
 

 

49 

 Journal of Environmental Friendly Materials, Vol. 8, No. 1, 2024, 49-57. 
 

 

 Impact of Freezing and Thawing Cycles on Mechanical Performance of 

Carbon Fiber-Reinforced Cement-Stabilized Sand 
 

M. Nourmohammadi1, Z. Aghaei2, M. Bayat1,* 

 
1
Department of Civil Engineering, Najafabad Branch, Islamic Azad University, Najafabad, Iran. 

2School of Civil Engineering, University College of Engineering, University of Tehran, Tehran, Iran. 

Received: 28 February 2024 - Accepted: 08 June 2024 
 

 

Abstract 
 

In civil engineering, natural soils often lack the strength required for intended loads. Soil improvement techniques, such as 

using cement and fibers, are employed to bolster mechanical properties for engineering structures. This study evaluates the 

efficacy of cement-stabilized sand reinforced with carbon fibers under freezing and thawing cycles. Key variables 

investigated include cement and carbon fiber content, curing periods, and freeze-thaw cycles. Results show significant 

enhancements in unconfined compressive strength (UCS) with the addition of cement and carbon fibers. For instance, 

specimens with 10% cement and 2% carbon fiber achieved UCS values of up to 1717 kPa, 1521 kPa, and 1347 kPa under 

varying freeze-thaw cycles at 28 days. This combination also reduces crack formation by increasing strain at failure points. 

Specimens with 2% carbon fibers and 10% cement exhibited the highest failure strains under freeze-thaw cycles. However, 

increasing freeze-thaw cycles led to decreased UCS, although carbon fiber-reinforced specimens showed more resilience. 

The study highlights the efficacy of combining carbon fibers and cement for reinforcing sandy soil under freeze-thaw 

conditions. Cement enhances UCS during stabilization, while carbon fibers improve strain at failure, enhancing soil 

deformability and mitigating failure mechanisms. This research provides insights into optimizing soil stabilization methods 

for civil engineering projects in challenging environmental conditions. 
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1. Introduction 
 

Soil stabilization, a crucial aspect of civil 

engineering, encompasses a variety of techniques 

aimed at bolstering the strength and resilience of 

weaker soils to meet specific engineering 

requirements [1–7]. This process typically involves 

two main methodologies: physical and chemical 

stabilization. Physical methods entail employing 

various mechanical processes to enhance soil 

properties, while chemical stabilization relies on the 

application of chemicals, emulsions, and binding 

agents to achieve the desired results [8]. 

Chemical stabilization involves the addition of 

substances such as cement, lime, polymers, and 

fibers to modify soil characteristics, bolster strength, 

and reduce permeability. Cement, a widely utilized 

stabilizing material, effectively fills the voids 

between soil particles, fostering bonds that enhance 

both mechanical and physical properties, thereby 

augmenting strength and overall performance [9–12]. 

The requisite amount of cement for soil stabilization 

varies depending on factors like soil plasticity, 

compaction level, porosity, and the proportions of 

course and fine materials. Typically, sandy soils 

necessitate a cement content ranging from 5% to 

20%, with the initial moisture content exerting a 

notable influence; however, exceeding optimal  
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moisture levels can compromise overall         

strength [13]. 

Furthermore, the incorporation of fibers represents 

another promising strategy for soil enhancement 

[14,14,15]. Derived from various sources such as 

plants, pitch-based methods, or synthetic 

polyacrylonitrile (PAN) processes, carbon fibers 

offer numerous advantages including exceptional 

surface coverage, low thermal expansion, high 

thermal stability, lightweight properties, and 

chemical resistance [16–18]. Both carbon nanofibers 

and carbon nanotubes exhibit significant potential in 

stabilizing degraded soils [19,20]. 

When combined with clayey soil, the introduction of 

carbon fiber elements can significantly enhance both 

the Unconfined Compressive Strength (UCS) and 

the soil's resistance to brittle failure. Notably, while 

the addition of carbon fibers initially strengthens the 

soil, an excessive increase in fiber content can lead 

to a decrease in strength, particularly noteworthy 

when carbon fiber content reaches 0.1%. 

Mechanistically, this improvement stems from both 

the reinforcement provided by individual carbon 

fiber threads and the formation of a three-

dimensional fiber network within the soil 

[21].Moreover, the impact of freeze-thaw cycles on 

soil, especially in cold regions, is significant, 

altering soil structure and characteristics and 

potentially diminishing overall strength [16,22,23]. 

