the cost analysis to assess the FGC’s performance.
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Abstract- Plastering is one of the general applications of earth-based mortars used for
earthlike building conservation or latest architecture. Regarding the compressive
strengths, there are contrasting findings presented in past studies. It is found that the
mixture of coconut fibers with cement mortar decreased its compressive strength when
increasing the fiber content. The extensive research has been done on the use of natural
fibers as a stabilizer in building materials. The use of fibers, or natural fibers, in the
plaster does more to enhance the wall strength than fibers in blocks or mortar. This
paper adds to the effort to review the properties of the coconut-reinforced paper
machine by focusing directly on any changes in the changing behavior of the composite.
The research and conclusions of various researchers are reviewed to better understand
the combined behaviors. According to the review, the dynamic nature of the hardened
coconut compounds has been greatly improved.

Keywords- Plaster, Compressive behavior, stabilizer, coconut fiber

1 Introduction

One of the basic needs of a person is accommodation. This usually comes third after meals and clothing. Housing is not
enough in price and quality in many developing countries as compared to population growth. This shortage is the reason
for the need for development in the construction industry, especially in stone houses [1]. Plaster is a unique material that
can vary basically by chemical formulation. The main types of chemicals are gypsum cement and lime plaster. Lime
plaster is prepared by burning limestone (calcium carbonate) to produce quicklime (calcium oxide). Water is added to
form slaked lime (calcium hydroxide), which forms a mixture of cement. The lime reacts chemically with carbon dioxide
(CO2) present in the air [2]. Bulk testing is essential because plasters are used in walls and ceilings, and their attachment
to substrates depends on their weight. Plasters must be able to deform when substrate deforms, in the application of
loads, thermal fluctuations or to reduce shrinkage. Therefore, it is necessary to test the defects of the earth plaster, which
can be tested by a strong mode of hardness testing [3]. Natural strengthening materials can be found at low cost and low
energy levels using local manpower and technology. The use of natural fiber is of unique concern in rarely improved
regions where there are common building materials very expensive. In making concrete with adding threads, traditional
architecture has reached new levels of performance [4]. An examination of some old and modern buildings shows that
their lives have been greatly reduced since then the cement of the earth undergoes shrinking cracks. Therefore, a study
on the reduction of earth plaster is important for the sustainability of such construction practice. This work investigates
the decrease in erosion suspension of the earth reinforced with various fibers such as barley grass, wheatgrass, and wood-
shaving under various medical conditions [5].

Mortar is usually a matrix formed by judiciously combining cement or any other cementitious material like lime or alkali
activated binders with fine aggregates such as river sands or crusher rock powder sand in the existence of sufficient dose
of water. Mortars are useful in bonding the bricks during the wall construction or plastering, both inside as well as
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outside as finishing layer. When the hydration reaction gets finalized and calcium silicate hydrate gels are formed mortar
will have adequate mechanical strength [6]. An experimental study of the various types of brick structure to determine
the shear volume, using diagonal pressure test and triple cutting. The result of both tests has shown that the shear volume
is entirely dependent on the power of used mud [7]. The main disadvantage of plaster compared to cement products its
hardness and high intimacy watering. Although gypsum hemihydrate melts slowly inside water, its use is not increased
for external use due to its poor mechanical properties caused by low bonding strength between gypsum grains and lack
of adhesion paths between characters that lead to higher altitudes [8]. In Table 1 properties of coconut fiber reinforced
concrete (CFRC) are shown.

Table 1: Properties of Coconut Fiber Reinforced Concrete (CFRC) [8].

Fiber volume Compressive strength  Split tensile strength Modulus of rupture  Shear strength
Fraction (MPa) (MPa) (MPa) (MPa)
(%)
- 21.42 2.88 3.25 6.18
0.5 21.70 3.02 3.38 6.47
1.0 22.74 3.18 3.68 6.81
1.5 25.10 3.37 4.07 8.18
2.0 24.35 3.54 4.16 8.21

