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Abstract- The rapid growth of the construction industry has led to an increasing demand
for cement, a material whose production consumes large amounts of energy, depletes
natural resources, and emits significant quantities of carbon dioxide into the atmosphere.
This emission of greenhouse gases contributes to environmental degradation and climate
change. At the same time, agricultural and industrial wastes such as fly ash and wheat
straw ash are often discarded improperly, posing serious environmental hazards due to
the release of toxic gases. This study investigates the potential of using these organic
waste materials as partial replacements for cement in the development of ecofriendly self-
compacting concrete. The goal is to reduce cement consumption while promoting
sustainable construction practices. In this experimental work, self-compacting concrete
was prepared with varying replacement levels of cement at 5%, 10%, 15%, 17% and 20%
using fly ash and wheat straw ash. A polycarboxylate based superplasticizer was used to
improve the workability of the mix without affecting its strength. The performance of
each mix was evaluated through tests on workability and compressive strength. The
results demonstrated that selected combinations of organic waste materials not only
enhanced the fresh properties of self-compacting concrete but also maintained adequate
strength compared to conventional concrete. This research supports the use of agricultural
and industrial byproducts as sustainable alternatives in concrete production, offering both
environmental and economic benefits while contributing to the advancement of green
construction practices.
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1 Introduction

Self-Compacting Concrete (SCC) is a special concrete which has revolutionized concrete placement, eliminating the need
for vibrators as it flows under its own weight, a characteristic that ensures excellent workability and compaction without
segregation or bleeding [1-3]. Initially developed in Japan in the 1980s, SCC is now utilized globally, particularly in
countries like Denmark, where it accounts for 20-30% of the total concrete production in the ready-mix and precast
concrete industries [4]. SCC is known for its early strength, reduced water-cement ratio, and enhanced durability,
particularly when superplasticizers are incorporated. These additives help decrease the water-cement ratio, further
enhancing the concrete's mechanical properties [5]. The inclusion of materials such as silica fume, fly ash (FA), wheat
straw ash (WSA), and sugar cane bagasse ash has significantly contributed to improving the properties of SCC [6, 7].

Paper ID. 25-102 Page 1 of 322



mailto:farah.naz@kfueit.edu.pk
mailto:umer.shahzad@kfueit.edu.pk
mailto:meershiraz17@gmail.com

:;m (An International Conference)
g 7=/ Department of Civil Engineering
Capital University of Science and Technology, Islamabad Pakistan

7t Conference on Sustainability in Civil Engineering (CSCE’25)
NG
@ T

Wheat straw, when appropriately pre-treated, can notably enhance the energy absorption characteristics of concrete [8].
Additionally, using materials like FA and WSA in SCC helps lower the carbon footprint, as the replacement of cement
with these materials reduces CO, emissions, making the concrete more sustainable [9].

The substitution of cement with wheat straw ash (WSA) has been studied for its impact on the mechanical properties and
workability of SCC. Research indicates that up to a 10% replacement of cement with WSA improves the hardened
properties of SCC, with compressive strength increasing due to the filler capacity and chemical reactions with calcium
hydroxide [10]. WSA is considered a sustainable alternative to cement due to its pozzolanic nature, which improves
concrete's durability and compressive strength [11]. Similarly, other studies suggest that the use of WSA in SCC improves
its overall performance and contributes to the sustainability of concrete [12]. Wheat straw, often burned openly, causes
pollution; controlled burning produces ash with cementing properties for concrete use [14]. Given the abundant production
of wheat straw in agricultural countries like Pakistan, the use of WSA in concrete offers an eco-friendly solution,
addressing both waste management and environmental sustainability challenges [13]. This study examines the combined
use of wheat straw ash (WSA) and fly ash (FA) as partial cement replacements in self-compacting concrete (SCC), focusing
on their impact on fresh and hardened properties. In Pakistan, where wheat straw is abundantly produced and often burned
openly, utilizing WSA in concrete offers a sustainable solution to waste management while promoting greener construction
practices tailored to local needs.

2 Research Methodology

This research focused on evaluating the fresh and hardened properties of self-compacting concrete (SCC) using sustainable
cement replacements. The methodology involved selection of appropriate materials, execution of standardized laboratory
tests, and development of optimized mix designs in line with SCC performance criteria.

2.1 Materials

The materials were selected based on their local availability, cost-effectiveness and compatibility with SCC production.
Ordinary Portland Cement (OPC) conforming to ASTM C150 was used, sourced from DG Khan Cement. Harrow sand
and Sargodha crush were used as fine and coarse aggregates respectively, both complying with ASTM C33. The fine
aggregate passed through a No. 4 sieve and exhibited proper grading, while the 25 mm angular coarse aggregate offered
strength and interlock. Aggregates were oven-dried at 105°C for 24 hours prior to testing.

a) | g 2 b
Figure 1: Laboratory Samples of Ashes, a) Fly Ash (FA), and b) Wheat Straw Ash (WSA) for current study

Class F Fly Ash (ASTM C618) and Wheat Straw Ash (WSA) were used as partial cement replacements. Both were sieved
through a No. 200 mesh. Although WSA lacks a formal ASTM classification, its pozzolanic nature was confirmed through
preliminary assessments. Samples of both ashes used in this study are shown in Figure 1. A polycarboxylate ether-based
superplasticizer (ASTM C494 Type F) was added to enhance SCC flowability. Water and setting times were determined
using the Vicat apparatus.
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2.2 Laboratory Testing

In this study, a series of laboratory tests were conducted to assess the physical properties of raw materials and the
performance of concrete mixes. Aggregates were tested for particle size distribution, cleanliness, and water absorption.
The fineness modulus of sand was 2.502, falling within the ASTM C136 recommended range of 2—4. Cement consistency
(ASTM C187-16) and setting time (ASTM C191-13) were within standard limits, with a consistency of 5.5 mm, an initial
setting time of 57 minutes, and a final setting time of 9 hours 51 minutes. Fine aggregates showed a specific gravity of
2.805 (SSD) and 0.6% water absorption, both meeting ASTM C128-15. Coarse aggregate tests (ASTM C127-15) gave a
crushing value of 15.57% and bulk density of 1566.81 kg/m3. Fly ash (ASTM C136/C136M-16) had a fineness of 95.16%
and a specific gravity of 2.33 (ASTM D854), while wheat straw ash showed 95.8% fineness and a specific gravity of 1.852.
The summarized results of cementitious materials are shown in Table 1, while the physical properties of coarse and fine
aggregates are presented in Table 2. In addition to material characterization, tests on fresh concrete (such as workability
and flow) and hardened samples (compressive strength) were conducted to assess overall mix performance. All procedures
followed ASTM standards to ensure data accuracy and reliability for mix design.
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Table 1 Characteristics of Cement, Fly Ash and Wheat Straw Ash

Material Property Results
Fineness 95%
Consistency 5.5mm
Specific Gravity 3.15
Cement Initial Setting Time 57mins
Final Setting Time 591mins
Soundness 1.72%
Compressive Strength 42 MPa
Colour Tan Grey
Fly Ash Fineness 95.16%
Specific Gravity 2.33
Colour Dark Grey
Wheat Straw Ash Fineness 95.8%
Specific Gravity 1.852
Table 2 Properties of Coarse and Fine Aggregate
Material Tested Parameters Results
Impact Value 1.626%
Crushing Value 15.57%
Specific Gravity 2.789 (SSD)
Coarse Aggregate Water Absorption 1%
LA Abrasion Value 18.21%
Bulk Density 1566.81 Kg/m®
Fineness Modulus 2.805 (SSD)
Specific Gravity 2.65
Fine Aggregate Water Absorption 0.6%
Loose Bulk Density 1.304 g/cm?®
Compacted Bulk Density | 1.471 g/cm?®

Concrete Mix Design

The concrete mix was designed as per Grade M30 specifications, targeting a compressive strength of 31.6 MPa using the
formula fc = f+ 1.65s, where a standard deviation of 4 MPa was adopted. Based on strength and slump requirements, a
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water—cement (W/C) ratio of 0.44 was determined through interpolation. For the required workability range of 30-50 mm
slump, the water content was fixed at 165 kg/m3. Accordingly, the cement content was calculated as 375 kg/m3. The coarse
aggregate quantity was established using a volume fraction of 0.65 (based on the fineness modulus of sand, 2.49), resulting
in 1018.42 kg/m?® of 20 mm Sargodha crush with a specific gravity of 2.798 and bulk density of 1566.81 kg/m3. The
remaining mass, accounting for 721.48 kg/m3, was allocated to fine aggregate (harrow sand) to maintain the target concrete
density of 2280 kg/m3. The resulting mix ratio for this M30 concrete is 1:1.9:2.71 (cement: sand: coarse aggregate),
forming the base control mix for comparative evaluation against SCC variants with partial cement replacements.

2.4  Specimen Preparation and Curing

A total of 144 cylindrical specimens (4 in. x 8 in.) were cast, including 135 with varying levels of fly ash, wheat straw ash,
and their combination, and 9 control samples. Concrete was mixed according to design proportions and placed in molds in
three layers with proper compaction. Specimens were demolded after 24 hours and cured in water at 23 + 2°C. Testing
was conducted at 3, 14, and 28 days to evaluate strength development.

3 Results

3.1  Workability Assessment of Fresh Concrete

The workability of Self-Compacting Concrete (SCC) was evaluated with varying cement replacements using fly ash (FA),
wheat straw ash (WSA), and their combination. The control mix had low workability (12.7 mm). FA increased workability,
reaching a maximum of 190.5 mm at 20% replacement. WSA achieved its highest workability (183.11 mm) at 10%
replacement, but declined thereafter. Combining FA and WSA showed optimum workability at 10% replacement (176.33
mm). Overall, controlled ash proportions improved SCC flow characteristics. The variation in workability is shown in the
combined graph (Figure 2).

Workability of Fresh Concrete
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Figure 2: Variation in Workability with Different Ash Replacement Levels

3.2 Compressive Strength

For compressive strength testing, the concrete samples were categorized into three groups: Fly Ash (FA), Wheat Straw
Ash (WSA), and a combined FA and WSA group, with varying replacement levels (5%, 10%, 15%, 17%, and 20%). Each
replacement group was tested at 3, 14, and 28 days of curing. The average of three samples from each curing interval was
used as the result for that specific replacement level. The compressive strength results for FA, WSA, and combined ashes
are presented in Figures 3, 4, and 5, respectively.
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Figure 3: Compressive Strength on Replacement of Fly Ash (FA)
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Figure 4: Compressive Strength on Replacement of Wheat Straw Ash (WSA)

Compressive Strength of Concrete on Replacement of
Combined Ashes

35
3

0 m 3 Days
1 m 14 Days
I I I I I I m 28 Days
0
0 5 10 15 17 20

Percentage of Combined Ashes (%)

NN
g O o1 © U1 O

Figure 5: Compressive Strength on Replacement of Combined Ashes (FA + WSA)
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Furthermore, Figures 6, 7, and 8 compare the compressive strength of self-compacting concrete with different percentages
of ash replacement, providing an overview of the performance variations at different curing ages (3, 14, and 28 days) and
replacement levels. These figures help visualize the influence of fly ash, wheat straw ash, and their combined use on
strength gain over time. The trends observed support the identification of optimal replacement levels and highlight the
practical potential of using these ashes in sustainable concrete applications.
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Figure 6: 3-Day Compressive Strength of Self-Compacting Concrete with Varying Ash Contents

14 Days Compressive Strength of Different
Ashes

32
31
30
29
28

27
26 —e— Combined Ashes

——FA

—e— \WSA

25
0 5 10 15 20 25

Compressive Strength (MPa)

Percentage of Ashes (%)

Figure 7: 14-Day Compressive Strength of Self-Compacting Concrete with Varying Ash Contents
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Figure 8: 28-Day Compressive Strength of Self-Compacting Concrete with Varying Ash Contents

The strength improvements observed at 17% fly ash and 10% wheat straw ash can be linked to their pozzolanic activity
and filler effects, which refine the concrete matrix. Fly ash helped enhance workability due to its spherical particles, while
wheat straw ash contributed to strength by providing reactive silica. When combined, the materials offered a balance of
flow and strength, suggesting a mild synergistic behavior beneficial for sustainable mix design.

4 Practical Application

The use of wheat straw ash and fly ash as partial cement replacements offers a practical solution for sustainable
construction in Pakistan, where agricultural and industrial waste is widely available. This approach can be adopted in
housing projects, rural infrastructure, pavements, and non-structural elements, reducing cement demand and overall
construction costs. In regions with limited access to high-quality materials, self-compacting concrete developed with these
waste products can improve workability and ease of placement without the need for advanced machinery. Adopting this
method supports waste management efforts, lowers carbon emissions, and promotes ecofriendly construction practices
aligned with Pakistan’s growing need for affordable and sustainable development.

5 Conclusion

This study explored the use of fly ash and wheat straw ash as partial replacements for cement in self-compacting concrete,
supported by a polycarboxylate based superplasticizer to maintain workability. Mix designs with varying replacement
levels of 5%, 10%, 15%, 17%, and 20% were evaluated. Workability tests revealed that 20 percent fly ash achieved the
highest slump flow of 190.5 mm, while 10 percent wheat straw ash and 10 percent combined ash yielded 183.11 mm and
176.33 mm respectively. It was observed that higher contents of wheat straw ash tended to reduce flow. Compressive
strength tests conducted at 3, 14, and 28 days showed optimal results at 17 percent fly ash, 10 percent wheat straw ash,
and 15 percent combined replacement, with all mixes maintaining strength values comparable to conventional concrete.
Based on the results, it is suggested that natural organic wastes such as fly ash and wheat straw ash can be utilized in
concrete. As these ashes are hazardous for the environment, so utilization of such wastes in concrete with optimized values
will also be beneficial for our environment. The findings confirm that these organic waste materials, when used in
appropriate proportions, can produce environmentally friendly concrete without compromising performance.