Thaw-freeze cycles notably affect the UCS and 

stress-strain curves of cement-stabilized soil 

samples, with an increase in cycle number 
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correlating with a decrease in peak and critical state 

strength [24]. 
Although previous research extensively explores the 

effects of freeze-thaw cycles on soils stabilized with 

cement or lime, there remains a gap in 

understanding the specific impact on cement-

stabilized soils reinforced with fibers. Hence, this 

study aims to evaluate the influence of carbon fiber 

content (ranging from 0% to 2%), cement content 

(ranging from 0% to 10%), the number of freeze-

thaw cycles (ranging from 0 to 4), and optimum 

moisture content on the UCS of sandy soil. 

 

2. Materials and Methods 

2.1. Materials 
 

The soil utilized in this study is sandy soil 

characterized by a uniform grain size and 

representative freezing and thawing conditions 

observed in natural environments. Sourced from 

sandy hills located in Varzaneh, Isfahan province, 

this soil reflects the climatic extremes experienced 

in the region, including hot and arid summers and 

cold, dry winters. Sandy soil was chosen for its 

relatively underexplored nature concerning the 

effects of freezing and thawing, particularly when 

compared to fine-grained soils [25]. Table. 1. 

outlines the physical and geotechnical properties of 

the soil, while Fig.1. illustrates its particle size 

distribution curve. 

 
Table. 1. Physical and geotechnical properties of the 

soil. 

Values Properties 

SP Soil Classification (USCS) 

2.67 Gs 

19/91 γdmax (kN/m3) 

9 ωopt (%) 

0.92 emax 

0.516 emin 

 
Fig. 1. Grain size distribution curve of Varzaneh sand. 

 

For this study, Portland cement Type II, also referred 

to as modified Portland cement, was employed to 

enhance sandy soil. carbon fibers were chosen for 

soil stabilization in this project based on prior 

research, as demonstrated by studies conducted by 

researchers [19,26]. These studies have highlighted 

the efficacy of carbon fibers in enhancing the 

properties of granular soils. Notably, carbon fibers 

exhibit a higher elastic modulus compared to glass 

and coir fibers, with diameters typically ranging 

between 5 and 10 micrometers. Carbon fibers are 

further categorized into two main groups based on 

texture: unidirectional and bidirectional. In this 

study, unidirectional carbon fibers were employed. 

Unidirectional carbon fibers offer several 

advantages, including surface finishing capabilities, 

a low thermal expansion coefficient, high thermal 

stability, superior strength and elastic modulus, 

lightweight properties, high specific surface area, 

and suitability for varying water and weather 

conditions. Initially, carbon fibers possess a 

unidirectional fabric texture, which necessitates 

chopping into sizes ranging from 8 mm to 20 mm 

for incorporation into soil samples. The physical and 

chemical properties of the applied carbon fibers are 

outlined in Table.2. 
 

Table. 2. Physical and chemical properties of carbon 

fibers. 
Values Properties  

200 Arial Weight (gr/m2) 

Black Color 

60 Penetrating Time (sec) 

Unidirectional Weave Pattern 

0º Primary Fibre Direction 

0.11 Fabric Thickness (mm) 

3800-4000 
Tensile Strength-ISO 10618 

(MPa) 

230 
Tensile Modulus-ISO 10618 

(GPa) 

1.7% Elongation-ISO 10618 

Hand lay-up, Spray 

machine, Robot processes 
Application Methods 

Epoxy, Polyester, 
Phenolic, Polyurethane, 

Vinylester 

Compatible Resins 

10 Shelf Time (years) 

Store dry at 4ºC-40ºC Storage Conditions 

 

2.2. Soil Specimen Preparation 
 

The objective of this research is to investigate the 

influence of adding cement and carbon fibers on the 

Unconfined Compressive Strength (UCS) and strain 

at failure of sand samples. Cement was incorporated 

at ratios of 5% and 10% of the sand weight, 

informed by prior studies such as [27], which 

highlighted the benefits of cement for soil 

enhancement, with a maximum limit of 10% cement 

suggested by [28]. Carbon fibers were introduced at 

proportions of 0.5%, 1%, and 2% of the sand weight, 

following the experimental approach of Li et al. [29] 

and another relevant research. 

The samples were prepared by mixing different 

amounts of cement and carbon fibers, then subjected 

to curing and exposure to varying freezing and 

thawing cycles (2 and 4 cycles) prior to UCS testing. 