The compressive strength, splitting tensile strength, modulus of rupture, and shear strength of coconut fiber reinforced
concrete with 2% fibers by volume proportion were improved up to 13.7, 22.9, 28.0 and 32.7 %, respectively as
compared to those of plain concrete. Researchers also found that all these properties were also improved for coconut
fiber reinforced concrete with all other tested volume proportion of fibers (0.5, 1 and 1.5 %). These properties were
improved up to only 1.3, 4.9, 4.0 and 4.7 %, respectively for coconut fiber reinforced concrete with 0.5% fibers by
volume proportion. Modern climatic challenges in urban areas require more practical solutions to reduce environmental
degradation such as the urban temperature effect (UHI). Hot pressures caused by severe temperatures, fluctuations in
temperature, as well as UV rays emitted on construction sites adversely affect the city as well house construction for
thermal comfort, strength building, and durability of finishing materials. Thus, it is improving the effectiveness of
external finishing materials to reduce the effects of natural loads would be beneficial in construction and urban materials

[9].

2 Compressive Performance of Cement Paste

The mechanical and physical properties of reinforced cementitious material can be affected by many factors. These
cementitious materials are reinforced with natural fibers. These materials are categorized by, the nature of cementitious
material and the composition of composite; reinforcing fibers behavior and its types; and the characteristics of
composite, chemical healing and solubility. With these aspects, the arrangement of fibers and cementitious material
causing the uniform distribution of reinforcing cords and affects the material properties of these compounds. The
chemical composition and surface of fiber determine the fiber-matrix compatibility. This compatibility depends upon the
condition of the optical connector, the reinforcement content exposed to compact mechanical properties.

There are lots of elements that can influence the mechanical and physical properties of cement composites supplemented
with coconut fibers. The grouping of such materials is based upon, the variety of the cement matrix and the composition
of the composite; the category and property of the reinforcing fibers; and the classification of the composite, chemical
healing and solubility. Between these specifications, the alignment betwixt the fiber and the cement matrix directing to
the uniform dispensation of reinforcing cords persist as one of the strongest elements affecting the mechanical properties
of these materials. Coconut fiber-matrix similarity is decided by the chemical configuration of coconut fiber, its external
structures and depending on the limitations of optical connector, the reinforcement volume establishes the level of
exposure to compact mechanical properties [10].
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Concerning the force of compression, there are conflicting results presented in past studies. It was found that the
installation of coconut fibers reduces cement target’s strength (compressive strength) when fiber content increases. The
researches claim that the reduction of interaction of fibers within the matrix; increase the volume of voids within the
composite and was seen as the highest volume fraction of coconut fibers added, indicating a bold formation. On the other
hand, some researchers found an increase in strength (compressive strength) by the insertion of coconut fibers into the
cement in the mud [11]. The effect on the distribution of pressure by threads. Concerns about adding more coir fiber to
cement-lime mortar, it was found that the strength (compressive strength) of the mud increases with volume fraction of
coconut fiber content up to 0.5%, and high coconut fiber content decreases the compressive strength of the mud
compared to the reference cement [12]. Numerous studies announce that the addition of plant fibers to the earth's mud
can cause the reduction of dry piles, shrinkage and heat dissipation, which is easily remedied by the presence of fibers,
which have a smaller mass, and ultimately increase the compressive strength and adhesion of plaster foundations.
Moreover, the effects of compression and adherence strength require further studies [12]. In Figure 1: Coconut fiber-
reinforced cement-based mortars specimens after compressive strength test and flexural strength are shown.

[

@ (b) ek

Figure 1: Coconut fiber-reinforced cement-based mortars specimens after: (a) compressive strength test and (b) flexural strength.

Figure 1 presents the coconut fiber-reinforced cement-based mortars samples after compressive strength and flexural
strength tests. Summarizing, the compressive strength of the coconut fiber reinforced mortar showed a decrease. Bulk
testing is essential because plasters are used in walls and ceilings, and their attachment to substrates depends on their
weight. Plasters must be able to deform when substrate deforms, in the application of loads, thermal fluctuations or to
reduce shrinkage. Therefore, it is necessary to test the defects of the earth plaster, which can be tested by a strong mode
of hardness testing [13]. In short, the installation of cables reduced the performance of the mud. Therefore, the high
water content of the mix was used to achieve the intended amount of table flow. The threads in the mud showed an
increase in the amount of water to the binder compared to cement reference, which can affect the solid structures of
cement. It was noticed that performance decreases with the length and thickness of the fibers [14].