Future research should focus on exploring the long-term durability and microstructural behavior of concrete containing
organic waste ashes. Investigations on resistance to sulfate attack, chloride penetration, and freeze-thaw cycles would help
evaluate performance in aggressive environments. Additionally, optimizing mix design for large-scale applications and
exploring combinations with other sustainable materials may enhance the potential for broader implementation in green
construction.
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Abstract- Shrinkage cracking is one of the most common flaws encountered in reinforced
cement concrete (RCC) structures, primarily due to volumetric changes caused by
moisture loss and improper curing. These cracks can significantly compromise the
durability, aesthetics, and serviceability of concrete elements. This review explores the
application of natural fibre reinforcement as a sustainable and effective solution to
mitigate shrinkage cracks in concrete structures. Unlike synthetic fibres, natural fibres are
biodegradable, cost-effective, and environmentally friendly aligning with global
sustainability goals. A detailed review of crack types, fibre characteristics, governing
parameters for shrinkage, and fibre volume dosage considerations was conducted using
recent literature and the results are thoroughly reported. Key standards such as ACI
544.3R-08, ASTM C1116, and EFNARC guidelines were referenced to establish
acceptable fibre content and performance benchmarks. Findings show that natural fibres
like jute, sisal, and coconut, at optimized volume fractions, enhance crack resistance,
increase flexural strength by up to 89%, reduce water absorption by approximately 25%,
and improve concrete’s post-crack behavior and mechanical properties. This review aims
and supports the use of natural fibres in concrete not only as a technically sound method
for crack control but also as a step forward in achieving sustainable and resilient
construction practices.

Keywords- Fibre Volume Fraction, Fibre-Reinforced Concrete (FRC), Shrinkage Cracks, Sustainable Construction

1 Introduction

Concrete stands as a cornerstone in modern construction due to its versatility, strength, and durability. However, its
inherent brittleness and susceptibility to cracking pose significant challenges to structural integrity and longevity. Among
the various types of cracks, shrinkage cracks are particularly prevalent, arising from volumetric changes as concrete cures
and dries. Addressing these issues is crucial for enhancing the performance and sustainability of concrete structures.
Incorporating fibres into concrete mixes has emerged as a promising solution, offering improved tensile strength, crack
resistance, and overall durability. Utilizing natural fibres not only leverages renewable resources but also contributes to
cost reduction and environmental sustainability, aligning with the growing emphasis on green construction practices.

Cracks in concrete are categorized based on their causes and characteristics. Common types include plastic shrinkage
cracks, which occur shortly after pouring due to rapid moisture loss; drying shrinkage cracks, resulting from long-term
moisture evaporation; and thermal cracks, caused by temperature variations leading to expansion and contraction [1].
Structural cracks, such as flexural and settlement cracks, arise from external loads or foundation movements. These cracks
compromise the structural integrity and aesthetic appeal of concrete structures, necessitating effective mitigation strategies
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[2]. Research has explored the integration of various fibres into concrete to enhance its properties and mitigate cracking.
Natural fibres, including coconut, sisal, and jute, have been studied for their effectiveness in controlling shrinkage cracks.
For instance, incorporating 1% volume of sisal fibre into concrete significantly increased the energy required to initiate
cracks, demonstrating enhanced toughness [3]. Similarly, coconut fibres have been shown to improve crack resistance and
maintain strength even at elevated temperatures. These findings highlight the potential of natural fibres as sustainable
alternatives to synthetic fibres in concrete mixes [4].

Recent studies have demonstrated that the incorporation of natural fibres into concrete can significantly enhance its
mechanical properties [5]. For example, the addition of jute fibres has been shown to improve the flexural strength and
toughness of concrete, making it more resistant to cracking under load [6]. Similarly, the use of kenaf fibres has been
associated with increased tensile strength and reduced shrinkage in concrete mixes. Likewise, Qamar, et al.[7] states that
plaster having natural fibres improves the lateral resistance of mortar-free interlocking walls. These improvements are
attributed to the fibres' ability to bridge microcracks and distribute stress more evenly throughout the concrete matrix [8].
Despite the promising results, challenges remain in standardizing the use of natural fibres in concrete. Variations in fibre
properties, such as length, diameter, and composition, can affect the consistency and performance of fibre-reinforced
concrete [9]. Moreover, the lack of comprehensive guidelines for fibre volume and dosage complicates the optimization
of mix designs [10]. Addressing these gaps is essential for the broader adoption of natural fibre-reinforced concrete in
structural applications.

This review aims to investigate the role of natural fibre reinforcement in mitigating shrinkage cracks in concrete structures.
By analyzing the types and causes of cracks, evaluating the effectiveness of various natural fibres, and exploring optimal
fibre volumes and dosages, the research seeks to develop sustainable and cost-effective solutions for enhancing concrete
durability. The findings are expected to contribute to the advancement of green construction practices and the development
of standardized guidelines for natural fibre-reinforced concrete.

2 ldentification of Shrinkage Cracks in RCC Buildings

The identification and assessment of shrinkage cracks involve a combination of visual inspections and standardized testing
methods [11]. Shrinkage cracks in reinforced cement concrete (RCC) structures as shown in figure 1 primarily result from
volumetric changes due to moisture loss and temperature variations. These cracks can be categorized into plastic shrinkage
cracks, occurring shortly after concrete placement, and drying shrinkage cracks, which develop over time as the concrete
loses moisture [12]. As illustrated in figure 1, plastic shrinkage cracks typically manifest within the first few hours after
placement, primarily due to rapid moisture loss from the surface, leading to tensile stresses that exceed the concrete's early-
age strength [3, 13]. Drying shrinkage cracks develop over a longer period as the concrete loses moisture to the
environment, resulting in volumetric contraction [14]. Thermal cracks arise from temperature gradients within the concrete
mass, causing differential expansion and contraction. Structural cracks, such as flexural and settlement cracks, are induced
by external loads or foundation movements, compromising the structural integrity of the concrete element [15].
Understanding these crack types and their underlying causes is crucial for implementing effective mitigation strategies.

(a) Early Shrinkage Cracking (b) Plastic Shrinkage Cracking () Drying Shrinkage Cracking

Figure 1: Shrinkage crack propagation (a) happens within the first day or two after placing concrete (b) Within the first few hours
after placing the concrete (c) Days to weeks after setting, as concrete begins to dry and harden [16]
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Visual inspections focus on detecting surface cracks, noting their width, length, and pattern, which can provide insights
into their origin. For a more detailed analysis, non-destructive testing methods such as ultrasonic pulse velocity and infrared
thermography can be employed to assess the depth and severity of cracks [17]. Standards like ACI 224.1R-07 provide
guidelines for evaluating and repairing cracks in concrete structures, emphasizing the importance of understanding the
cause before selecting a repair method. Additionally, ASTM C1581/C1581M-18a outlines procedures for determining the
age at cracking and induced tensile stress characteristics of mortar and concrete under restrained shrinkage, offering a
standardized approach to assess shrinkage cracking. Adhering to these standards ensures a systematic and effective
approach to managing shrinkage cracks in RCC structures.

3 Causes and Remedial Measures for Shrinkage Cracking in Concrete

Shrinkage-induced cracking in reinforced cement concrete (RCC) elements arises from a combination of intrinsic material
properties and external environmental factors. Key parameters influencing shrinkage include the water-cement ratio,
aggregate characteristics, cement content, ambient temperature, humidity, and curing practices. High water-cement ratios
lead to increased drying shrinkage, while aggregates with high shrinkage potential exacerbate the issue [18]. Environmental
conditions such as elevated temperatures and low humidity accelerate moisture loss, intensifying shrinkage stresses [14].
Inadequate curing further enhances these effects by allowing rapid evaporation of water from the concrete surface, leading
to early-age cracking [19]. These factors collectively contribute to the development of shrinkage cracks, compromising
the durability and serviceability of RCC structures. Figure 2 summarizes the primary causes of shrinkage cracking, their
estimated contribution percentages, and the relevant standards or authors referencing these factors:

Primary causes of shrinkage cracks and their extent
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Figure 2: Primary causes of shrinkage cracking as per ACI1224R-01 and AC1224.1R-07 [19]

Mere plain concrete (PC) is particularly susceptible to shrinkage cracking due to its limited tensile strength and inability
to distribute stresses effectively. Thus, this study proposes a solution which is natural fibre (as shown in fig. 03) additives
in concrete that can play a vital role in mitigating shrinkage and related cracking compared to plain concrete (PC).
Shrinkage, especially at early ages due to rapid moisture loss, often leads to plastic and drying shrinkage cracks in plain
concrete. When natural fibres as illustrated in fig. 3 such as jute, coir, sisal, or hemp are incorporated into the concrete
mix, they help bridge micro-cracks and distribute internal stresses more uniformly, effectively delaying crack formation
and reducing crack width. However, even in reinforced concrete, which mainly controls structural cracks, natural fibres
help mitigate non-structural shrinkage cracks by enhancing the tensile strain capacity and providing early-age crack
resistance [3, 20]. Therefore, understanding the governing parameters and implementing appropriate design and
construction practices are essential for mitigating shrinkage cracking in RCC members.
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Figure 3: Various fibre additives used in concrete, including natural, synthetic, and steel fibres [16]

Hence understanding the governing parameters and the respective solutions is crucial for the effective design and
construction of RCC structures. By addressing these factors through appropriate material selection, mix design, and
construction practices, the incidence of shrinkage cracking can be significantly reduced, leading to more durable and
serviceable concrete structures.

4 Optimizing Fibre Volume and Dosage for Shrinkage Crack Control

Incorporating fibres into concrete mixes necessitates meticulous attention to fibre volume fractions and dosage to achieve
desired mechanical properties and durability. The fibre volume fraction (FVF) refers to the percentage of fibre volume
relative to the total volume of the composite, while dosage typically denotes the weight of fibres added per unit volume of
concrete, expressed in kg/m3 or Ib/yd3. Proper selection of FVF and dosage is crucial, as insufficient fibre content may not
provide the intended reinforcement benefits, whereas excessive fibre content can lead to issues such as reduced workability
and fibre clumping. Table 1 highlights some studies which demonstrated that optimal fibre content varies depending on
the type of fibre and the specific performance requirements of the concrete. Najaf, et al. [21] showed that 1.5%
polypropylene fibres greatly enhance ductility and impact resistance. This aligns with Khan, et al. [22], who observed
similar improvements using glass fibres, though only up to an optimal 1% dosage. Both support the notion of an optimal
range beyond which workability may be compromised. The following table 1 summarizes typical fibre volume fractions
and the respective effects on concrete.

Table 1 Effects of Fibre Volume Fraction on Concrete Properties via scholarly aspect [16]

Volume Fraction

Fibre Type (%)

Observed Effects on Concrete Properties Reference(s)

Compressive strength increased by up to 36%
Polypropylene Fibres 15 Flexural strength increased by up to 89% Najaf, et al. [21]
Enhanced ductility and impact resistance
Compressive strength increased by 15.38%
Split tensile strength increased by 58.94%
Flexural strength increased by 17.54%
Strength decreased beyond 1% dosage
Improved toughness and durability
0.2+0.3 Split tension capacity enhanced by 72% Christopher, et al. [23]
Reduced water absorption by 25%

Glass Fibres 1 Khan, et al. [22]

Hybrid Fibres (Steel
+ Polyester
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Table 2 highlights some standards and guidelines that provide recommendations for fibre content in concrete mixes to
ensure consistency and performance. According to ASTM C1116/C1116M, synthetic microfibres are typically used at
dosages ranging from 0.3 to 0.9 kg/m3 (0.03% to 0.1% by volume) for controlling plastic shrinkage cracking. For macro-
synthetic fibres, dosages can range from 1.8 to 12 kg/m?, depending on the desired performance characteristics. Steel fibres
are often incorporated at volume fractions between 0.5% and 2.0%, with dosages adjusted based on the specific application
and performance requirements. The American Concrete Institute's ACI 544.3R-08 guide emphasizes the importance of
selecting appropriate fibre types and dosages to achieve the desired balance between workability and mechanical
performance. Table 2 summarizes typical fibre volume fractions and dosages for various fibre types as recommended by
relevant standards and studies

Table 2 Recommended Fibre Volume Fractions and Dosages [24]

Fibre Type Volume Fraction (%) Dosage (kg/m?3) Reference
Polypropylene (Micro) 0.03-0.1 0.3-0.9 ASTM C1116/C1116M
Polypropylene (Macro) 0.1-0.3 18-12 ASTM C1116

Steel Fibres 0.25-2.0 20-60 ACI 544.3R-08

Glass Fibres 0.01-0.03 0.29-0.88 ACI 544.3R-08

5 Conclusion

The incorporation of natural fibres in concrete mixes presents a promising and sustainable solution to mitigate shrinkage
cracking in RCC structures. By enhancing tensile strength, controlling microcrack development, and improving overall
durability, fibre-reinforced concrete significantly extends the service life of structural elements while reducing
maintenance needs. This approach aligns directly with several United Nations Sustainable Development Goals (SDGs),
including SDG 9 (Industry, Innovation and Infrastructure), SDG 11 (Sustainable Cities and Communities), and SDG 12
(Responsible Consumption and Production) by promoting eco-friendly construction practices, reducing reliance on
synthetic materials, and encouraging the use of agricultural waste. The key findings of this review are:

1  Shrinkage cracks in RCC are primarily caused by volumetric changes due to drying, poor curing, high water-cement
ratios, and environmental exposure.

