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1. Introduction 
 

In urban areas, a vast network of pipes for water supply 

and sewage systems is installed underground. In general, 

the installation and replacement of the pipes involve using 

coarse granular soils as backfill in narrow trenches, which 

can cause vibration and noise due to the compaction 

process. Moreover, the deterioration of the buried pipes can 

lead to internal erosion, resulting in underground cavities 

and potential collapse. Thus, the selection of appropriate 

construction materials for filling the cavities or trenches is 

essential.  

Controlled low-strength material (CLSM) is a flowable 

cementitious backfill material, which are also used for 

trench backfilling and void filling. Compared to other fill 

materials, such as compacted soil, CLSM exhibits higher 

strength and flowability (Han et al. 2019, Xiao et al. 2021, 

Zadehmohamad et al. 2021, Gomaa et al. 2023, Kim et al. 

2023). A CLSM mixture typically consists of Portland 

cement, fly ash, fine aggregate, and water. The fluid 

consistency of CLSM, which eliminates the need for 

compaction, is particularly suitable for areas with limited 

access where filling and achieving compaction can be 

problematic (ACI 229R, 2005). For CLSM, no visible 

separation should exist, and the diameter of the spread  
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material should be at least 200 mm. Considering future 

excavation, CLSM with a compressive strength of less than 

or equal to 0.3 MPa can be excavated manually. For 

compressive strengths of 0.7–1.4 MPa, mechanical 

equipment such as backhoes is used. The maximum long-

term compressive strength should be less than 2.1 MPa. 

Various studies have investigated the rheological and 

mechanical characteristics of CLSM. Kim et al. (2021) 

explored the relationship among shear wave velocity, 

strength, and stiffness according to the type of fly ash in 

CLSM. Their findings suggested that the monitoring of 

shear waves in CLSM with varying types of fly ash can 

reliably predict its strength and stiffness. Byun et al. (2016) 

utilized embedded piezoelectric transducers, including 

piezoelectric disk and bender elements, to monitor the 

hydration process of fresh CLSM. Shear wave velocity 

analysis revealed that the water content of CLSM was 

related to the interconnection of cementitious particles. Han 

et al. (2019) conducted direct shear tests to evaluate the 

interface friction angle between soils and CLSM and 

reported changes in the interface friction angle with respect 

to the curing time of CLSM and the coefficient of 

uniformity of soil. Expandable foam grout, developed as a 

flowable and expandable fill material, has been extensively 

studied with regard to engineering properties, including 

stiffness, shear strength, compressive strength, and 

permanent deformation under cyclic loading (Lee et al. 

2020, Han et al. 2021a, b, 2023). Given the high carbon 

emissions associated with cement in CLSM, attempts have 

been made to reduce its usage. Do et al. (2016) examined 
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Abstract.  Controlled low-strength material (CLSM) has been developed to enhance the stability of underground structures and 

overcome the drawbacks of traditional backfill materials, such as compacted sandy soils. The objective of this study is to 

develop CLSM reinforced with basalt fibers (BF) and to evaluate the flowability, setting time, and strength characteristics of BF-

reinforced CLSM. Basalt fibers are incorporated into CLSM with four fiber lengths and three fiber contents to form BF-

reinforced CLSM specimens. Flow and Vicat needle tests are performed to evaluate the fluidity and setting times of BF-

reinforced CLSM. Uniaxial compression tests and splitting tensile tests are conducted on 3 and 28 days after curing. The results 

reveal that the incorporation of BF into CLSM reduces the fluidity as well as the initial and final setting times. After 3 days of 

curing, BF-reinforced specimens with fiber lengths of 18 and 24 mm exhibit higher uniaxial compressive strength than 

unreinforced specimens; however, at 28 days, the reinforcement effect is marginal. The splitting tensile strength of all reinforced 

specimens, at both 3 and 28 days, exceeds that of the unreinforced specimens. In particular, at 28 days, the splitting tensile 

strength of all reinforced specimens generally increases with fiber length. Therefore, the use of BF in CLSM can enhance early 

compressive strength and improve both early-age and long-term tensile strength in underground structures backfilled with 

CLSM. 
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the compressive strength of CLSM in which cement was 

partially replaced by red mud and reported that the red mud 

proportion was correlated to the strength increment. Alkali-

activated CLSMs in which cement is replaced with different 

by-products or agricultural waste have been investigated 

(Lee et al. 2013, Park et al. 2017, Ghanad and Soliman, 

2021, Khadka et al. 2023). Recently, Heo et al. (2024) 

investigated flowability, setting time, strength, and shear 

wave velocity of CLSM integrated with lignosulfonate as an 

eco-friendly stabilizer. 