3 Available Measures to Improve Compressive Behavior

Cement has been used historically for hundreds of years now and brings many useful properties hamely decorating,
protecting the environment, thermal heating, and sound effects up to a good level among many others. Nowadays,
however, the research has focused on the investigation of the structures of the long-established concrete plastering
machine. While good in many respects concrete exhibits weak structures such as flexural, mechanical and compressive
strengths which is the main reason why cement has not escaped its common use as decorative and plastering materials.
Plaster is very natural and does not provide any resistance to cracking when applied to the connecting force. The
inclusion of fibers in binding materials can often improve its structure, especially in post-crack behavior; In particular,
homosexuality can be reduced by an appreciation by combining mud with natural fibers [15]. The mud supply should not
show high pressure, indicative of high durability, because brittle behavior may be at risk of cracking. Therefore, the
results obtained from this work can be a good addition to the dedication. On the other hand, flexibility is highly
requested and must withstand structural movements and thermal variability in pressure without cracking Flexural energy
is strong it has to do with other factors, such as the tendency to crack and the ability to stick to offer mud [16].
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Concerning the compressive strength, there are conflicting results shown in previous studies. Hwang et al. found that the
installation of coconut fibers reduces cement target’s strength when fiber content increases. Researchers claim that the
reduction of the interaction of fibers within the matrix; enlarge the volume of voids within the composite and was seen as
the highest volume fraction of coconut fibers added, indicating a bold formation. An examination of some old and
modern buildings shows that their lives have been greatly reduced since then the cement of the earth undergoes shrinking
cracks. Therefore, a study on the reduction of earth plaster is important for the sustainability of such construction
practice. This work investigates the decrease in erosion suspension of the earth reinforced with various fibers such as
barley grass, wheatgrass, and wood-shaving under various medical conditions [17].

4  Selection of Suitable Fiber

There are many general advantages of coconut fibers e.g., they are resistant to damage by moths, repellant of fungi and
decay, also coconut fibers are heat insulating and sound absorbing materials, not easy to ignite, fire resistant,
uninfluenced by wetness and humidity, strong and durable, irrepressible, spring back to shape even after constant use,
totally uncharged and not difficult to clean [18]. Fibers, or natural fibers, could be mixed in composite materials to
upgrade firmness and flexibility, reduce weight, improve the inclination of cracked candy matrices, increase shear
strength and be more secure during processing, and handling. However, the element influencing the widespread
utilization of fibers is durability. The strong alkaline presence in portland cement matrix (pH> 12) is largely due to the
existence of calcium hydroxide and may be due to possible interaction between fiber elements and portlandite causes the
degradation of composite materials [19]. Table 2 represents the tensile strength and modulus of rupture of cement paste
composite reinforced with varying volume fractions of 3.8 cm long coconut fibers ranging from 2% to 6 %.

Table 2: Mechanical properties of coconut fiber reinforced plaster with respect to fiber percentage [19].

Fiber volume fraction Tensile Strength Modulus of Rupture
(%) (MPa) (MPa)
2 1.9 3.6
3 2.5 4.9
4 2.8 5.45
5 2.2 5.4
6 15 4.6

For example, take note of the fact that the 4 % volume proportion of coconut fibers had shown the outstanding
mechanical properties amidst all tested volume proportion [20]. With a 4 % volume proportion, the researchers also
studied the tensile strength of cement paste reinforced with different lengths of coconut fibers. The observed tensile
strengths with fiber lengths of 2.5, 3.8 and 5.0 cm were 2.3, 2.8 and 2.7 MPa [21]. The maximum strength of cement
paste composite was achieved with coconut fiber having length of 3.8 cm and 4% by volume fraction. Another method to
combat damage and to upgrade the strength of plant-reinforced concrete cement is to change the surface of the natural
fibers using hydrophobic materials that permit themselves to be painted, protected in an alkaline environment where they
will be disclosed and decrease the amount of water the fiber absorbs, and thus providing more stability in the cement
matrix. In this study, structural elements reinforced with coconut shell are designed to decide the effect of the defensive
element, length and percentage by fiber weight on the properties of reinforced mortar machines [10].