2 Natural fibres such as jute, sisal, and coconut improve concrete’s crack resistance, as evidenced by up to 89%
improvement in flexural strength and up to 72% enhancement in split tension capacity.

3 Fibre volume fraction and dosage significantly influence concrete’s mechanical performance, durability, and crack
resistance.

4 Recent research (2023-2025) supports the optimal use of fibres in the range of 0.3% to 2.0% by volume, depending
on the fibre type and application.

5  Relevant standards such as ACI 544.3R-08, ASTM C1116, and EFNARC guidelines help guide proper fibre selection
and dosage control.

6  Overall, natural fibre-reinforced concrete not only improves structural performance but also supports sustainable,
low-carbon construction practices aligned with global development goals.

In summary, fibre-reinforced concrete using natural fibres offers a durable, eco-friendly, and cost-effective solution for
crack mitigation in RCC buildings. These findings are backed by recent experimental data and benchmark standards
(ASTM C1116, ACI 544.3R-08), which validate fibre dosages and performance expectations for shrinkage crack control.
This approach supports the construction industry's transition toward more sustainable and resilient practices.
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Abstract- Sand mining leads to various environmental issues due to the extensive use of
sand in cement mortar production. Concurrently, tin tailing (TT), a mining industry
byproduct, accumulate rapidly and contribute to environmental pollution when disposed
of in dumping sites. This study explores the sustainable recycling of TT by partially
replacing fine aggregates in mortar and examines the influence of curing methods on the
compressive strength of TT-incorporated mortar. Mortar specimens with varying TT
replacement levels (0—100%) were cured under two conditions: air curing and water
curing, and tested at 7, 28, 60, 90, and 180 days. Results demonstrate that water curing
significantly improves compressive strength compared to air curing, attributed to
enhanced hydration. An optimal TT replacement of 20% was identified, providing the
highest strength under both curing regimes, while higher TT contents led to strength
reductions due to altered microstructure and moisture behavior. These findings
underscore the importance of curing techniques in optimizing the mechanical
performance of TT- based mortars and support the environmentally responsible reuse of
mining waste, reducing reliance on natural sand and promoting sustainable construction
practices.

Keywords- Compressive Strength, Curing Regimes, Mortar, Tin Tailing

1 Introduction

Mortar is one of the oldest and most fundamental construction materials, widely used globally to bind bricks and blocks
in various structures. It is composed of fine aggregates, cement, and water, which harden to form a durable composite [1].
The rapid urbanization and infrastructure development in the 21st century have significantly increased the demand for
mortar, making it one of the most commonly used cement-based materials in construction [2]. However, the extensive use
of mortar has raised environmental concerns, primarily due to the excessive extraction of natural sand, a key ingredient in
mortar production. Sand mining can lead to severe ecological issues such as riverbank erosion, habitat destruction, and
increased risk to local communities. Consequently, there is an urgent need to identify sustainable alternatives that can
reduce reliance on natural sand without compromising the mechanical performance of mortar [3].

Malaysia’s Construction Industry Development Board (CIDB) and Public Works Department (PWD) have launched the
Malaysian Carbon Reduction and Environmental Sustainability (MyCREST) [4] initiative, which aims to mitigate the
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environmental impact of the built environment through carbon emission reduction and holistic life cycle management
(CIDB, 2020) [4]. One promising approach aligned with these sustainability goals is the incorporation of industrial
byproducts as recycled materials in mortar production, which helps conserve natural resources and reduce waste disposal
[5], [6] and [7].

Tin tailing is a waste product generated from tin mining activities, is accumulating rapidly and poses environmental
pollution risks when disposed of in dumping sites. Utilizing TT as a partial replacement for fine aggregate in mortar can
provide a dual benefit: reducing environmental pollution caused by mining waste and minimizing the depletion of natural
sand resources. This study investigates the potential of TT as a sustainable alternative fine aggregate in mortar, contributing
to eco-friendly construction practices and supporting Malaysia’s commitment to environmental sustainability. The curing
regime significantly impacts the performance of cement-based materials, including mortar and concrete [8]. Proper curing
ensures adequate hydration of cement, which directly influences the development of compressive strength [9] [10].

2 Research Methodology

2.1 Materials and Mortar Mix Proportion

The mortar specimens for this study were formulated using Ordinary Portland Cement (OPC), natural sand, water, and TT
as a partial fine aggregate replacement. The ordinary Portland cement, was procured from a local supplier and complies
with the specifications outlined in BS EN 197-1 [11] . The fine aggregates were subjected to particle size classification
using a sieve shaker, with only particles passing the 1.18 mm sieve and retained on the 150 pum sieve selected for
incorporation into the mortar mix to ensure appropriate gradation. Tap water was employed throughout the experimental
procedures The TT used in this investigation was collected from a tin mining site located in West Malaysia, serving as a
sustainable alternative fine aggregate source. Figure 1 shows the raw materials used in the mortar mix preparation.

Figure 1: Raw materials used

The control mortar mix (TT-0) was formulated using standard materials: cement, water, and sand. For the mortar
incorporating TT, five different replacement levels of fine aggregate with TT were prepared, specifically at 20%, 40%,
60%, 80%, and 100%, designated as TT-20, TT-40, TT-60, TT-80, and TT-100, respectively. The water-to-cement ratio
was consistently maintained at 0.65 across all mixes. The target compressive strength for these mortar formulations was
set at 20 MPa. The detailed proportions are shown in Table 1.
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Table 1 Mix Proportion (kg/m3)

Mixes Cement (kg)  Water (kg) Sand (kg) TT (kg)

TT-0 240 156 600 0
TT-20 240 156 480 120
TT-40 240 156 360 240
TT-60 240 156 240 360
TT-80 240 156 120 480
TT-100 240 156 0 600

2.2  Testing

A compressive strength test was performed to evaluate the maximum load and compressive capacity of the hardened
cement mortar. In this study, the test was conducted on mortar cubes following the ASTM C109-21 (2021) standard [12].
A compression testing machine was used to determine the optimum mortar mix design incorporating TT as a partial
replacement for sand. Six mortar mixes with varying TT replacement levels, 0% (control), 20%, 40%, 60%, 80%, and
100% were prepared and subjected to both air curing and water curing regimes. A total of 180 cubes, each measuring 50
x 50 x 50 mm, were cast and tested at curing ages of 7, 28, 60, 90, and 180 days, with three specimens per mix at each age.
The compressive strength of the mortar cube samples was measured using a compression testing machine, depicted in
Figure 2(a). The specimens were carefully placed between the loading plates, as shown in Figure 2(b), and a uniform load
at a rate of 140 kg/cm? per minute until failure occurred. The compressive strength was calculated by dividing the failure
load by the cross-sectional area of the specimen, formula shown in Equation (1).

F, =

| o

D)

Where,
Fm= compressive strength, (N/mmz2)
P = maximum indicated load, (N)

A = surface area of specimen, (mm2)

Figure 2: Compressive strength test of mortar cube samples
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3 Results

3.1 Compressive Strength

The compressive strength results for the control mortar and mortar specimens incorporating TT as a partial fine aggregate
replacement at various curing intervals (7, 28, 60, 90, and 180 days) under both water and air curing conditions are
presented in Figures 3 and 4, respectively. The mortar mix containing 20% TT subjected to water curing exhibited the
highest compressive strength of 30.47 MPa at 28 days (matured period), surpassing the control mix, which recorded 28.33
MPa, as well as all other replacement levels. This trend persisted throughout the entire curing duration. Similarly, air-cured
specimens with 20% TT replacement achieved the highest compressive strength of 27.58 MPa at 28 days, outperforming
other mixtures. Consistent with findings by Zhao et al. [13], these results indicate a progressive increase in compressive
strength with curing age, reflecting ongoing hydration and matrix densification.
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Figure 3: Tin tailing mortar compressive strength result — water curing
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Figure 4: Tin tailing mortar compressive strength result — air curing
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The incorporation of TT significantly influences strength development across all mixtures. A 20% TT replacement
optimally enhances compressive strength under both water and air curing regimes. This improvement is attributed to
increased packing density and reduced void content within the mortar matrix, as supported by Cai [14], and Essam et al.
[15] who reported that moderate replacement levels of alternative materials or industrial wastes improve mechanical
performance by optimizing particle packing. However, at higher TT replacement levels (40%, 60%, 80%, and 100%), the
compressive strength of water-cured specimens at 28 days declined progressively to 27.02 MPa, 26.86 MPa, 22.06 MPa,
and 21.30 MPa, respectively. Correspondingly, air-cured specimens with these replacement levels exhibited lower strength
values of 24.15 MPa, 22.67 MPa, 20.89 MPa, and 20.61 MPa, respectively, all inferior to their water-cured counterparts.
These observations align with previous studies by Hasan et al. [16] and Vo et al [17], which reported that excessive
substitution of fine aggregates with waste materials adversely affects mortar strength.

Regarding the effect of curing methods on specimen performance, water-cured samples consistently exhibited superior
compressive strength throughout the curing period. Specifically, the 20% TT water-cured mix attained a compressive
strength of 46.43 MPa at 180 days, significantly exceeding the 37.21 MPa recorded by the corresponding air-cured
specimen. The enhanced strength development under water curing is attributed to the sustained availability of moisture,
which facilitates continuous hydration and the formation of calcium silicate hydrate (C-S-H) gel, thereby densifying and
strengthening the mortar matrix. In contrast, air curing restricts hydration due to limited moisture availability, resulting in
comparatively lower strength gains [18].

3.2 Interaction Between Curing Age and Tin Tailing Percentages on Mortar’s Compressive Strength
Using Response Surface Methodology (RSM)

The Response Surface Methodology (RSM) was employed to examine the influence of curing time (days) and TT

percentage (%) on the compressive strength (MPa) of mortar. Statistical analysis of the model’s significance level (p <

0.05) confirmed its reliability, while an adjusted R? value close to 1 indicated strong model accuracy and predictive

capability [19], [20].

3.2.1 Water Curing

The compressive strength of water-cured mortar was accurately predicted using a two-factor interaction (2FI) regression
model. The model showed a good fit, confirmed by ANOVA results with an R2 of 0.9000, a predicted R2 of 0.8267, and a
p-value of 0.0271 as can be seen in Table 2. These statistics indicate a strong relationship between curing time, TT
percentage, and compressive strength.

Table 2 P-value and model summary statistic for compressive strength of mortar cured in water

Adjusted  Predicted

Source p-value Std. Dev R2 R? R? remark
Linear 0.0002 3.52 0.8228 0.7874 0.6485
2FI 0.0271 2.79 0.9 0.8667 0.8267  Suggested
Quadratic 0.1089 2.3 0.9469 0.909 0.7434
Cubic 0.0943 1.21 0.9937 0.9749 -0.2437

Figure 5 displays 3D and 2D response surface plots that demonstrate how curing time and TT percentage interact. The 3D
plot shows that compressive strength increases with longer curing times but decreases as TT content rises. The 2D contour
plots support this, highlighting higher compressive strength in water-cured samples with longer curing and lower TT levels,
shown by the red and orange areas.
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Figure 5:3D and 2D response surface plots of compressive strength indicating effects of curing days and percentage of TT for water
curing

3.2.2  Air Curing

The compressive strength of air-cured mortar was modelled using a quadratic regression, which demonstrated a strong fit
with an R2 of 0.9846, a predicted R2 of 0.9066, and a p-value of 0.0359, as shown in Table 3. These results confirm the
significant effect of the studied factors.

Table 3 P-value and model summary statistic for compressive strength of mortar cured in air

Adjusted  Predicted

Source p-value Std. Dev R2 R? R? remark
Linear <0.0001 1.26 0.9428 0.9314 0.8906
2FI 0.0789 111 0.9602 0.9469 0.9051

Quadratic 0.0359 0.7829 0.9846 0.9736 0.9066  Suggested
Cubic 0.0833 0.3936 0.9983 0.9933 0.9199

Similar to water-cured mortar, air-cured samples showed increased compressive strength with longer curing times, while
higher TT content led to reduced strength. However, as illustrated in Figure 7, air-cured mortar generally exhibited lower
compressive strength compared to water-cured samples.

Compressive Strength (Mpa)

Compressive Strength (Mpa)
B: Tin Tailing (%)

A Curing (days)

Figure 6: 3D and 2D response surface plots of compressive strength indicating effects of curing days and percentage of TT for air
curing
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4 Practical Implementation

The findings of this study provide valuable guidance for the practical use of TT as a partial replacement for fine aggregate
in mortar, emphasizing the critical role of curing methods on compressive strength development.