Numerous researchers have developed various fiber-

reinforced cementitious materials and investigated their 

engineering properties (Kalantari et al. 2010, Kalantari and 

Rezazade 2015, Algin and Ozen 2018, Ahmad et al. 2019, 

Bendjillali et al. 2020, Dadmand et al. 2020, Cakir et al. 

2021, Ge et al. 2023, Fediuk et al. 2023, Okuyucu et al. 

2019, Shelote et al. 2021, Safdar et al. 2023). Okuyucu et 

al. (2019) investigated the properties of steel fiber-

reinforced CLSMs in pavement base layers under vehicle 

loading and concluded that the addition of steel fiber 

enhanced its strength, ductility, and strain capacity while 

simultaneously providing good constructability. In contrast, 

basalt fibers (BF) are environmentally friendly and 

nonhazardous materials, and their production process is less 

energy-intensive and primarily dependent on the globally 

abundant basalt rock (Deák and Czigány, 2009; Jamshaid 

and Mishra, 2016). Algin and Ozen (2018) investigated the 

properties of self-compacting concrete enriched with BF of 

varying lengths and identified the optimum volume fraction 

and length of BF using the response surface method. 

Shelote et al. (2021) designed an alkali-activated reinforced 

masonry mortar with BF and determined the optimal mix 

design. Cakir et al. (2021) evaluated the uniaxial 

compressive strength and splitting tensile strength of 

polymer mortars mixed with glass and BF according to the 

curing time and determined the most efficient mix 

proportion. However, the potential of integrating BF into 

CLSM is still unexplored. 

In this paper, the compressive and tensile strength 

characteristics of BF-reinforced CLSM are investigated. 

First, the characteristics of BF and the mix design of CLSM 

are introduced. Further, BF with varying lengths and fiber 

proportions in the CLSM mixture are examined. In addition, 

the fluidity and setting time are assessed using the flow test 

and Vicat needle test, respectively. Uniaxial compressive 

strength and splitting tensile strength tests are conducted as 

a function of the curing time, highlighting the strength 

characteristics in relation to the length and amount of BF 

used. Variations in the uniaxial compressive strength and 

splitting tensile strength, which are affected by the length of 

the BF, are subsequently discussed. Finally, scanning 

electron microscopy (SEM) is employed to verify the 

distribution of the fiber filaments on the surface of the 

CLSM mixed with BF. 

 

 
2. Materials 

 
2.1 CLSM components 
 

Table 1 Chemical compositions of basalt fiber, fly ash, and 

cement 

Oxide [%] Basalt fiber Fly ash Cement 

SiO2 47.6 41.8 18.0 

Al2O3 14.0 29.9 4.4 

Fe2O3 11.2 3.7 3.6 

CaO 6.9 6.8 61.3 

MgO 4.5 1.0 3.4 

Na2O 3.6 0.2 0.2 

Others 4.0 5.4 6.1 

 

Table 2 Properties of basalt fibers 

Density [g/cm3]  2.66 

Tensile strength [MPa] 1500 

Aspect  

ratio 

L= 6 mm 300 

L= 12 mm 600 

L= 18 mm 900 

L= 24 mm 1200 

 

 

Basalt is a natural substance found in volcanic rocks 

created by the rapid cooling of lava, with a melting 

temperature between 1500°C and 1700°C. BF is developed 

from basalt by the Moscow Research Institute of Glass and 

Plastic. Because fibers exhibit high electrical insulation, 

environmental friendliness, and cost efficiency, BFs have 

been investigated in various engineering fields (Deák and 

Czigány 2009, Morova 2013). In this study, BFs with 

lengths of 6, 12, 18, and 24 mm are incorporated into 

CLSM. Fig. 1 shows the photographs of BF, and Table 1 

summarizes the chemical composition of BF as analyzed by 

X-ray fluorescence. BF predominantly comprise SiO2, 

Al2O3, and Fe2O3 (Table 1), with marginal contents of CaO, 

MgO, and Na2O. Based on the SiO2 content, BF was 

classified as acidic basalt (Deák and Czigány, 2009). 

Physical properties of BF are summarized in Table 2. The 

thickness of a single fiber of BF is 0.02 mm, and the aspect 

ratios of fibers with a length of 6, 12, 18, and 24 mm are 

300, 600, 900, and 1200, respectively. The density of BF is 

2.66 g/cm3, and the tensile strength of BF is 1500 MPa. 