Following molding, the samples were cured in nylon 

bags, divided into 7-day and 28-day groups, and 

exposed to the specified freezing and thawing cycles. 

The choice of the nylon bag method for curing is 

based on research by [30] and [31], which 

demonstrated its effectiveness in mitigating 

evaporation effects on soil samples. Each freezing 
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 and thawing cycle involved placing the samples in a 

freezer for 24 hours at -23°C, followed by exposure 

to room temperature (21 to 25°C) for 23 hours. This 

protocol adheres to the ASTM D560 standard and 

accounts for the grain size of the sandy soil, 

ensuring consistent and controlled testing conditions. 
 

2.3. Unconfined Compressive Strength (UCS) 

Tests 
 

The Unconfined Compression Test, alternatively 

known as the Uniaxial Compression Test, is a 

standard method employed to evaluate the strength 

and deformation properties of soil. Conforming to 

the ASTM D2166 standard, this test involves 

subjecting a soil sample to axial compression 

without any lateral confinement. The test is 

conducted using a Universal Testing Machine 

(UTM), specifically the SANTAM model STM-150, 

which applies axial force to the soil specimen until 

failure occurs. This allows for the determination of 

the maximum compressive stress the soil can 

withstand without lateral support, known as the 

UCS. 
 

2.4. Preparation of Optical Micrograph Images 
 

Following the completion of uniaxial compression 

tests, optical micrograph images of selected samples 

were prepared to investigate their microstructure. 

These images were captured using a 

stereomicroscope, also known as a stereoscope, 

which is an optical microscope designed for 

analyzing small-scale samples at low magnification. 

The stereomicroscope operates by employing 

reflected light from the sample's surface, rather than 

transmitting light through it. This device utilizes two 

separate optical paths, each equipped with its own 

eyepiece and objective lens, providing slightly 

different viewing angles for the left and right eyes. 

Through the illumination of the object via two 

distinct light paths, the lenses can magnify the 

object to approximately 160 times its original size. 

In this study, the equipment utilized for imaging was 

the SZX16 model stereomicroscope manufactured 

by OLYMPUS. This instrument facilitated the 

examination of sample microstructures, aiding in the 

comprehensive analysis of the uniaxial compression 

test results. 

 

3. Results and Discussion 
 

To elucidate the distinct alterations in the 

mechanical behavior of both pure and reinforced 

soil influenced by 0, 2, and 4 freeze-thaw cycles, 

uniaxial compression tests were conducted on 

specimens before and after freezing and thawing. 

These specimens comprised a blend of cement and 

carbon fibers and were evaluated following 7-day 

and 28-day curing periods. The abbreviations 

utilized in the graphs and presentation of results are 

as follows: cement percentage (cc), carbon fiber 

percentage (cfc), freezing and thawing cycles (FZ), 

and curing time (ct). 

 

3.1. Effect of Freeze-Thaw Cycles on UCS  
 

Fig. 2. UCS of samples without freeze-thaw cycles at 7 

and 28 days of age with varying percentages of cement 

and fibers. 

 
Fig. 3. UCS of samples with 2 freeze-thaw cycles at 7 

and 28 days of age with varying percentages of cement 

and fibers. 

 
Fig. 4. UCS of samples with 4 freeze-thaw cycles at 7 

and 28 days of age with varying percentages of cement 

and fibers. 
 

In Fig. 1. to Fig. 3., the UCS of the control sample 

without any cycles, 2 cycles, and 4 cycles of 

freezing and thawing at 7 and 28 days is measured 

as follows: 87 kPa, 80 kPa, and 36 kPa at 7 days, 

and 128 kPa, 86 kPa, and 68 kPa at 28 days. The 

strength of the control samples exhibits an increase 

with longer curing times, consistent with findings 

reported in previous studies  [32–34]. The UCS of 

the control samples decreases by approximately 8% 
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and 59% for the 7-day samples, and around 33% 