5 Conclusion

This study confirms that the curing method significantly affects the compressive strength of mortar when tin tailing (TT)
is used as a fine aggregate replacement. Water curing consistently yields higher compressive strength than air curing,
attributed to enhanced cement hydration and a more compact microstructure. Notably, a 20% replacement level of TT was
identified as optimal, providing substantial improvements in mechanical performance. Additionally, utilizing TT supports
sustainable construction by recycling mining waste and reducing the demand for natural river sand, thereby helping to
protect river ecosystems and prevent erosion. To further advance the practical application of TT-modified mortar, future
research should investigate its long-term durability properties such as shrinkage, creep, and resistance to chemical attack,
as well as its behaviour under fire conditions. These efforts will help establish a comprehensive understanding of TT
mortar’s performance in diverse construction scenarios.
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Abstract- In view of the increasing need for environmentally friendly building
materials, this research examines the impact and features of papercrete (a mixture
of shredded recycled paper added to concrete) as a green and innovative partial
substitute for conventional concrete. The study investigates the material's
feasibility for sustainable construction, with a primary focus on replacing sand.
To evaluate compressive strength, different replacement levels containing 2%
and 5% replacement levels of sand and cement were tested under standard curing
ages, 5% cement replacement proved the remarkable decrease in compressive
strength, pointing towards a deteriorated matrix and weak bonding of particles.
In contrast, replacing 2% of the sand had minimal effects on compressive
strength, indicating that wastepaper serves as a good lightweight filler material.
But sand replacement of 5% started negatively influencing the compressive
strength. The results encourage partial use of wastepaper, which can result in a
sustainable, lightweight, and economical concrete appropriate for non-structural
components such as partition blocks, interior walls, and plastering. The research
contributes to the development of green building technology through reframing
waste as a precious material.

Keywords- Eco-Friendly Concrete Mix, Papercrete, Sustainable Construction, Waste Paper Reuse

1 Introduction

The construction industry is the largest polluter, utilizing enormous natural resources and generating significant waste
products. Among all the biggest building materials made up of cement, water, and sand, i.e., mortar, is among the biggest
offenders for the issue. Sand digging in construction has resulted in riverbed stripping, water body alteration, and loss of
biodiversity, while cement production is the biggest carbon dioxide emitter in the environment. To tackle this destruction
of the environment, researchers and engineers are now turning to developing less destructive materials for use in
construction, which will be able to counter environmental pollution. Papercrete is such a novel material where wastepaper
is mixed with mortar as a mixture to be added to cement and sand. That 244 million metric tons of wastepaper are generated
globally throughout [1], of which the bulk is destined for landfills. Recycling waste paper in construction saves waste and
conserves the environment efficiently. Papercrete not only renders an individual independent of traditional materials but
also provides functional benefits like lighter material weight, better thermal insulation, and reduced cost of construction.
Microstructural development, which was brought about through the incorporation of paper fibers, influences the
mechanical and physical behavior of mortar and must be adequately investigated for incorporation into applications.

This study is focused on waste paper as a replacement for sand and examines the physical and mechanical characteristics
that are resultant from it, i.e., compressive strength. Although other past research has focused broadly on cement
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replacement, this study concentrates more on sand replacement as its primary agenda, a topic of great concern given the
unsustainable use of sand mining worldwide. Environmental effects of over-sand quarrying, including erosion,
groundwater loss, and habitat destruction, disconnected floodplains are demonstrative of the need for alternative
materials[2], [3]. Through the use of waste paper in mortar, the study seeks to minimize the use of natural sand and paper
wastage. Partial cement replacement is a minor aspect of the study that explores other environmental benefits. The ultimate
aim is to support sustainable and green construction activities through waste management activities and the circular
economy. Papercrete can suppress building waste, save natural aggregates, and make greener construction activities on a
large scale viable if the product itself is good.

This study addresses the application of papercrete, a combination of mortar and shredded waste paper, as an
environmentally friendly product in the building industry. The study aims at the effect of sand with processed paper in
mortar. It also addresses the dual problem of environmental degradation resulting from sand excavation as well as the
emerging problem of paper waste disposal. Compressive strength was tested to analyze the material's suitability for
structural purposes. Cement is the major source of the carbon footprint[4]. The study also explores restrained substitution
with cement to quantify additional environmental benefits. Papercrete is able to reduce the weight of the material and
improve thermal performance. It aligns with the circular economy rules and promotes the conservation of resources. The
study is able to make green building techniques available. The study proposes the possibility of recycling waste in a real
application. Papercrete can be a strong green innovation toward sustainable and cost-effective building practice.

2 Literature Survey

The recent studies reviewed the viability of papercrete (an eco-friendly building material made of shredded waste paper,
cement, and additives) in replacing conventional concrete. A researcher investigated the properties of the papercrete
from a physical and mechanical perspective, stating that waste paper's viability as a construction material is dependent
on waste paper decreasing material weight and increasing heat insulation, leading to an advantage [5]. However, the
papercrete still does not dominate in compression, which hampers its use. The study highlighted additional refinements
that needed to be made. Similarly, another researcher approved paper mills' effluent sludge as a partial substitute for
lime in cement mortars with replacement rates of 5 % — 20 % [6]. Their findings showed that the structural strength of
the mortar was not impaired with replacement up to 10%, making the material suitable for use in wall and ceiling
coatings. However, this leads to lower strength from low heat of hydration, making such mixes suitable only for minor
masonry repairs.

It is highly expressed that they had similar support through identical findings regarding the investigations they conducted
on the papercrete composites of repulped paper fiber, cement, and sand soil. They argued that papercrete has a low
density (1.07 gm/cc) and therefore is lightweight, but simultaneously ground such properties like shrinkage of 8-9% and
water absorption of 30% or thereabouts [7]. Despite these limitations, the work demonstrated, to some extent,
environmental sustainability due to minimizing waste and having a lower carbon footprint through the production of
papercrete, as long as proper drying protocols and other measures are undertaken to increase the durability. In addition,
a researcher investigated the use of waste paper pulp as a partial replacement for sand and cement in mortar cubes as an
effort to reduce both the consumption of sand and the disposal of paper waste. They concluded that a 50% substitution
of the sand by paper pulp achieved a 28-day compression strength of 6.6 MPa, lower than traditional mortar, but
acceptable for non-bearing applications like partition walls and insulating panels [8].

Another researcher went a step further to define papercrete properties, confirming its lightness and ductility, making it
more flexible and less prone to cracks. They also said its compressive strength remains inferior to traditional concrete,
thereby restricting the application of this green concrete to non-load bearing structures, such as ornamentation panels,
temporary shelters, and sound insulation [9].

This study nicely touches upon multiple important points that were lacking in the former studies on papercrete. Although
previous research [5], [7] concentrated on the possibilities that papercrete offered as a light and green material, they
provided only anecdotal confirmation of the mechanical strength using different composites. By studying and comparing
five different mortar mixes, as 2% and 5% cement and sand were partially replaced with waste paper powder, this
exploration gives further clarity to the benefits of the individual material reserves, showing that it is possible to keep the
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structural integrity without any problems in the case of partial sand replacement. Former studies [8], [9], while agitating
some failings in the area of compressive strength and humidity receptivity, were silent about relative tests with the
reference blend. In this study, the experimenters do this, they lay the root for the performance evaluation being carried
out. The other exploration [6] concentrated on the operation of paper sludge in mortars, but the focus was on the issue of
waste operation, which wasn't covered at low relief rates. This is what the current study has accepted. This study has
incompletely answered the standardization issue raised in the former workshop, as they have now easily defined the
blend rates, and they have completely explained the mixing, molding, curing, and testing processes.

3 Research Methodology

3.1 Paper Fibers Preparation

Waste paper from offices is collected and soaked in water for a whole day and then blended in a domestic blended until it
becomes like a paste which is named as paper pulp as shown in figure 1(a). Paper pulp is dried for 24 hrs in lab oven at
100%% as a result it comes in a form of small hard balls and then grinded in a domestic grinder to make it a powder. As a
result, the paper comes in form of small fibers as shown in figure 1(b).

Figure 1: Paper fibers preparation, a. Blending paper, and b. Final product

Once the recycled paper components were ready, papercrete specimens were prepared by mixing the following

3.2 Materials
components:

1.

2.

3.

4.

Ordinary Portland cement.
As defined in ASTM-C109/C109M utawa sand is used[10].
Paper powder for which preparation is already defined is used.
Simple tap water is used for hydration purpose.

Table 1:Mix Proportions

Mix Name Cement (g) Paper (9) Sand (g) Water (g)

Mix 1 (A) 250 0 687.5 121
Mix 2 (B) 245 5 687.5 121
Mix 3 (C) 250 13.75 673.75 121
Mix 4 (D) 237.5 12.5 687.5 121
Mix 5 (E) 250 34.375 653.125 121
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3.3 Specimen Preparation

The mortar mix's proportions were predetermined, and waste paper was added as needed. These mixes were prepared using
mechanical mixer as shown in figure 2(a) in accordance with ASTM C109/C109M[10], which describes the standard
procedure for testing hydraulic cement mortars. The quantities of materials used for the different mix variations are listed
in Table 1. In accordance with ASTM C109/C109M[10], 2-inch mortar cubes were cast for testing as shown in figure 2(b).
Before casting, the cube molds were cleaned and lightly oiled to facilitate demolding. The mortar was then poured into the
molds in two layers, each of which was compacted using thirty-two tamping strokes to ensure proper consolidation and
uniformity.

The mortar cubes were left at room temperature for 24 hours following casting in order to facilitate the initial setting. After
the initial setting period, the cubes were carefully demolded and transferred to a curing environment. Over the course of
the seven-day curing period, the mortar was adequately hydrated and strengthened. The cubes were removed from the
curing chamber and left outside for an additional twenty-four hours following the curing period. This step allowed excess
surface moisture to evaporate, ensuring the specimens were dry before further testing and analysis.

a)

Figure 2: Casting the molds, a. Mechanical mixing, and b. Casted cubes

3.4 Testing Procedure

In compliance with ASTM-C109/C109M[10] specifications, mortar cubes were tested for individual compressive strength
using a compression testing machine (CTM) after three days of curing as shown in figure 3(a). The test was conducted
under strict supervision to ensure accuracy and consistency in the findings. The cube was carefully inserted into the
machine, and the load was progressively increased until the mortar cube failed as shown in figure 3(b). Using the measured
compressive strength values, the impact of substituting cement and sand in the mortar cube on compressive strength was
evaluated.

b)

Figure 3: Compression Testing, a. Testing setup, and b. Tested cube
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4 Results

4.1 Compression Test Results

Compressive tests validate the impact of sand and cement replacement with waste paper on mortar cube strength. The
control mix with no replacement exhibited the highest compressive strength because it reiterated the importance of
traditional cement and sand for achieving structure and integrity in building materials. When waste paper replaced cement
at even 2% replacement, there was sure loss of strength, that is, binding tendency of cement is necessary for providing the
load-carrying ability of mortar supply. When there was a replacement of cement with 5%, there was dramatic fall-off, that
is, high levels of replacement lower matrix strength and lower particle-to-particle bond. But 2% replacement of sand had
minimal impact on compressive strength as shown in table 2, thus waste paper in small percentages can be utilized as a
filler without affecting performance. But in 5% replacement of sand, strength started to decrease, but not as much as when
cement was replaced. This suggests that although paper-like materials can replace some of the sand with minimal loss of
structure, cement replacement has a far greater adverse effect.

Table 2: Compressive Strength

Mix Name Replacement Compressive strength (MPa)
Mix 1 (A) No Replacement 7.95
Mix 2 (B) 2% cement 4.1
Mix 3 (C) 2% sand 7.3
Mix 4 (D) 5% cement 1.1
Mix 5 (E) 5% sand 3.95

Graphical representation of effect on compressive strength of mortar shown in figure 4. Red color is representing
compressive strength of reference mix and blue color is representing compressive strength of mortar cubes with
replacement.
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Figure 4: Effect of replacement on compressive strength, a. Sand replacement, and b. Cement replacement

5 Practical Implementation

Papercrete developed by partial replacement of sand and cement with waste paper in mortar is a highly promising approach
for sustainable building. It can be successfully used in many non-load-bearing element like partition wall, internal
plastering, and boundary wall especially where high structural strength is not the major consideration. The applicability of
papercrete can be highly increased by optimizing the materials with further research. Improving its water resistance,
durability, and mechanical properties might unlock the potential for more extensive uses. With advances in material science
the production of paper-based composite blocks and prefabricated panels might become a viable reality for modular
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construction in the near future. While with increasing global focus on climate change and sustainable development,
papercrete emerges as the building material of the future combining a distinct eco-friendliness like waste elimination with
practical advantage in construction.

6 Conclusion

On the Basis of the above experimental work results in this investigation, the following conclusions can be drawn:

e  Substitution of sand had minimal impact on papercrete compressive strength demonstrating that waste paper in
small quantity can serve as a filler without affecting performance.
e  Waste paper increase results in compressive strength decrease.

o 2% and 5% cement replacement cause a high reduction in compressive strength which makes it unable for non-
structural use also.

e 5% sand replacement also reduces the compressive strength by 50% which can be used for non — structural
elements only.

e 2% sand replacement had a minimal effect on compressive strength and can be used for load bearing structures
with slight modifications.