In this study, the CLSM comprises ordinary Portland 

cement, fly ash, sand, and water. The chemical 

compositions of the cement and fly ash are examined (Table 

1). Fly ash primarily comprises SiO2, Al2O3, and Fe2O3, 

with 75.4% of the combined content of these oxides. The 

CaO content of fly ash is 6.8%; thus, according to ASTM 

C618 (2015), fly ash is classified as Class F fly ash. Fig. 2 

shows the particle size distribution curves of fly ash and 

sand. The mean diameters (D50) for fly ash and sand are 

determined to be 0.024 and 1.1 mm, respectively (Table 3). 

The coefficient of uniformity (Cu) and coefficient of 

curvature (Cc) of the sand are determined to be 4.02 and 

0.86, respectively. According to the Unified Soil 

Classification System, sand is categorized as poorly graded 

sand, SP. For CLSM specimens, tap water at approximately 

15°C is used. 
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Fig. 1 Photographs of basalt fibers (BF) 

 

 

Fig. 2 Grain size distribution curves of sand and fly ash 

 

 

2.2 Mix design 
 

CLSM is prepared by mixing ordinary Portland cement, 

fly ash, sand, and water in proportions of 4.8%, 16.4%, 

58.6%, and 20.2% of the total weight, respectively. This 

mix proportion is determined through a trial-and-error 

process by fixing the fly ash content, reducing the cement 

content, and adjusting the amount of sand and water. The 

resulting mixture exhibits no segregation and satisfies the 

flowability requirements for CLSM. BF with lengths of 6, 

12, 18, and 24 mm are added to CLSM at weights of 0.05%, 

0.1%, and 0.15% of the total mixtures. With an increase in 

the BF content, the proportion of sand is adjusted to 

maintain a 100% mixing ratio. The mixing method involves 

dry mixing the cement, fly ash, and sand. Next, water is 

introduced, and the mixture is stirred for approximately 2 

min. To ensure the homogeneous dispersion of BF within 

the CLSM specimens, the mixture is stirred for an 

additional 2 min. 

 

 

3. Experimental program 
 

To investigate the flowability, setting time, and 

compressive and tensile strengths of BF-reinforced CLSM, 

the flow test, Vicat needle test, uniaxial compression test, 

and splitting tensile test are conducted. The flow test is 

performed using a circular mold with a diameter of 75 mm 

and a height of 150 mm. The flow value of CLSM is 

determined by averaging the maximum diameter of the 

spread sample and its corresponding perpendicular 

diameter, in accordance with ASTM D6103 (1997). The 

Vicat needle test, based on ASTM C191 (2013), is 

conducted to evaluate the setting time of CLSM. Over time, 

the cementitious material underwent hydration, which 

reduces its fluidity. The time at which a penetration depth of 

25 mm is observed is considered as the initial set time, 

while the time when no trace of the needle is visible is 

considered as the final set time. To evaluate compressive 

strength, uniaxial compression tests are conducted using 

cylindrical specimens with a diameter of 50 mm and a 

height of 100 mm, following ASTM D4832 (2002). To 

investigate early- and long-term strengths, the specimens 

are cured for 3 and 28 days, respectively. To achieve 

adequate hardening of the specimen, wet curing is applied 

within the mold. After a 3-day period, the specimen is 

removed from the mold and subjected to submerged curing 

at approximately 20°C. A compression testing machine with 

a loading capacity of 25 kN is used to apply a uniaxial 

compressive load at a rate of 1 mm/min. To assess the effect 

of BF on tensile strength, splitting tensile tests are 

conducted on cylindrical specimens with a diameter of 50 

mm and a height of 100 mm, cured for 3 and 28 days. In 

accordance with ASTM C496 (2004), plywood is placed at 

both ends of each specimen to ensure uniform load 

distribution. The test is performed using the same machine 

as that used for the uniaxial compression test, operating at a 

rate of 1 mm/min. 

 

 

4. Results and discussion 
 

4.1 Flowability 
 

A flow test is conducted to evaluate the fluidity of the 

BF-reinforced CLSM. Fig. 3 shows the variation in flow 

values as a function of the length and content of BF. The 

flow value of CLSM without BF is recorded at 346 mm, 

which is greater than those of all specimens containing BF. 