and 47% for the 28-day samples under 2 and 4 

freeze-thaw cycles, respectively. This trend of 

strength reduction with an increasing number of 

freeze-thaw cycles aligns with findings from 

previous studies [35–37].Moreover, an increase in 

the amount of both cement and carbon fibers in the 

specimens leads to an improvement in UCS, 

consistent with findings of [38] and [39]. The 

samples with the highest UCS are those with a 10% 

cement ratio combined with varying percentages of 

carbon fibers. Conversely, samples without cement 

exhibit the lowest UCS. The addition of cement to 

samples without carbon fibers results in an 

enhancement of UCS, consistent with studies by 

previous studies [40–42], under non-freezing and 

thawing conditions, as well as by previous studies 

[43,44] under freezing and thawing cycles. In fact, 

the specimens at 7-day curing period, containing 5% 

and 10% cement, achieve more than 2.5 times, 2 

times, and 2.6 times, and over 8 times, 6 times, and 

5.4 times the strength of the control specimens at 7-

day curing period, respectively. Additionally, as the 

curing time extends to 28 days, the specimens 

containing only 5% and 10% cement exhibit a 

threefold enhancement in UCS compared to the 

control specimens for each set of freeze-thaw cycles 

(Fig. 2.to Fig. 4.), and greater than sixfold 

enhancement in UCS compared to the 28-day 

control specimens. This improvement in structure 

aligns with results reported by [45].The inclusion of 

carbon fibers also enhances the UCS of the tested 

specimens after 7 days and 28 days, as shown in Fig . 

2. to Fig. 4. In the absence of cement, the addition of 

0.5%, 1%, and 2% carbon fibers results in 

approximately 65%, 120%, and 160% higher UCS, 

respectively, for the 28-day samples without 

freezing and thawing cycles. Additionally, with an 

increase in the number of freezing and thawing 

cycles up to 4 cycles, the UCS of these samples 

increases by approximately 49%, 213%, and 300% 

compared to the control samples. The beneficial 

impact of fibers on enhancing the compressive 

strength properties of soil has been observed in 

experiments conducted by previous studies [46,47], 

without freezing and thawing cycles, as well as by 

[48], under freezing and thawing conditions. 

Consequently, the simultaneous increase in curing 

duration, cement content, and carbon fibers results 

in the most significant rate of improvement in 

unconfined compressive strength. This is evident in 

the 28-day sample containing 10% cement and 2% 

carbon fibers, which exhibited a compressive 

strength of 1717 kPa, as shown in Fig. 1 ., without 

the influence of freezing and thawing. This finding 

is supported by previous studies by [30]. 

Considering the impact of freezing and thawing in 

the samples subjected to 2 and 4 cycles (illustrated 

in Fig. 3. and Fig. 4.), the respective values are 1521 

kPa and 1347 kPa.  
 

3.2. Effect of Freeze-Thaw Cycles on the Results 

of Failure Strain and Failure Pattern 
 

Fig. 5. to Fig. 7. illustrate the failure strain of 

specimens subjected to varying percentages of 

cement and fibers at 7-day and 28-day ages, under 0, 

2, and 4 freeze-thaw cycles. 

 
Fig. 5. Failure strain of samples without freeze-thaw 

cycles at 7 and 28 days of age with varying percentages 

of cement and fibers. 

 
Fig. 6. Failure strain of samples with 2 freeze-thaw 

cycles at 7 and 28 days of age with varying percentages 

of cement and fibers. 

 
Fig. 7. Failure strain of samples with 4 freeze-thaw 

cycles at 7 and 28 days of age with varying percentages 

of cement and fibers. 
 

In these figures, it is observed that a higher presence 

of carbon fibers in the samples leads to a more 

significant increase in failure strain under the same 
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 conditions. Samples containing 2% carbon fibers 

exhibit an increased failure strain, indicating 

improved ductility. This suggests that carbon fibers 

play a crucial role in enhancing the ductility of the 

samples, preventing them from becoming brittle or 

fragile, and thereby improving their overall 

performance. This finding is consistent with prior 

research by [49] and [50], which demonstrated that 

the presence of fibers alters the strain-hardening 

behavior from brittle to ductile. Similarly, the 

addition of cement to the samples also increases the 

failure strain. This observation is supported by the 

study by [51], although it indicates that the increase 

is not linear. With the enhancement in cement 

content up to approximately 5%, the samples 

experience a greater increase in failure strain 

compared to samples with 10% cement. The 

presence of carbon fibers along with cement in the 

samples results in a higher failure strain when 

exposed to freeze-thaw cycles. This aligns with the 

results of [24], suggesting that carbon fibers to some 

extent compensate for the reduction in failure strain 

caused by freeze-thaw cycles. Fig. 8. displays 

images of the 28-day samples without cement and 

containing varying percentages of carbon fibers, 

subjected to different freeze-thaw cycles. The aim is 

to examine the precise impact of fiber addition on 

the samples and their fracture behavior under 

different freeze-thaw conditions. Upon considering 

the deformed shape of the samples at their failure 

point, it becomes evident that those containing 2% 

carbon fibers exhibit a higher failure strain and 

improved ductility. Carbon fibers establish strong 

bonds with the soil, effectively preventing notable 

separation or general failure in the samples.  
 