More research, though, is needed on the following areas:

e  Admixtures can be used to improve setting and bonding qualities.

e Alteration in the proportion of the mix in order to realize optimum qualities.

e Incorporation of silicon, sealer concrete or epoxy resin would make papercrete waterproof.

e With additional investigation into durability water resistance and volume production processes, papercrete also
stands the opportunity of being widely adopted as an element of green building processes.

e  Papercrete should be assessed for the long-term performance and resistance to environmental degradation
before use as paper-based materials notoriously susceptible to moisture and biodegradation.
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Abstract- Shrinkage cracking in concrete structures, particularly in ultra-high strength
concrete used in large-scale infrastructures such as hydropower powerhouse buildings,
poses a significant threat to structural integrity and long-term durability. This review
explores the effectiveness of nylon fiber-reinforced concrete (NFRC) in mitigating
shrinkage-induced cracking. Findings from experimental studies show that incorporating
nylon fibers (NF) at concentrations above 2% by volume reduces shrinkage by up to 5%
compared to conventional concrete. Additionally, using an optimized water-cement ratio,
such as 0.42, in combination with carefully selected NF content, was shown to
significantly reduce crack length with an increase of just 0.05% in NF content lowering
crack length to 52 mm. The review highlights the critical role of fiber length and type,
demonstrating that synthetic fibers (12-54 mm) improve shrinkage resistance, with 54
mm fibers achieving a 62.4% reduction. However, excessive fiber dosage (beyond 1.5%)
may lead to void formation and reduced compaction. The incorporation of recycled nylon
fibers from waste materials such as fishing nets and textiles not only improves post-
cracking toughness and tensile strength but also promotes environmental sustainability.
Field applications in hydropower projects have validated NFRC’s resilience under
thermal and moisture variations, achieving a significant reduction in maintenance costs
over a decade. In conclusion, NFRC presents a promising solution for enhancing
durability and sustainability in high-performance concrete structures, particularly in
critical infrastructure applications.

Keywords- Shrinkage cracks, Nylon fibers, NFRC, Hydropower

1 Introduction

Concrete is a fundamental construction material due to its high strength, but it lacks ductility. Despite being a major
component in construction, concrete is prone to cracking to various types of cracks which impact its structural integrity,
accelerates fatigue-mode failures and thereby results in significant repair costs and wastes [1], [2]. United States alone
bears an annual cost of $20 billion for the concrete repairs whereas, for Australia it turned out be $8 billion per annum for
steel corrosion repairs and maintenance in concrete [2]. Considering the economics of the issue, many researchers are
developing techniques to mitigate the risks of concrete cracking, including the use of polyamide or polypropylene fibers
(nylon thread) as reinforcing agent in the concrete mixture design.

Although, in the presence of various other cracking issues, shrinkage remains a critical phenomenon in mix design deals
with both plastic and hardening properties of concrete. Cracks resulting due to shrinkage, mostly occur on the surface of
the concrete due to moisture loss and temperature fluctuations, posing significant challenges in maintaining the durability
and strength of concrete structures [3, 4]. This phenomenon is generalized into three basic categories, plastic shrinkage,
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autogenous shrinkage, and drying shrinkage [5]. Plastic shrinkage crack occurs in initial hours of laying concrete usually
from within a day up to 3 days after concrete placement and appear as narrow, hairline cracks due to rapid moisture loss.
Whereas, autogenous also termed as hydration shrinkage is a result of self-desiccation process [6] when concrete
experience decreases in internal humidity due to rapid hydration of cement. On the other hand, drying shrinkage refers to
reduction on concrete volume when water bleeds from the surface, leaving internal concrete mass dried. Drying shrinkage
cracks, develops weeks or months after hardening and are typically wider and deeper due to gradual moisture loss [7].

The primary mechanisms behind shrinkage include capillary stress, interlayer water evaporation, surface energy, and
disjoining pressure. This study systematically reviews the potential of nylon fiber-reinforced concrete (NFRC) in reducing
shrinkage cracks, highlighting the importance of selecting appropriate fiber types and sizes.

2 Shrinkage Mechanism

2.1  Shrinkage Dynamics in Cement Matrix

The primary reasons for shrinkage in concrete include capillary stress, interlayer water evaporation, surface energy, and
disjoining pressure [8, 9] . When moisture is evaporated from cement mix it creates an imbalance between saturated
pressure and vapor. Capillary pressure thus exerting hydrostatic tensile stress leading to irreversible shrinkage as shown
in figure-01 [5] . Similarly, capillary pressure also contributes to shrinkage when water is absorbed and desorbed, on the
outer film of calcium silicate and hydrate (C-S-H) particles. The interlayer water which is closely bounded with the C-S-
H particles, undergoes shrinkage strain on each C-S-H monolayer results in moisture content drop by 25%, The
interconnected layer narrows further with substantial volumetric reduction if the moisture further reduces to 12% [8]. This
densification of C-S-H particular leads to irreversible shrinkage with the collapsing of small pores.

Forces acting

on particles

B kL F e —,

Figure 1: Schematic illustration showing the presence of partially empty pores exerting hydrostatic tensile stress in concrete [2]

2.2 Shrinkage Cracking Issues in Ultra-high Strength Concrete

The primary reason behind various types of shrinkage cracks (plastic shrinkage, thermal shrinkage, autogenous shrinkage,
and drying shrinkage) is loss of water in concrete. This water loss is mainly controlled through effective curing or trapping
moisture to leave from the surface of the concrete, as indicated in the figure-02. Where certain approaches can easily
prevent the shrinkage cracks appearing immediately after concrete pouring. However, shrinkage cracks which are
thermally induced due to sudden temperature variations on massive construction elements in dams and powerhouse
buildings are unavoidable. This could be one of the two reasons either extremely hot climate conditions where one side of
elements exposed to high temperature changes than the other or use of high-strength concrete. In hydropower construction
of powerhouse high-strength concrete is very common nevertheless, curing with water or wetting the surface will prevent
penetration in the concrete due to low permeability [10]. Comparison of ordinary concrete and high-strength concrete
autogenous shrinkage and drying shrinkage in total is illustrated in the figure-03a and 03b.
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Figure 2: Necessary curing conditions during temperature changes in concrete constructive elements [11]
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Shrinkage cracks are a prevalent issue in ultra-high-strength concrete, especially when used in large-scale concrete pours
for hydro powerhouse buildings. Various factors contribute to concrete cracks in such structures, including the large size

of the concrete mass, high stress concentrations, thermal changes due to humid conditions, and inadequate curing. These

factors, either individually or in combination, contribute to shrinkage cracks in hydro powerhouse buildings.
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Figure 3: Shrinkage in (a) ordinary concrete; (b) ultra-high-strength concrete [11]

For example, shrinkage cracks were observed along the expansion joints due to high stress concentrations in units 16 and
17 of Tarbela Dam. Figure-4a shows the cracks on the concrete surface developing from upstream to downstream, possibly
due to plastic shrinkage of the concrete, while figure-04b illustrates crack widening with the concrete ageing. The
volumetric addition of fibers as fiber reinforced concrete (FRC), preferably nylon or polyamide, could have prevented

crack propagation on these expansion joints.
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Figure 4: Shrinkage crack along the expansion joints of Tarbela Dam’s 4™ Extension (a) unit-16; (b) unit-17
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To limit the shrinkage crack propagation in high-strength concrete in the construction of powerhouse, possible solutions
can be use of admixtures, internal curing agents, and fibers. Before selecting either natural or synthetic fibers for concrete
reinforcement, it is crucial to first identify and understand the underlying causes of shrinkage cracks. It has been reported
that crack propagation in high strength concrete is primarily due to impermeability, water absorption and rapid temperature
changes [12]. Hence, any fiber exhibit high water absorption should not be a preferred option. For example, natural fibers
such as jute, coir, sisal, and abaca exhibit high water absorption abilities as compared to synthetic fibers, polypropylene
(PP) fibers as illustrated in figure-05 [12]. Amongst all, abaca has the highest water absorption at 95% RH, which could

impact the workability of concrete as compared to PP fiber which has the lowest water absorption rate. Other factors
deciding the selection of fiber are their availability nearest to the site location and recycling of these materials.
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Figure 5: Sorption isotherms of fibers measured at 20 °C [12]
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3.2 Recycled Nylon Fiber Reinforced Concrete (NFRC)

In addition to use as a reinforcement material nylon fiber (NF) offers a variety of uses in other sectors. NF possess good
wear resistance and high tensile strength, and has excellent water absorption properties [13]. There is an increasing trend
in use of synthetic fiber with rapid urban development (estimated at 150-200 MJ/kg of virgin nylon fiber production [14]),
whilst the production of large fiber quantities inevitability causing energy consumption and environment pollution
eventually generating large amounts of waste to landfills. Not all the NF can be treated to reduce its environmental impact,
and recycling often increases its embodied energy. However, if the fiber is recovered from waste materials such as clothes,
ropes, fish nets and cots (charpai) from nearby locations, we can achieve better environmental and economic benefits.
Previous studies have demonstrated promising contribution of NFRC in improving the compressive properties of concrete
[15], [16]. Recycled nylon fiber as NFRC from fishing nets can enhance the tensile strength of motor [17] and toughness
as compared to non-fiber reinforced material [18] . Furthermore, waste fiber fabrics from carpets can also influence the
permeability of cracked concrete [10], [15]. Consequently, NFRC can effectively enhance the mechanical properties in
particular post-cracking behavior and tensile strength as well as provide good elasticity and chemical stability [18, 19],
without increasing self-weight of concrete [20].

Studies have shown that NF added by 2% of concrete volume, not only exhibits enhanced mechanical properties but also
reduce the permeability and shrinkage by 5% as compared to conventional concrete [20] . NFRC can also control formation
of micro crack in large-sized ultra-high-strength [21] used in hydro powerhouse [18, 20] . As opposed to micro-sized nylon
fibers, macro nylon fibers offer the same benefits as steel fibers without added weight, suitable for light weight concrete
applications. However, when effective stress transfer is essential then macro synthetic fibers are a preferred choice.
Therefore, it is critically important to choose the optimal type and size of fiber, whether natural or synthetic, to address the
prevalent issues in concrete. Flow chart illustrates in figure-06 governing properties of concrete and proposed solution for
controlling shrinkage cracks in ultra-high-strength concrete.

High-Strength concrete)

I_I_I

Non Structural Structural

Plastic Shrinkage Autogenous Shrinkage

Thermal Cracks Cracks Cracks

Dry Shrinkage Cracks Permeability

Reinforcement Fibers Admixtures

I_I_I

Natural Artificial

Steel Fiber Glass Fiber Nylon Fiber Polypropylene fibers

|_ Tensile strength = 300-950 MPA . .
Elastic modulus = 3-5.4 GPA  |——— Properties of Nylon Fiber [5]

Water absorption = 2.5-5 %

Figure 6: Flow chart representing governing properties for concrete cracking and control with Nylon fibers

3.3  Fiber Preparation

To produce nylon fiber-reinforced concrete (NFRC), the fiber is first cut into uniform lengths of 54 mm with straight ends,
all having a nominal diameter of 1.01 mm. The nylon fiber is well-separated before mixing with concrete to avoid
consolidation during the mix. Additionally, another sample of fiber is cut to a length of 75mm, maintaining the same
nominal diameter as the 1.01mm fiber. Nylon fiber in raw bundle is illustrated in figure-7a, while the preparation of fiber
was visually documented in series of figures as illustrated in figure-7b.
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Figure 7: (a) Extraction of raw nylon fiber; and (b) cut in to uniform lengths

4  Factors Affecting Shrinkage in NFRC

4.1 Water-cement Ratio

Water binder ratio is critical in reducing the concrete shrinkage. Increase in water cement ratio can provide sufficient water
for evaporation resulting in residual strength improvement. Studies show that addition of 54 mm Nylon fibers with a 0.55
mm diameter reduces shrinkage cracks in concrete by 24.7% and 29.9% at 0.35% and 0.42% ratios, respectively [2]. Table-
01 demonstrates using nylon fiber in combination of 12 and 54mm sizes with water cement ratio of 0.42 can mitigate the
shrinkage cracks up to 62.4% [2].

Table 1 Impact of Water-Binder Ratio on Concrete Shrinkage [2]

Fiber type - size Water-Cement Ratio Shrinkage reduction than the control (%)
Nylon — 54mm 0.35 24.70

Nylon — 54mm 0.42 29.90

Nylon — 12 mm 0.35 8.8

Nylon — 12mm 0.42 21.40

Nylon 12 & 54mm 0.42 62.4

4.2 Volumetric Size of Fiber

Using fiber lengths in different variation can have significant impact on the shrinkage behavior of concrete. Studies
reported that increase in fiber length from 6mm to 12mm can reduce shrinkage to 30% [20]. Other findings indicate that
12 mm fibers reduce shrinkage cracks in concrete by 45.8%, while 19 mm fibers achieve up to 30.41% reduction [22],
[23]

An increase in fiber volume notably decreases shrinkage in textile fiber-reinforced concrete. For example, incorporating
0.15% fiber volume fraction with 54 mm fibers reduces shrinkage by 30%, while a 0.35% fraction achieves a 60%
reduction [20]. However, excessive fiber content can cause agglomeration, leading to voids and increased permeability
[2]. Optimum fiber volumetric content in concrete is critical for its shrinkage reduction.