The thermal conductivity of the building material is an important method of heating comfort within buildings. Using date
palm in mortars is effective in making the environment friendly and protective; Pinto et al. show good tropical buildings
where corn cobs can be added. The findings reveal the divisive areas of the day-to-day combination of palm metal
compounds. Those results have already been tested and verified for other tasks. Therefore, separating the properties of
vegetable fibers becomes an interesting parameter for something aimed at a powerful structure [22].
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5 Conclusion

Natural fibers such as coconut fiber are effective in strengthening the manufacturing of mud type. Regarding the results
obtained, there is an increase in pressure and flexibility by 84.27% and 43.32% respectively as compared to untreated
mud. Treatment with paraffin upgrades the chemical aversion to fiber, minimizing the water sucking up extent and
contributing best preservation as a contrast of alkaline medium of the cement. The addition of coconut fibers in minor
quantities (0.5 percent by weight) is to upgrade flexural and compressive strength, as long as mixing is not being
disturbed by fibers. The short fibers, i.e. 1 cm, are aligned randomly which shows homogeneous way of behaving to
mechanical stresses, improves compressive and flexural strength.
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Abstract-This paper presents the effect of ambient (27°C) and heat (100°C) curing on the
properties viz. workability, compressive, and tensile strength of quarry rock dust (QRD) based
geopolymer concrete (GPC) comprising fly-ash (FA), and slag (SG) as a binder. The SG was
replaced with QRD up to 20% by weight to develop QRD-SG-FA based geopolymer concrete
(QFS-GPC). A total of 12 types (6 cured at ambient and 6 cured at 100°C) of mixes were
prepared and tested. The workability of the mixes was reduced by the replacement of SG with
QRD. The ambient cured GPC-D27°C and oven-cured GPC-D100°C mixes with FA/SG
contents of 50/35% and QRD of 15%, yielded the maximum compressive strength of
33.55MPa and 35.45MPa respectively. The strength properties i.e., compressive, and splitting
tensile strengths of the above optimal mixtures have shown improved strength by curing at
higher temperature and have depicted more strength than the control OPC concrete
specimens.

Keywords- Ambient temperature curing, elevated temperature curing, geopolymer concrete, quarry rock dust.

1. Introduction

Nowadays, construction activities have been increasing to meet infrastructure demand. It can be observed that ordinary
Portland cement (OPC) concrete is an essential and broadly used construction material in most construction activities.
During the manufacturing process of OPC, a huge amount of carbon dioxide (CO2) is released into the atmosphere
through the transformation of raw material and fuel consumption. The second-largest source of production of greenhouse
gases in the cement industry [1]. [2]. The manufacturing of OPC contributes about 5% of CO2 emission globally [3].
Therefore, an alternative finding for OPC concrete has been a challenging task for researchers and environmentalists. It
is essential to work on feasible and better solutions, which can utilize industrial solid wastes to yield alternative binder
materials. Alkali activated geopolymer concrete (GPC) is a relatively new technique in the construction industry that has
been becoming popular due to its mechanical properties and eco-friendly benefits. The geopolymers are good solutions
to reduce and support the effective use of waste materials [4]. The geopolymers can play a significant role in reducing
the low emission of CO2 in comparison to OPC in the construction industry [5]. In general, the geopolymers are
classified as alumino-silicate, an inorganic polymer manufactured from the alkaline activation of different
aluminosilicate constituents of geological source or industrial by-product wastes like metakaolin, slag (SG) and, fly ash

[617].

It is described that the production of GPC with low calcium FA at elevated temperature curing resulted in superior
mechanical properties [8] which restricts its usage to precast structural members only. However, at ambient curing
conditions, these results are comparatively less promising. It was due to the polymerization procedure which proficiently
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holds at elevated temperature and directs to the development of sodium aluminate silicate hydrate (NASH) calcium
aluminate silicate hydrate (CASH) [9]. In few studies, by adding calcium-rich materials such as alcofine [9], SG [10],
etc. the reactivity of low calcium FA was improved at ambient curing conditions. It has been remarked that SG and FA
blended GPC mixes proved good resistance to high temperature [11] and displayed heightened shrinkage [12]. It is also
described in experimental work that calcium comprising ingredients accelerate the rate of geopolymrization at ambient
curing conditions, minimize the pore sizes in the mixture and produce the compressed composite with better mechanical
properties [13][14].