 
 

Fig. 8. Images of 28-day samples lacking cement and 

containing various percentages of carbon fibers under 

different freeze-thaw cycles. 

 

As the percentage of fibers increases, the occurrence 

of general failure is further mitigated due to the 

efficient performance of carbon fibers, leading to a 

more ductile behavior . 
In Fig. 8., with an increase in the number of freeze-

thaw cycles, samples with higher proportions of 

carbon fibers demonstrate reduced crack formation. 

This suggests that the presence of carbon fibers 

effectively preserves the structure and shape of the 

samples even with more freeze-thaw cycles. This 

conclusion is supported by previous studies [52–54]. 
 

 
 

Fig. 9. Images of 28-day samples containing various 

percentages of cement and lacking carbon fibers under 

different freeze-thaw cycles. 

 

In Fig. 9., images of the 28-day samples without 

carbon fibers and containing varying contents of 

cement are presented under different freeze-thaw 

cycles. This analysis aims to investigate the precise 

influence of cement presence and its impact on the 

fracture behavior of the samples under different 

freeze-thaw conditions. 

In the strain-to-failure diagrams, it is observed that 

compared to the 7-day and 28-day samples, the 28-

day samples combined with 5% and 10% cement 

exhibit higher strain-to-failure values and 

demonstrate maximum ductility. 

Fewer cracks and fractures are observed in these 

samples, indicating their improved resistance to 

failure. Conversely, in the samples without cement 

content, the failure strain is significantly lower, 

suggesting their brittleness and tendency for rapid 

fracturing. 

As depicted in Fig. 9., with an increase in the 

number of freeze-thaw cycles, samples containing 

higher proportions of cement demonstrate a reduced 

occurrence of cracks, leading to the effective 

preservation of structure. These observations align 

with research by [55]. 

Generally, samples containing cement are more 

prone to brittleness and exhibit a higher overall 
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occurrence of cracks compared to samples 

containing carbon fibers. Previous research have 

emphasized the use of fibers in cement-stabilized 

soils to maximize failure strain and improve the 

ductile behavior of the soil [12,16,24,56]. 
 

3.3. Optical Micrograph Images of the Tested 

Samples 
 

To provide a comprehensive evaluation of the 

behavior of soil stabilized with carbon fibers and 

cement, optical micrograph images of some samples 

have been included in this study. The analysis of soil 

microstructure is crucial, as changes in 

microstructure lead to alterations in soil properties 

[57].Fig. 10. to Fig. 13. depict optical micrograph 

images of 28-day samples with varying percentages 

of cement and carbon fibers, both without any 

cycles and subjected to four freeze-thaw cycles. 

These images clearly show the strong bonding 

between soil particles, cement, and carbon fibers in 

the samples before undergoing freeze-thaw cycles. 

This adhesive behavior aligns with observations in 

optical images of carbon fiber-reinforced sandy soil 

samples by previous studies [58,59].  

The presence of this adhesion indicates that the 

cement and carbon fibers effectively act as 

stabilizers in the samples. Furthermore, a strong 

bond is observed between the soil and cement, as 

well as between the soil and carbon fibers. However, 

after completing the freeze-thaw cycles, the 

adhesion between the components decreases slightly, 

causing them to lose their initial state.  
 

 
 

Fig. 10. Optical micrograph images of 28-day samples 

with 0.5% carbon fibers and lacking cement subjected 

to 4 freeze-thaw cycles. 
 

 
 

Fig. 11. Optical micrograph images of 28-day samples 

with 10% cement and 2% carbon fibers without 

freeze-thaw cycles. 

 

The visible effect of undergoing freeze-thaw cycles 

is a reduction in adhesion among cement, carbon 

fibers, and the soil. Consequently, the soil samples 

become more vulnerable to disintegration and 

experience a faster decline in their UCS as the 

number of freeze-thaw cycles increases. 