5 Applications of Nylon Fiber-Reinforced Concrete in Hydropower Structures

The inclusion of nylon fibers improves crack resistance by effectively bridging microcracks and redistributing stresses,
reducing the risk of shrinkage-induced damage [24]. This is particularly beneficial in hydropower applications, where
uncontrolled cracking can lead to seepage, structural weakening, and increased maintenance costs. In canal linings and
dam spillways, NFRC with 2-3% fiber content has demonstrated a significant reduction in thermal and drying shrinkage
cracks, improving service life and minimizing water loss [25]. The fibers enhance tensile strength, reducing crack
propagation under axial and split tensile stresses, which is critical in hydropower infrastructure subjected to cyclic
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hydraulic loading. Additionally, NFRC offers corrosion resistance, making it a sustainable alternative to steel
reinforcement in aggressive water environments. Unlike steel fibers, nylon fibers and some natural and organic fibers do
not rust, ensuring long-term durability in tailrace tunnels, culverts, and spillway aprons [26]. The use of recycled nylon
fibers (e.g., from discarded fishing nets) further enhances sustainability, reducing embodied energy while maintaining
mechanical performance. Field applications confirm that NFRC is particularly effective in thin-shell structures like tunnel
linings, where shrinkage cracking is a major concern [27, 28].

6 Conclusion

This study explored the effectiveness of nylon fiber-reinforced concrete (NFRC) in mitigating shrinkage-induced cracking
in concrete. The key conclusions drawn from this study are summarized below

e Use of nylon fiber can reduce shrinkage in concrete by 5%

e Increasing the concentration of nylon fibers from 0.05% to 0.1% can reduce the crack length from 115.2mm to
52mm.

e  Exceeding the optimal fiber dosage (>1.5%) can result in adverse effect, disrupting concrete compaction and
increasing the number of entrapped voids, which in turn increases shrinkage in concrete.

Based on these findings, this review supports the use of nylon as a synthetic fiber reinforcement material in concrete to
effectively reduce micro-cracking in hydropower construction. However, further validation is needed through
comprehensive experimental trials, including detailed testing of concrete cylinders and blocks.
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Abstract- A comprehensive review presents a detailed review of the key challenges and
advanced solutions addressing drying shrinkage in concrete structures. Drying shrinkage
is a major issue in concrete, often resulting in cracking and decreased durability. There
are many factors which affect the creation of drying shrinkage cracks like water to binder
ratio, cement type and environmental conditions. The integration of fiber into concrete
offers promising solutions yet its effectiveness is based on its type, quantity and density.
This study systematically evaluates drying shrinkage governing properties and use of
different fibers to mitigate it. The use of rice straw, basalt fiber, vegetable fiber, cotton
fabric and textile waste, non-cellulose and steel fibers are discussed. The blending
approach is the key to achieving best results like basalt fiber and nanosilica. A
comprehensive literature review exploring different research computing experimentally
shrinkage effects, it governs parameters and controlling through fiber reinforcement.
Fibers are assessed based on their density, tensile strength, shrinkage reduction and
improving ductility. Data was reviewed to look at the performances of different fibers
used alone or in combination for performance and serviceability. Steel and Nanocellulose
fibers are found most effective in mitigating drying shrinkage while natural fibers offer
moderate benefits. Basalt and nanosilica fiber provided excellent ductility and tensile
strength. Cotton knitted fiber and textile waste fiber significantly increase flexural
strength and toughness. Introduction of fibers improves concrete mechanical properties
and provide enhanced performance and longevity.

Keywords- Drying Shrinkage Cracks, Durability, Cotton Knitted Fibre, Steel Fibre, Sustainability, Textile Waste

1 Introduction

Concrete is the backbone of modern infrastructure due to its strength, availability and flexibility. It has some persistent
challenges which compromises its durability and strength in the longer period of time. One of the persistent defects is
drying shrinkage which compromise its integrity and longevity. Such cracks are especially problematic in large structural
elements like slabs, canal lining and rigid pavements, where they can substantially compromise long-term structural
performance and serviceability. Water to binder ratio, type of cement, weather conditions, properties of aggregates, curing
methods and admixture can be important factor producing drying shrinkage if not properly addressed. Recent studies have
investigated a range of innovative strategies to mitigate the adverse effects of drying shrinkage, with particular emphasis
on optimizing mix designs[1] through the inclusion of alternative binders [3], recycled aggregates, and supplementary
cementitious materials [16][9] [4]. For example, the addition of blast furnace slag [5], fly ash [3], and geopolymer
components [6] has shown potential in reducing shrinkage by modifying moisture transport mechanisms and enhancing
the material's microstructural characteristics. Furthermore, studies on unique methods for treatment for recycled aggregates
[4] and controlled low-strength materials (CLSMs) [2] have highlighted the need for sustainable solutions in this area of
study.
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An important avenue of recent research involves the application of fibre reinforcement as a means of controlling drying
shrinkage. A wide range of fibres, including synthetic, steel, [7] vegetable-based, [8] nanocellulose, [9]and hybrid types,
have proven effective in controlling shrinkage by bridging microcracks and promoting a more uniform distribution of
internal stresses within the concrete mix. In addition to restricting initiation and propagation of shrinkage-induced cracks,
these fibres contribute to enhanced mechanical performance and improved long-term durability of concrete. Each fibre
type display unique properties to concrete paste improving mechanical properties and enhancing performance. Rice straw
[8] reduces shrinkage cracks by 15% to 30%. It is low cost and sustainable but can be less durable in wet conditions. The
natural fibres can be biodegradable, and care is required during application. Nano Silica and Basalt fibre [9] can be
excellent for reducing drying shrinkage due their durability. Steel fibres [7] can reduce main reinforcement and their ductile
behaviour can improve tensile strength in micro structure. Synthetic fibres with its consistent properties and chemical
resistance improves durability and strength. But fibres can be expensive, and its application require complex methodology
which limit its commercial use in the construction industry. This literature review produces global research on FRC’s role
in addressing shrinkage, prioritizing practicality and innovation. By comparing fibre properties and environmental impacts,
it identifies optimal strategies for diverse construction needs.

The review explores how fibre selection control’s concrete ability to resist shrinkage, making a balance between innovative
ideas and real-world applications. Researchers have used natural fibres[10] like coconut fibre [11], banana fibre[12], wheat
straw [13] and jute fibres [14] for improving mechanical properties. While vegetable fibres [8] are economical, their
weakness to moisture and bacterial decay demands chemical treatments, complicating implementation in large scale
projects. Synthetic fibres deliver reliable performance but have larger carbon footprint, as they rely on non-renewable
petroleum resources. Developing material like nanocellulose [9] and basalt fibres [9] showcase potential of ecofriendly
and high strength alternative. The study argue that no single fibre can fully address shrinkage challenge. Hybrid systems
or specific fibre blend may bridge gaps in durability, cost and sustainability. For advance fibre reinforced concrete (FRC),
the industry must blend material innovation with environmental responsibility and economic capability, nurturing strong
infrastructure suited to diverse needs. Comparative analysis of synthetic versus bio-based fibres might clarify their long-
term environmental trad-offs. Exploring regional sourced fibres, such as agriculture waste and locally mined basalt, could
optimize affordability. By aligning material science with economic and environmental realities, FRC can evolve into a
foundation of strong, adaptive construction practices.

2 Structural Defect

Concrete is an obvious choice in current structural and infrastructural projects due to its strength, flexibility and easy
availability. Despite its numerous advantages, there are many defects or flaws present in the concrete. As concrete hydrates
and start to lose its moisture, it shrinks in volume due to hydration. During summers due to high temperature, water in
concrete dries quickly and causing this defect more often. If water sprinkling or curing is not done properly surface of the
concrete shrinks rapidly and small cracks appear on the surface. Please see figure-1 showing drying shrinkage cracks.
These cracks affect appearance and durability of the structural element. In larger element like slab these cracks can affect
performance in the long run significantly. The major issue is creep which initiates at early stage due to water insertion
which can cause steel rusting. These small cracks expand with the passage of time and give way to deterioration of the
surface. The longevity and service of the structural element is badly affected if these cracks are not avoided in initial
construction stage. Most of the time drying shrinkage cracks appears immediately after concreting due to hydration.
Immediate curing and water sprinkling or curing compounds should be applied to avoid drying.

Kipkemboi and Miyazawa [5] explored how drying shrinkage affects the cracking resistance of massive self-compacting
concrete (SCC) containing blast furnace slag, using a combination of experimental testing and 3D finite element modelling.
Their finding shows that higher slag replacement ratios (50%-70%) effectively reduce the temperature rise and improved
resistance to cracking. Blast furnace slag is an important addition to concrete which can reduce cracking. Peng and Dai [2]
explored the use of construction waste in producing controlled low-strength materials (CLSMs), which offer a sustainable
option for applications like backfilling and foundation support. Despite their benefits, CLSMs are weak to shrinkage and
cracking in dry conditions potentially affecting structural stability (Figure 1). Their research focused on how drying
influence the crack development and strength reduction. Their results showed increasing Portland cement or adding
bentonite helps minimize cracking and strength loss. Deng et al. [6] studied on developing a drying shrinkage model for
modified ceramsite geopolymer concrete (MCGC) through two sets of experiments. The first, ceramsite was treated with
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6% silicone resin to reduce water absorption, improve compressive strength and workability, and lower drying shrinkage.
The second ceramsite was produced with varying factors like water to binder ratio, Na20 content and metakaolin content
effect on strength and shrinkage. Results showed that while higher water and Na-O contents increased shrinkage, 8% Na2O
enhanced strength, whereas 10% reduced it. These study shows drying shrinkage is a constant problem even with addition
of chemicals.

()

Figure 1: Image processing (a)original crack image, (b)grayscale image, (c) image of crack after binarization and (d) binarized
image after removing spurious points [2]

Liu et al. [15] studied, how to improve the durability of geopolymer made from a mixture of slag and recycled powder,
obtained from finely grinded brick and recycled concrete materials, an environmentally friendly approach to recycling
construction waste. While such materials often suffer from drying shrinkage and efflorescence, the research found that
adding slag significantly reduces both issues. Yang and Lee [4] explored a new method of treating recycled concrete
aggregate (RCA)(Table 1) by coating it with a cement paste decomposition additive (CPDA) to improve the quality of
RCA concrete. The results showed that using CPDA-coated RCA improved the concrete's durability by reducing both
drying shrinkage and chloride penetration, regardless of the mixing method or amount of recycled concrete aggregate used.
There is many research works are being done on sustainability and durability of concrete but drying shrinkage is key factor
affecting the serviceability and long-term strength of concrete elements.

Table- 1: Basic aggregate properties [4]

Items tested RA RP NCA Fine Agg. A Fine Agg. B
Specific gravity 2.54 2.60 2.69 2.58 2.60
Absorption (%) rate 451 2.62 0.54 0.52 0.59
RMC - 20.0 - - -

Fan et al. [3] compared the performance of fly ash (FA) and ground granulated blast-furnace slag (GGBS) in concrete with
equal strength levels. By adjusting water-to-binder ratios and superplasticizer dosages, the researchers maintained
consistent strength and workability across samples. Both FA and GGBS improved resistance to chloride ion penetration
and reduced drying shrinkage, especially at higher replacement levels (30-40%). The drying shrinkage remains one the
most impactful and constant challenge in all research works to improve durability and strength. For more sustainable and
large-scale concrete applications, drying shrinkage must be avoided to get long-term effects. The researchers are using
innovative material and procedures to address this issue. By incorporating blast furnace slag, fly ash, optimizing mix design
and brick powder, each study contributes valuable insights to minimize shrinkage and improve durability. These studies
not only refine construction practices but also work for broader goal of achieving sustainability. These advancements hold
the potential for meaningfully influence the shape of future concrete work. Drying shrinkage is the main flaw which effect
the durability and longevity of the concrete elements.

3 Governing Parameter of drying shrinkage

There are several factors which influence drying shrinkage. The important factors which determine how much and how
quickly concrete shrinks when water evaporates from it. The water to binder ration plays an important role: higher ratio
leads to more porous concrete, allowing more water loss and increased shrinkage. The lower water to binder ratio can
decrease shrinkage but on the cost of workability of concrete mix. Less workable concrete means hydration initiates at
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early stage. The type and content of cement used is also a factor because different cement hydrates differently. For example,
cement with fly ash or slag can help reduce shrinkage. The aggregate properties are also a significant factor, well graded
aggregates with low absorption can reduce shrinkage. The most crucial role is played by curing, insufficient or late curing
may lead to moisture loss at higher rate, which accelerates shrinkage. Proper curing at right time hydrates concrete and
reduce the chance of substantial shrinkage stresses. Environmental conditions such as high temperature and low humidity
during summers, accelerates evaporation and water loss. High wind also promotes drying.

Shrinkage reducing admixtures can also play important part in minimizing shrinkage stresses by low capillary tension in
concrete pours. Superplasticizer can reduce water content without decreasing workability which helps in drying shrinkage
reduction. Cementitious material like fly ash, silica fume and metakaolin can also play important role in reducing drying
shrinkage if added in proper quantity. The smaller and flatter concrete elements tend to dry faster due to a large area is
under environmental conditions and dry faster. The age of concrete at start of drying is also critical. To control shrinkage
and prevent damage it is required to timely and affectively cure the concrete surface. Araujo et al. [16] explored the use of
Alkali-Activated Binders (AAB) as a full replacement for ordinary Portland cement (OPC), focusing on a formulation
using fly ash and steel slag with sodium-based activators. The research explored the impact of steel slag aggregates and
curing temperature on the fresh and hardened properties, as well as the durability, of a high-performance, self-compacting
AAB concrete. Excellent mechanical strength (64 MPa), good workability and self-compacting standards are the results
achieved. Banyai et al. [17] investigated the potential of employing recycled concrete aggregates (RCA) from various
kinds of construction and demolition wreckage to create concrete that meets standard performance criteria. It is notable
that a mix that contained 30% RCA (from pure concrete waste) outperformed the reference mix with natural aggregates
(51.4 MPa) in terms of compressive strength and water resistance.