The quarry rock dust (QRD) is a dumped residue and calcium-containing substance which can be utilized as a partial
alternative to filler or binder material in GPC. This can assist in the reduction of land and environmental pollution by
preventing its deposition at landfills. From the previous studies, it was noticed that mostly QRD has been utilized as a
partial substitute of sand in geopolymer mortar [15] and cement concrete [16][17]. However, the research studies on
QRD as a partial alternative of binding material in geopolymer concrete are rather limited. Therefore, the present
research study investigates the effect of QRD as partial replacement of SG on fresh and mechanical properties of QRD-
FA-SG based GPC (QFS-GPC) cured at ambient (27 °C) and elevated (100°C) temperature conditions. To accomplish
this, a series of GPC mixes were planned by differing the amount of QRD (to partially substitute SG) in QFS-GPC as
shown in Table 1. The tests were later performed to find an optimal mix considering workability and mechanical
properties viz. compressive and splitting tensile strength.

2. Experimental Methodology

A total of ten types of mixes of QFS-GPC were designed as described in Table 1, with varying dosage (0%, 5%, 10%, 15%,
and 20%) of QRD, partially substituting SG (by weight of binder), while maintaining all ingredients the same in all the
mixes. For the sake of comparison, two OPC concrete mix types were also considered as control mixes to observe the
differences and improvements, if any. Thus, a total of 12 mix types were prepared. The engineering properties (i.e., fresh, and
mechanical) of control mix (OPC) and QFS-GPC mixes were evaluated by slump test, compressive, and splitting tensile
strengths tests. According to ASTM standard C143/C143M-20 [26], the workability of fresh concrete was determined by
performing a slump cone test. A universal testing machine (UTM) with a load capacity of 3000 KN was used for testing of
cylinders and cubes at the rate of 8 KN/s after 7, 28, and 56 days of casting to determine split tensile and compressive
strengths according to ASTM C496/C496M-17 [27] and BS EN 12390-5-2019 [28] respectively.

2.1. Materials specifications and mixing of ingredients.

In the present study, the type Il OPC confirming to ASTM standard C-150/C150M-20 [18] for OPC concrete; and three
binders i.e., QRD, FA, and SG were used in various proportions in the preparation of QFS-GPC mixes. The low calcium FA
of class F (Grey color) confirming the requirements of ASTM C618-19 [19] was used. It is a preferred source over high
calcium FA due to the high calcium effect on the polymerization process [19]. The grinded QRD was sieved through a 45pum
sieve confirming the finess of particles used in the GPC production as a binder [20]. The off-white processed SG justifying
the ASTM C989/C989M-18a was used [21].

In the present study, the alkaline solution was prepared by mixing sodium hydroxide (SH) and sodium silicate (SS). The
molar solution of SH (12M) was prepared 24 hours before use, by gradually mixing 98% pure flakes in the potable water.
The solution of SS was mixed with SH solution 30 minutes before its usage. The natural river sand obtained from
Lawrancepur (near Attock) was used as fine aggregates. The coarse aggregates were supplied from Margallah hills crushers.
The finess modulus of sand was verified to ASTM C136/C136M-19 [22] while the water absorption and specific gravity
were according to ASTM C128-15 [23]. The specific gravity of coarse aggregates was as per recommendations of ASTM
C127-15 [24]. The alkaline solution is generally viscous than water, hence its usage makes the GPC mixes stickier and more
viscous than OPC concrete mixes. Therefore, to increase the workability of freshly GPC mixes, a Naphthalene Sulphonate
grounded superplasticizer conforming ASTM C494/C494M-19 [25] was utilized in the present study. The mix proportion for
1 kg/m?® of OPC and GPC is shown in Table 1.
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Table 1. The composition and proportions of OPC and GPC mix used in the study.