In contrast, samples that were not stabilized with 

cement and carbon fibers exhibit greater brittleness 

after undergoing freeze-thaw cycles, leading to a 

decline in their strength. It is noteworthy that 

samples reinforced with carbon fibers demonstrate 

more favorable performance and behavior in 

response to freeze-thaw cycles. 
 

 
 

Fig. 12. Optical micrograph images of 28-day samples 

with 10% cement and 1% carbon fibers without 

freeze-thaw cycles. 
 

 
 

Fig. 13. Optical micrograph images of 28-day samples 

with 10% cement and 1% carbon fibers subjected to 4 

freeze-thaw cycles. 
 

4. Conclusion 
 

1. Extending the curing time in reinforced soil, 

whether with cement, carbon fiber, or both, 

consistently improves the UCS and strain at failure 

of all samples. The 28-day samples exhibit the 

highest strength increase compared to the 7-day 

samples. Samples with the highest cement 

percentage (10%), varying carbon fiber proportions, 

and subjected to 28-day curing demonstrate the 

maximum strength enhancement, reaching up to 

23%, 12%, and 119% compared to the 7-day 

samples, respectively. Longer curing times allow for 

better hydration, resulting in well-developed crystals 

and stronger chemical bonding between soil 

particles and cement, enhancing strength and 

stiffness. Additionally, extended curing improves 

moisture distribution, resulting in a denser and more 

durable matrix, enhancing resistance against 

environmental factors and promoting long-term 

stability. 

In soil reinforced by carbon fiber, an extended 

curing time improves bonding between carbon 

fibers and the soil or soil-cement matrix, leading to 

improved mechanical properties. 

Cc=0 cfc=0.5 fz=4 ct=28 Cc=0 cfc=0.5 fz=4 ct=28

Cc=10% cfc=2% fz=0 ct=28 Cc=10% cfc=2% fz=0 ct=28

Cc=10% cfc=1% fz=0 ct=28 Cc=10% cfc=1% fz=0 ct=28

Cc=10% cfc=1% fz=4 ct=28 Cc=10% cfc=1% fz=4 ct=28
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 2. Adding carbon fibers, especially in samples 

without cement, increases the UCS of all specimens, 

including those subjected to freeze-thaw cycles. The 

highest UCS is observed in samples reinforced with 

2% carbon fibers, with up to 160%, 255%, and 300% 

improvement compared to control samples with (0, 

2, 4) freeze-thaw cycles. Carbon fibers enhance soil 

particle strength and create a network structure, 

effectively transmitting compressive stresses and 

improving bonding with the soil matrix. 

Additionally, the flexibility and high tensile strength 

of carbon fibers contribute to higher strain at failure, 

indicating better deformability and resistance to 

brittle failure. 

3. The addition of cement significantly improves 

UCS in all specimens, especially those containing 

10% cement, which exhibit the highest strength. 

Samples with 10% cement and subjected to freeze-

thaw cycles show growth rates of up to 1240%, 

1670%, and 1880% compared to control samples. 

Cement reduces permeability, limits water 

infiltration, and mitigates the detrimental effects of 

freeze-thaw cycles by forming denser 

microstructures. 

4. Simultaneously adding cement and carbon fibers 

results in a significant increase in UCS, with the 

highest strength observed in samples containing 

both materials. The sample with 2% carbon fibers 

and 10% cement shows the greatest improvement, 

exhibiting approximately 14%, 52%, and 111% 

higher UCS compared to samples containing (1%, 

0.5%, 0%) carbon fibers and 10% cement, 

respectively. Additionally, failure strain increases, 

indicating excellent ductility and resistance to brittle 

failure. 

5. Carbon fibers effectively prevent instability and 

extensive fracturing, while cement alone displays a 

more brittle behavior. Carbon fibers offer flexibility 

and ductility, accommodating stresses more 

effectively and ensuring long-term stability. Cement, 

though initially providing strength, may degrade 

over time, compromising stability. Carbon fibers 

allow for targeted reinforcement, optimizing 

stability based on anticipated stresses. 

6. Freeze-thaw cycles decrease UCS and failure 

strain in all samples, but samples with carbon fibers 

exhibit better performance. Carbon fibers mitigate 

freeze-thaw damage by distributing stresses and 

maintaining structural integrity. Cement-only 

samples show less resilience to freeze-thaw cycles 

due to their brittle nature. Samples containing both 

carbon fibers and cement demonstrate the best 

performance under freeze-thaw conditions, 

exhibiting minimal reduction in strength and the 

highest failure strain among all specimens. 
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