Smilauer et al. [18] examined the shrinkage and creep behaviour of an industrially produced hybrid cement (H-cement)
containing only 20% Portland clinker, which combines hydration and alkali activation processes. H-cement showed lower
autogenic shrinkage after 7 days and similar drying shrinkage over time. Due to its distinct capillary structure, H-cement
experienced quicker water loss during drying. Ghafoori et al. [19] evaluated the characteristics of high early-strength
concretes made with Type V, Type I11, and rapid hardening calcium sulfoaluminate cements at multiple curing days, with
opening time, 24 hours, and 28 days. Amongst the mixes, the high early strength concrete with fast setting cement reached
the required minimum strength in the least time, followed by those with Type Ill and Type V cements. Kim et al. [1]
examined how the quality of recycled aggregates declines with repeated recycling, which in turn affects concrete
performance. It compared standard mix design with the equivalent mortar volume method for concretes made with 50%
and 100% replacement of recycled coarse aggregates across multiple recycling cycles. The figure -2 shows different
recycled aggregates. The findings highlighted that with the right mix design and replacement ratio, the negative effects of
using multiple recycled aggregates in concrete can be effectively mitigated.

RCAl RCA2 RCA3

Figure 2: Recycled concrete aggregates with different recycling generation. [1]
Babaei et al. [20] introuuceu d 1w aridiyusar Haniewurk UESIYIEU W ESUITIELE TEVEISIUIE UTylny siinnkaye suani i OPC-
based materials using minimal input data. The required inputs included cement composition, microstructural details, and
mechanical properties of the hydrated cement paste. At the core of the framework was a pore network model, which
quantitatively supported the shrinkage calculations. The framework’s predictions were compared with literature data,
showing good agreement for non-virgin materials and offering qualitative insights into microstructure-related irreversible
deformation in virgin materials. Drying shrinkage in concrete is multifaced phenomenon governed by a combination of
material characteristics, environmental condition and design considerations. Factors such as the water-to-binder ratio,
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cement type, aggregate properties, curing and environmental conditions, use of admixtures and SCMs, and element
geometry all contribute to the extent and rate of shrinkage. Emerging research on alternative binders, recycled aggregates,
and hybrid or alkali-activated systems highlights the complexity and evolving nature of shrinkage behaviour in sustainable
concretes. It is required to control these parameters through collective investigation and through practical implementation
of these researches.

4 Fiber Reinforcement to Reduce Drying Shrinkage

Fiber reinforcement in concrete can play important role in reducing dry shrinkage by mitigating formation and propagation
of micro cracks. As concrete dries concrete undergoes volumetric reduction through evaporation which induces tensile
stress in hardened mixture. When these stresses exceed tensile capacity of the concrete, shrinkage crack develops. These
drying shrinkage cracks reduce serviceability and performance of concrete in long run. The introduction of fiber whether
synthetic, steel or natural, into the mixture helps distribute these stresses more evenly. The fibers act as micro reinforcement
that bridge cracks limiting width and extent. Fiber therefore limits the determinable effects of drying shrinkage. In addition
to crack control fibers can also modify internal stress state and improve the overall ductility of the concrete. This enhanced
ductility allows the concrete to accommodate drying shrinkage strain more effectively without undergoing sudden failure.
The presence of fiber contributes to more uniform stress distribution over the concrete medium. The typical areas high
tension which are prone to cracking, is reduced with inclusion of fiber.

Dostkami et al. [21] explored the reuse of rice straw, an agricultural waste typically burned or buried, by incorporating
rice straw fibers into concrete as microfibers. The experimental work involved preparing rice straw fibers and comparing
fiber subjected to three treatment techniques—two chemical (alkaline) and one thermal. Overall, the study demonstrated
that concrete could effectively encapsulate rice straw fibers while achieving the necessary strength levels for various
engineering applications (>30 MPa). Borito et al. [9] explored the cumulative impact of nanosilica (NS) and basalt fibers
(BF) on the mechanical and microstructural characteristics of superabsorbent polymer modified concrete. NS, replacing
0-1.5% of the cement weight, and BF, at a volume fraction of 0-1.2%, were added to optimize the compressive, flexural,
and split-tensile strengths of the concrete. Scanning Electron Microscopy analysis showed that NS filled the spaces created
by SAP while BF restricted crack spreading, resulting in a stronger and more durable concrete mix. Montez and Echevarria
[8] examined the increasing use of vegetable fibers (VFs) in cement-based composites, which gained attention due to their
low environmental impact and desirable properties. The study revealed a strong focus on optimizing the mechanical
properties and durability of VF composites, and it reviewed influential studies on VF classification, durability
enhancements, and advanced applications.

Agunbiade and Mangat [22] investigated the influence of nanocellulose fiber (CF) derived from wood pulp on the
hydration, mechanical, shrinkage, and pore properties of ordinary Portland cement mortar. CF was incorporated into mortar
mixes at dosages ranging from 0.15% to 1.5% by weight to evaluate its effects on physical, mechanical, and microstructural
characteristics. The study demonstrated that CF was a viable sustainable additive for cementitious materials, with an
optimal dosage of 0.45% balancing workability, mechanical properties, and durability for sustainable construction
applications. Chousidis (2025) [7] examined the effect of steel fibers and carbon nanotubes on the performance of
cementitious composites by gauging three mix types: a reference mix, a steel fiber-reinforced concrete and a combined
mix of both SF and CNTSs. The study demonstrated reduced porosity and water captivation, showing amplified density and
lower penetrability, while SEM analysis validated a denser microstructure with improved crack-bridging abilities. These
findings highlighted the potential of combined reinforcement strategies to produce high-performance fiber concrete with
enhanced toughness for challenging construction applications. Statkauskas et al. [23] investigated the efficiency of various
shrinkage reducing additives in ordinary Portland cement concrete and their impact on mechanical properties. Concrete
mixtures were modified with an organic-based shrinkage reducing additive (SRA), quicklime, polypropylene fiber, and
hemp fiber. Although hemp fiber did not notably reduce shrinkage, it was recognized as an environmentally friendly
additive that improved flexural strength. Furthermore, the incorporation of 3.0 kg/m? of polypropylene fiber increased
flexural strength by 11.7%.

Bartulovic et al. [24] examined the influence of cotton knitted fabric waste on concrete properties. They had used 1.7% to
3.5% cotton knitted fabric waste in 10 different mixes with same amount of cement. It was found that flexural strength
was increased 38% but compressive strength decreased to 20%. Sadrolodabaee et al. [25] did experimental study of textile
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waste fiber reinforced concrete by adding 6-10% short random fibers and non-woven fabric in 6-7 layers as textile waste
reinforcement. The best composite was recognized to be the one reinforced with 6 layers of non-woven fabric, with flexural
strength of 15.5 MPa and a toughness of 9.7 KJ/m2. The research presented above clearly showed that incorporating
various types of fibers, whether synthetic, steel, vegetable, cotton and fabric waste, nanocellulose, or hybrid combinations,

can effectively reduce drying shrinkage cracks in concrete.

The use of fibers not only improves the mechanical properties of concrete but also enhances its durability by mitigating
the shrinkage-induced cracking. Shrinkage can lead to further issues such as water ingress, creep and subsequent
degradation. In addition, fiber reinforcement improves mechanical properties, durability, and overall performance of
cementitious materials. Fiber reinforcement offers a sustainable and cost-effective solution for high-performance concrete
applications. Some of the advantage and limitations are tabulated in table -2.

Table- 2: Advantage and limitation of different fibres

Research Fiber type Usage Key Properties Advantages Limitations
Dostkami et Rice straw 79 mm length, Natural, low-cost, Improves crack | Low durability in
al. (2025) 1.1mm diameter, | improve strength up resistance wet conditions,

not > 10kg/m3 to 30MPa uneven dispersion
Borito et al. Nanosilica and 0.9% NS and High tensile Excellent Higher cost than
(2025) Basalt Fiber 1.2% BF strength, durability, durability, some synthetic
sustainability thermal stability fibers
Montez and Vegetable fiber 1% or less by Lightweight, Sustainable, low Prone to
Echevarria weight of cement renewable density degradation,
(2025) absorbs water
Agunbiade Nanocellulose 0.45% or lesser Nano-sized, high Ultra-high Expensive,
and Mangat Fiber surface area strength, reduces complex
(2025) microcracks production
process
Chousidis Steel Fiber and Steel fiber =2% t Superior tensile Enhances load Corrosion risk,
(2025) carbon nanotubes | Carbon nanotubes | strength, ductility capacity, durable | heavy, high cost
=0.2%
Statkauskas et Polypropylene 3 kg/m3 Increase flexural Consistent Strength reduces
al. (2022) fiber strength by 11.7% | quality, resistant | if SRA increases
to chemicals

Bartulovic et

Cotton knitted

1.7%-3.5%

Increase in flexural

Sustainability,

Degradation if

al. (2022) fabric waste strength by 38% environmentally | exposed to water
friendly or air
Sadrolodabaee Textile waste 6-10% and in 6 Flexural strength Reduce waste, Low mechanical
et al. (2021) fiber layers 15.5Mpa, eco-friendly strength
Toughness 9.7
KJ/m2

5 Conclusion

Following conclusions can be drawn from the conducted study:

1. The defect of drying shrinkage in concrete can pose significant affect in durability and serviceability of concrete.
Research consistently shows incorporating materials like slag, fly ash (30%-40%) and recycled aggregates can
significantly reduce shrinkage cracks. Material design and curing methods are essential to more sustainable
concrete mixes.

2. Mitigating governing parameters of drying shrinkage by inducing proper alkali activated binders, fly ash,
recycled aggregates and curing conditions. The parameters like water to binder ratio, curing methods and weather

conditions produces drying shrinkage in concrete if not handle properly.

3. The inclusion of fiber in concrete improves mechanical properties, durability and performance by improving
concrete toughness and strength by bridging crack as micro reinforcement. The fiber in combination is also good
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addition to the concrete paste which enhance mechanical properties immensely. The use of cotton knitted fiber
waste (1.7%-3.5%) and textile waste fiber (6%-10%) can perform better to reduce drying shrinkage and improve
flexural strength with sustainability. In Summary, adding fiber reinforcement to concrete is potential way to
reduce drying shrinkage. Cotton knitted fiber can be used for the crack control and reductions in slabs. While
carbon nanotubes and steel fiber are being used in joint less facade and precast elements. Despite considerable
achievements in our understanding of mechanical properties and performance of fiber-reinforced concrete, there
are still knowledge gaps that require further investigation. Future research can aid in creation of more resilient
and sustainable concrete structures by emphasizing innovative materials and long-term performance. Future
research required to be done on hybrid fibers for strength and workability. Adding multiple fiber enhances the
strength as well as ease in construction. The careful review and constructive suggestion by the anonymous
reviewers are gratefully acknowledged.
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Abstract- Early-stage plastic shrinkage cracks can shorten the lifespan of concrete slabs
by providing direct pathways for aggressive agents to enter and hastening environmental
attack-related deterioration, especially in hot and windy conditions. For concrete
constructions to be long-lasting and sustainable, these fissures must be fixed. To enhance
the sustainability and resilience of concrete structures, this study evaluates the
performance of steel fiber reinforced composites (SFRC) in mitigating early age plastic
shrinkage and micro-cracking under various environmental conditions. In accordance
with ASTM C1579, the plastic shrinkage tests were conducted in a specially constructed
chamber. The effects of various environmental factors on compressive strength and
fracture potential are investigated. The SFRC is preferable because it is more evenly
distributed throughout the concrete volume, and it has been demonstrated to be effective
in reducing microcracks and plastic shrinkage through the application of the crack
reduction ratio (CRR). Results from previous researches also indicates that a dosage of
30 kg/m3 of SFRC is effective in preventing or significantly reducing cracking, even
under extreme conditions. These findings contribute to the development of more durable
concrete slabs capable of withstanding climate-induced stressors.

Keywords- Steel Fiber Reinforced Composites, Plastic Shrinkage Cracks, Concrete Shrinkage, Concrete Durability

1 Introduction

One major problem that impacts concrete durability and shortens the lifespan of concrete structures is early-age cracking
brought on by autogenous and plastic shrinkage [1]. Roughly 80% of early-age cracking in reinforced concrete buildings
is thought to be caused by plastic shrinkage cracking. The majority of structural elements are susceptible to plastic
shrinkage fractures, although big surface area constructions like slabs, pavements, and walls are more prone to experience
them [2]. Volume changes that take place during the plastic stage, or before the concrete solidifies, are the cause of plastic
shrinkage fractures. These include water evaporation and bleeding, aggregate plastic settling, and air void ejection [3].
Water menisci form between solid particles as the layer of bleeding water at the concrete's surface evaporates, starting the
buildup of capillary pressure. Cracks appear when the capillary pressure reaches a certain limit [4]. These fissures can be
large and extend deep into the concrete surface, depending on the initial water content and the rate of evaporation [5].
Cracks that start in the plastic stage might develop into drying shrinkage cracks once they reach the final setting period.
Concrete degradation is accelerated by cracks, which can allow pollutants to enter the concrete. It is well acknowledged
that concrete fractures of this kind ought to be prevented or managed [6].