Mixture proportions Concrete mixture quantity (kg/m9)
O H ~~
< Binder . s
o o o = o =] = =
s0Q § % g B q%_ § [a) E E 3
© Of o883 a@ X% o o f 8 axF @ oo 3 8 & 5
5 839503 22 o < < < =
& O I & %, :‘E = g A G O
=
o o~ 10 68 75 34 14
OPC-27°C 27°C o - - 03 - - 400 400 - - - - - 0 1 o0 10 0
OPC-100°C 100°C ¢ - - - - 035 - - 400 400 - - - - - 0075 34 M
GPC-A 27 R 20 20 12 68 75 34
oC 27°C - 5050 0 050 - 12 15 400 - 0 0 0 80 0 0 1 o0 10 35
GPC-A 100 R 20 20 12 68 75 34
o 100°C - 5050 0 050 - 12 15 400 - 0 0 0 80 0 0 1 o0 10 35
GPC-B 27 R 20 18 12 68 75 34
°C 27°C - 5045 5 050 - 12 15 400 - 0 0 20 80 0 0 1 0 12 35
GPC-B 100 R 20 18 12 68 75 34
oc 100°C - 50 45 5 050 - 12 15 400 - 0 0 20 80 0 0 1 o0 12 35
GPC-C 27 R 20 16 12 68 75 34
oC 27°C - 50 40 10 050 - 12 15 400 - 0 0 40 80 0 0 1 o0 14 35
GPC-C 100 R 20 16 12 68 75 34
oc 100°C - 50 40 10 050 - 12 15 400 - 0 0 40 80 0 0 1 o0 14 35
GPC-D 27 R 20 14 12 68 75 34
°C 27°C - 50 35 15 050 - 12 15 400 - 0 0 60 80 0 0 1 0 145 35
GPC-D 100 R 20 14 12 68 75 34
oc 100°C - 50 3515 050 - 12 15 400 - 0 0 60 80 0 0 1 0 145 35
GPC-E27°C 27°C - 50 30 20 050 - 12 15 400 - 200 102 80 80 102 608 715 304 145 35
GPC-E 100 R 20 12 12 68 75 34
oc 100°C - 50 30 20 050 - 12 1.5 400 - 0 0 80 80 0 0 1 o0 145 35

Note: W (Water): B (Binder); C (Cement): OPC (Ordinary Portland Cement); AAL (Alkaline Activator Solution); QRD (Quarry
Rock Dust); SG (Ground Granulated Blast Furnace Slag); FA (Fly Ash); SH (Sodium Hydroxide); SS (Sodium Silicate); M(
molarity); SP (Superplasticizers); S (Sand); CA (Coarse Aggregates).

For the preparation of mixes, all the ingredients including aggregates (fine and coarse), and binders (OPC or QRD, FA, and
SG) were dry mixed uniformly in the mechanical mixer having the capacity of 0.15m3 and speed of 20 rev/m for 2 minutes.
Before the mixing, the saturated surface dry (SSD) condition of fine and coarse aggregates was obtained. The solution of SH
was prepared 24 hours before its application [9] due to exothermic reaction produced during its preparation and mixed 30
min before with SS solution at a required ratio of 1.5 to enhance the reactivity of the solution [10]. Afterward, the premixed
alkali-activated solution was added progressively, and mixing continued for another 2-3 minutes to ensure the uniformity of
the mixture. Finally, the extra water and superplasticizer (SP) were added to the fresh mixture to achieve the required
workability.

The moulds of cubes (150mm x 150mm x 150mm), and cylinders (150mm x 300mm) were filled in three layers with the
freshly prepared concrete mix. A vibrator was used for compaction. The freshly casted specimens were placed in the
laboratory at ambient and in an oven at 100°C temperature for 24 hours. After demoulding, the OPC and QFS-GPC
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specimens were kept in a water tank and direct sunlight for water and air curing respectively for 7, 28, and 56-days for
testing. Three samples for any test of a mixed type were cast and the average value was used in the results.

3. Results and Discussions
The results of workability, compressive, and splitting tensile strengths are discussed in the following subsections.

3.1. Workability

The ease of positioning and placement of freshly made concrete is known as workability. The slump test on freshly
prepared OPC and QFS-GPC mixes was performed according to ASTM standard C143/C143M-20 [26]. The values of
the slump test are shown in Figure 1. The workability of QFS-GPC mixes was observed lower than OPC mixes due to
the sticky and viscous properties of SH and SS solution [28]. In the present study, the target medium workability
standard (50 to 89 mm) [29] was followed. The workability decreases by replacement SG with QRD in the QFS-GPC
mixes due to the angular shape of QRD [15] than SG and FA particles that increase water requirement. The target
medium workability standard was maintained by an equal amount of extra water for all QFS-GPC mixes and a varying
amount of super-plasticizer [25]. The results of workability achieved for OPC and QFS-GPC mixes are shown in Figure
1.