Numerous researchers have examined the behavior of plastic shrinkage cracks and discovered that, after drying starts,
capillary pressure increases quickly [7]. However, as soon as air enters the pores, the capillary pressure abruptly decreases
before the initial setting time starts. The normal phenomenological behavior of plastic shrinkage is schematically
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accompanied by the formation of capillary pressure [8]. Bleeding slows down when initial setting time (TIS) begins and
may be regarded as ending by final setting time (TFS) [9]. The onset of cracking (TCO) starts shortly after the first setting
time, and the crack width grows until the final setting time. The crack propagation slows down when the final setting time
is approached. The combination of drying shrinkage, autogenous shrinkage, and temperature causes this following crack
growth [10].

2 Mechanism of Crack Formation

A frequent early-age concrete fault is plastic shrinkage cracks in slabs as shown in Figure 1, which often show up in the
first few hours after pouring while the concrete is still plastic (wet and workable) [11]. These fractures form when surface
moisture evaporates more quickly than bleed water can rise to the surface. As a result, the concrete underneath continues
to expand or settle as the surface dries out and shrinks [12]. Random, shallow surface fractures are caused by the stress
that is formed. It usually shows as on exposed flat surfaces, such as roof slabs (before curing), industrial floors, slabs on
grade, and pavement panels [13]. It frequently forms a scattered pattern with occasionally parallel lines that are a few
inches to several feet apart. It frequently occurs in hot, dry, or windy weather, particularly when there is warm formwork
or subgrade, low humidity, high wind speed, and high temperatures [14]. After implantation, it typically develops one to
six hours later. Cracks are shallow (only visible on the surface), thin (hairline to ~1 mm), and frequently go away under
finishing before resurfacing later [15].
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Figure 1 Shrinkage cracks in Slab [5]

While the evaporation rate exceeds 1.0 kg/m2/h, plastic shrinkage cracking is anticipated to form; this is most likely to
happen in hot weather while concrete is being laid in dry locations [16]. The denser solid component materials have a
tendency to sink and may lose their ability to retain surplus mixing water during the first two to four hours of setting after
casting [17]. Some of this water seeps out of the mixture onto the surface as it migrates towards the top. The cement's
water content, viscosity, particle size distribution, and rate of hydration all affect how quickly it bleeds [18]. The rate of
water bleeding stabilizes and finally stops after the first setup time. The cement's hydration raises the surface temperature
during the last set (48 hours), which might lead to a higher evaporation rate than bleeding [19]. Plastic shrinkage cracking
before the final set is finished might result from a rapid rate of evaporation, which is further exacerbated by wind and dry
circumstances [20].

3 Governing Parameters

A concrete slab's governing qualities, particularly its longevity, serviceability, and, in some situations, structural
performance, can be greatly impacted by shrinkage cracks. Shrinkage cracks impact the durability, serviceability, structural
integrity, crack control, reinforcement performance, and long-term deflections and deformations as shown in Table 1. In
durability, cracks allow moisture, chlorides, and chemicals to penetrate the slab. Consequences that occur due to durability
are accelerated corrosion of reinforcement, freeze-thaw damage in the cold cycle, and reduced service life due to chemical
attack. In serviceability issues, even small cracks affect slab performance under normal use. Its impact is uneven surfaces
in floors, water leakage in roofs or wet surface areas, and noise transmission or vibration issues.
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Table 1 Governing Properties

Effect

Allow moisture, chlorides, and
chemicals to penetrate.

Small cracks affect slab performance
under normal use.

Minor with shrinkage cracks.

Consequences

Freeze-thaw damage

Reduced service life

Water leakage in the roof

Uneven surface on the floors
Restrained slab

Reduce the load-carrying capacity
Debonding

The effectiveness of steel decreased
Uneven slab behavior

Impact of Shrinkage crack
Durability

Serviceability
Structural Integrity
Reduce the bond between concrete

and reinforcement.
Slab flexibility increases.

Crack control and reinforcement
performance
Long-term deflection

Shrinkage cracks are often considered minor in terms of structural integrity; their impact can become significant in certain
conditions. In heavily cracked or restrained slabs, these cracks may reduce the load-carrying capacity and act as stress
concentrators, potentially leading to further crack propagation under applied loads. In pre-stressed concrete members,
shrinkage-induced cracks can contribute to a loss of pre-stress force. Regarding crack control and reinforcement
performance, the presence of cracks weakens the bond between the reinforcement and concrete. This may result in slippage
or de-bonding, particularly when cover is insufficient, and could lead to localized failures in critically cracked areas. Over
the long term, such cracking increases the flexibility of the slab, leading to greater deflections and irregular slab behavior.

4 Fiber Selection and Optimization

One of the main factors in determining how well concrete elements operate is minimizing time-dependent features, such
as volume changes in concrete mixes. Commercial fibers come in a variety of forms to control volume variations that cause
concrete mixes to break. Table 2 illustrates that fiber may effectively increase the mixture's ability to regulate cracks,
which will lower the breadth and length of cracks. Furthermore, steel fiber-reinforced concrete (SFRC) has superior
mechanical properties, including fatigue resistance, impact resistance, and shear and flexural strength. Concise overview
of how different steel fiber forms influence concrete properties is provided.

Table 2 Comparative Performance of Steel Fiber Types in SFRC

Fiber Type | Primary Mechanical Properties Shrinkage Control Workability Impact
Enhanced Efficiency (Plastic, Drying)

Straight Tensile strength, flexural strength, Moderate to good Usually manageable, but
Compressive strength (notably decreases with increasing
higher than hooked-end in some aspect ratio and volume
studies), toughness, ductility

Crimped Mechanical anchorage, flexural Good Adequate reduction in
strength, toughness slump as compared to

plain concrete

Hooked- Flexural strength (significant Effective in reducing plastic Adequate reduction in

End enhancement), tensile strength, shrinkage and micro-cracks, slump, but generally less
toughness, impact resistance, pull- | and most efficient for drying | than RTSF at similar
out resistance shrinkage control dosages

As shown in Figure 2, Straight steel fibers are noted for enhancing compressive, tensile, and flexural strengths, along with
ductility and toughness, while offering moderate shrinkage control and manageable workability that can decrease with
higher aspect ratios or volumes. Crimped fibers primarily improve mechanical anchorage, flexural strength, and toughness,
providing good shrinkage control with a moderate impact on slump. Hooked-end fibers are highlighted for significantly
boosting flexural and tensile strengths, toughness, impact, and pull-out resistance, proving most efficient for drying
shrinkage control and effective against plastic shrinkage and micro-cracks, typically causing a moderate slump reduction.
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Figure 2 Visual comparison of common steel fiber types used in plastic shrinkage crack control in concrete [8]

Figure 3 Flowchart for fiber selection

Figure 3 presents a flowchart outlining the systematic approach used to select appropriate steel fibers for minimizing plastic
shrinkage cracking in concrete. The flowchart integrates key selection parameters such as fiber type, geometry (including
aspect ratio and shape), dosage, and performance characteristics. From previous researches we came to know that a fiber
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dosage of 30 kg/m3 (Vi = 0.38%) may be used to totally prevent plastic shrinkage cracking, although the right fiber volume
should be chosen based on mix design and overall performance. Similar to how they work against drying shrinkage, this
study offers strong experimental proof that SFRC is a sustainable and efficient substitute for MSF in avoiding plastic
shrinkage fractures. In addition to having a positive impact on reducing plastic shrinkage cracks, the use of finer fibers is
anticipated to improve sustainability, durability, and structure—especially in the harsher climatic circumstances brought
on by climate change.

5 Conclusion

This research studies the effect of different doses of SFRC on limiting concrete plastic shrinkage and micro fractures at
the fresh stage. Plain concrete and fiber-reinforced concrete slab specimens are evaluated according to the test technique
provided in ASTM C1579 under controlled environmental circumstances, and their crack initiation and development is
investigated, along with other physical characteristics. The following conclusions may be made based on the study of the
findings in this paper:

e Cracking starts around two hours after casting, which is the first setting time, and it essentially stops after six
hours, which is the final setting time.

e The concrete's hydration rate and 24-hours strength increased by exposure to the greater temperature in the
chamber; however, the 28-day strength was not significantly affected. The fibers' impact on compressive strength
is negligible.

e The experimental investigation through previous researches confirms that incorporating steel fibers at a dosage
of 30 kg/m3 significantly reduces or entirely prevents plastic shrinkage cracking in concrete during the early-age
setting period.

In order to lessen or avoid plastic shrinkage cracking in concrete, future research should look at the synergistic benefits of
employing sustainable fiber alternatives, such the RTSF employed in the study reported in this paper, with various cement
and aggregate substitutes as well as different curing techniques.
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Abstract- The road infrastructure is a vital component of national economic development;
however, it is increasingly challenged by sustainability concerns stemming from material
deterioration, insufficient maintenance, and harsh environmental exposure. Although
rigid pavements are valued for their extended service life, they are susceptible to
premature cracking, primarily due to drying shrinkage. This phenomenon occurs when
volumetric reduction in concrete induces tensile stresses that exceed its capacity, leading
to early-age cracking. These cracks are further exacerbated by repeated traffic loads,
compromising both performance and longevity. This study aims to identify the underlying
factors contributing to shrinkage-induced cracking in rigid pavements and to evaluate
strategies for enhancing their post-cracking resistance. In particular, the effectiveness of
nylon fibers as a reinforcement material is explored. An experimental framework is
employed to investigate the fibers’ role in controlling crack propagation through bridging
mechanisms and improved tensile behaviour. The results demonstrate that nylon fiber
integration significantly enhances resistance to shrinkage stresses, leading to improved
durability and an extended lifespan for rigid pavement systems.

Keywords- NFRC, Rigid Pavement, Shrinkage Cracking, Tensile Strength

1 Introduction

Rigid pavements play a critical role in modern transportation infrastructure, particularly in areas subjected to high
traffic volumes. They are designed to offer a durable, smooth, and long-lasting surface, providing consistent
performance under heavy vehicular loads. Although the initial construction cost of rigid pavements is typically higher
than that of flexible pavements, their minimal maintenance requirements and extended service life make them a cost-
effective option over time [1]. The inherent high flexural strength of concrete facilitates the even distribution of traffic
loads across the pavement structure, thereby reducing stress on the subgrade and improving overall structural
performance. Moreover, rigid pavements exhibit significantly higher elastic and shear modulus compared to flexible
pavements, enhancing their ability to resist deformation and sustain repeated loading [2]. Despite these advantages,
concrete pavements are prone to early-age microcracking, which often marks the beginning of long-term deterioration.
This issue is particularly critical in highways, where pavements are expected to remain functional for four decades or
more [3]. Compared to asphalt alternatives, concrete pavements generally require fewer repairs throughout their
service life [4]. However, the inclusion of reinforcement and joint systems may add to construction costs; exploring
cost-efficient reinforcement strategies, such as fiber reinforcement, presents a promising approach to optimize both
performance and economy [5].

2 Shrinkage Cracks in Concrete

Shrinkage is widely recognized as one of the primary factors contributing to the development of early-age cracks in
rigid concrete pavements [2]. Concrete pavements, by nature, are more susceptible to shrinkage-induced cracking
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compared to other structural components. This heightened vulnerability can be attributed to the substantial surface
area exposed to atmospheric conditions, which accelerates moisture loss and exacerbates shrinkage-related stresses
[6, 7]. As concrete undergoes changes in volume due to drying or thermal fluctuations, internal tensile stresses are
generated within the material. These stresses continue to build up until they surpass the concrete's inherent tensile
strength, leading to the formation of surface cracks. These early cracks can significantly reduce the overall
performance and durability of the pavement. The situation is further aggravated by the exposure of the top surface of
the pavement to drying, while the underlying layers remain somewhat insulated. This differential drying rate results
in a phenomenon known as differential shrinkage, where the surface layer shrinks more rapidly than the deeper layers.
As a consequence, the disparity in shrinkage between the surface and the underlying concrete leads to internal strain,
ultimately causing the formation of cracks, which often appear in the form of longitudinal or transverse fissures across
the pavement surface [8].

Once shrinkage cracks form on the surface of rigid pavements, they create a pathway for various environmental factors
to further deteriorate the structure. Water infiltration is one of the most significant threats, as rainwater can easily enter
the cracks, reach the underlying layers and cause damage to the subgrade material. This water infiltration can lead to
partial settlement, weakening the structural foundation and promoting thermal cracking due to fluctuations in
temperature [9]. The process of early-age shrinkage begins during the curing phase when moisture begins to evaporate
from the concrete. During this phase, the material experiences tensile stresses that often exceed its tensile strength,
resulting in the formation of microcracks. Research has shown that concrete can develop between 500 to 700 micro-
strains of shrinkage within the first week of curing, which can already lead to the initiation of microscopic cracks
within the concrete matrix. These microcracks are not immediately visible but serve as the starting point for more
substantial damage under traffic loading. As these cracks continue to grow and propagate, they form larger visible
cracks that allow more water to penetrate, accelerating the process of deterioration. Over time, the presence of moisture
can lead to spalling, the corrosion of embedded steel reinforcement, and further weakening of the pavement structure.
Without appropriate preventive measures, shrinkage cracking becomes a primary cause of premature pavement failure,
significantly reducing the pavement's lifespan and structural integrity. In the long term, this damage compromises the
ability of the pavement to carry heavy traffic loads, leading to costly repairs or complete reconstruction(figure-1) [10].

Figure 1. Visible shrinkage cracks reduce structural integrity of pavement due to moisture infiltration.
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