100
o 60
=
T 40
o
s 2
>
» 0

Control Mix GPC-A GPC-B GPC-C GPC-D GPC-E
Mix designation

Figure 1: The slump values of control (OPC) and QFS-GPC mix to the target slump (medium workable) after
supplementing varying quantities of SP.

3.2.Compressive strength

The compressive strength results of OPC and QFS-GPC mixes cured at ambient (27°C) and elevated temperature (100°C) are
shown in Figure 2. From the Figure 2, it can be observed that the 56- days cured OPC, GPC-A, GPC-B, GPC-C, GPC-D and
GPC-E specimens at elevated temperatures have 7.97%, 14.45%, 4.27%, 7.76%, 5.67%, and 19.82% respectively better
compressive strengths than at ambient cured specimens. It is also observed that the compressive strength of QFS-GPC mixes
increases as the replacement levels of QRD contents increase but up to 15%, after which it decreased. It can be due to the
increasing quantity of calcium-rich materials which hasten the rate of the polymerization process at room temperature
(ambient) as well as at elevated temperature (100°C) and lessen the pore sizes. The specimens cured at elevated temperatures
have higher strength due to better polymerization than the ones cured at ambient temperature. The effect of calcium-rich
materials on the strength properties has also been described by other researchers at ambient [10,13-14] and elevated
temperatures [8,11]. The increase in compressive strength is due to higher calcium oxide contents (in QRD) [13]. When the
QRD contents increased from 15% to 20% (as in GPC-E27°C and GPC-E100°C), the QFS-GPC mix becomes least
workable. The decrease in compressive strength can be due to excess lime quantity and an incomplete polymerization process
[30]. The maximum strength was achieved by the GPC-D mix with 50% FA, 35% SG, and 15% QRD contents. After 56-day
testing, the optimal mix GPC-D27°C and GPC-D100°C has 11.35% and 8.9% more compressive strength than the control
mix (OPC mix) cured at ambient (27°C) and elevated (100°C) temperature respectively due to better polymerization process.
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Figure 2: The compressive strength results of OPC and QFS-GPC mix at ambient and elevated temperatures

3.3. Splitting tensile strength

The results of split tensile strength are shown in Figure 3. From the figure, it can be noticed that the trend of increase in split
tensile strength behavior is the same as was observed for the compressive strength results. The split tensile strength has
improved as QRD contents increased in the QFS-GPC mixes up to 15%. The replacement level of SG with QRD beyond
15% has caused the reduction of split tensile strength. The increase of calcium-carrying blends (mostly CaO with an increase
in QRD up to 15%)in the binders has caused improvement in the strength of QFS-GPC specimens at all ages which produced
a reaction product for both FA and SG [32].The replacement levels of QRD beyond 15% have caused the reduction of tensile
strength due to the deficient polymerization process [14]. After 56-day testing, the ambient cured GPC-D27°C and elevated
temperature cured GPC-D100°C mix have slightly more i.e., 1.43% and 1.89% tensile strengths than the control mix
specimens respectively. The mix GPC-D27°C and GPC-D100°C with the tensile strength of 2.12 MPa and 2.15 MPa were

considered as the optimal QFS-GPC mixes cured at ambient and elevated temperatures respectively.
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Figure 3: The splitting tensile strength results of OPC and QFS-GPC mix at ambient and elevated temperatures
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4. Practical Applications

In general, GPC has restricted field applications due to heat curing for accomplishing a superior and better strength. Due to
this reason generally, the precast structural units of GPC have been manufactured and applied in field applications. However,
with the inclusions of calcium-rich materials (binders) like QRD, SG, and lime, the production of GPC at ambient curing
conditions with better strength properties has become possible. The ambient curing conditions also lessen the energy
consumed and costs related to heat curing.

5. Conclusions

The following conclusions can be drawn from the present study:
e  The workability of QFS-GPC mixes decreases as the incorporation of QRD contents increases.
e The mechanical properties of QFS-GPC mixtures usually increased by incorporating the QRD content from 0%
to 15% and beyond this replacing level i.e., 20% with SG, strength was reduced.
e The optimum (maximum) strength properties i.e., compressive, and split tensile strength of specimens cured at
27°C and 100°C were obtained by GPC-D27°C and GPC-D100°C with 15% QRD contents by weight of total
binder respectively.
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