Furthermore, the flow value considerably decreases with an 

increase in the BF content of the specimen, while the  
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Table 3 Index properties of sand and fly ash used in this study 

Type 
Particle sizes corresponding to percent finer [mm] Coefficient of 

uniformity 

Coefficient of 

curvature D10 D30 D50 D60 

Sand 0.35 0.65 1.07 1.40 4.02 0.86 

Fly ash 0.0041 0.012 0.024 0.033 8.18 0.0012 

* D10 = 10% cumulative passing; D30 = 30% cumulative passing; D50 = 50% cumulative passing; D60 = 60% cumulative passing 
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Fig. 3 Variation in the flow of BF-reinforced CLSM with 

respect to the basalt fiber content 

 

 

(a) Initial setting time 

 

(b) Final setting time 

Fig. 4 Results of Vicat needle tests obtained for BF-

reinforced specimens 

 

 

reduction in the flow value increase with an increase in the 

BF length, except for CLSM with a fiber length of 6 mm.  

Previous studies have confirmed that fluidity decreased 

with the amount of fiber incorporated into cementitious 

materials (Choi and Yuan 2005, Okuyucu et al. 2019, Li et 

al. 2022, Jiang et al. 2010, Jiang et al. 2014, Afridi et al. 

2019). Jiang et al. (2010) also reported that fluidity 

decreased when 13-mm-long fibers were mixed into cement 

mortar, and the fluidity decreased considerably with the 

fiber content. Similarly, Jiang et al. (2014) and Ma et al. 

(2011) conducted slump tests and reported that mixing BF 

 
Fig. 5 Stress–strain curves obtained from uniaxial 

compression tests of unreinforced CLSM and BF-

reinformed CLSM after curing for 3 and 28 days with a 

fiber content of 0.05% 
 
 

into concrete led to a greater reduction in fluidity, 

particularly with longer fibers and higher fiber contents. 

The reduction in fluidity can be attributed to the large 

specific surface area and rough texture of BF, which 

increase the internal friction within the cementitious 

materials. In addition, the incorporated BF absorbs 

moisture, further contributing to decreased fluidity. 
 
4.2 Setting time 
 

The initial and final setting times are compared to 

evaluate the setting characteristics of BF-reinforced CLSM 

(Fig. 4). The black dashed lines represent the initial and 

final setting times of unreinforced CLSM, respectively. 

Overall, the initial and final setting times of the BF-

containing samples decrease in comparison with those of 

the samples without fibers. For the same fiber content, with 

an increase in the fiber length, the initial setting time 

generally increase, except for CLSM with a fiber content of 

0.05% and a fiber length of 6 mm (Fig. 4(a)). Choi and 

Choi (2021) also found that increasing the content of two 

different fiber types in cementitious materials resulted in an 

extended initial setting time for both types of fibers. In this 

study, with an increase in the fiber content, CLSM with a 

fiber length of 6 mm exhibits a considerably decreased final 

setting time (Fig. 4(b)). Xu et al. (2021) demonstrated that 

incorporating BF into a geopolymer grouting material 

comprising slag and fly ash resulted in a shorter final setting 

time for the materials blended with shorter basalt fibers. 

However, for CLSM with fiber lengths of 12, 18, and 24 

mm, changes in the final setting time are not considerably 

affected by different fiber contents. Lee and Lee (2022) 

demonstrated that for cement mortar mixed with steel 

fibers, the initial and final setting times decreased with an 

increase in the steel fiber content. In contrast, Punurai et al. 

(2018) reported that for geopolymer materials blended with 

BF, the proportion of BF relative to fly ash led to an 

increase in the initial and final setting times. Considering 

that in this study, only a relatively small quantity of BF is 

incorporated into CLSM compared to that used in previous 

studies, the added fiber content may be insufficient to 

render a pronounced effect on the setting times. 
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(a) 3 days 

 

(b) 28 days 

Fig. 6 Uniaxial compressive strength at various lengths 

and contents of basalt fibers 

 

 

4.3 Uniaxial compressive strength 
 

Fig. 5 shows the typical stress–strain curves of 

unreinforced CLSM specimens and CLSM specimens 

reinforced with 24-mm-long BF after 3 and 28 days of 

curing to investigate their uniaxial compressive strength 

behaviors. Compared to the unreinforced specimens, BF-

reinforced specimens cured for 3 days generally exhibit 

higher maximum compressive stress, referred to as uniaxial 

compressive strength. In particular, BF-reinforced CLSM 

exhibit a considerable increase rate of compressive stress 

initially, indicative of improved stiffness. The reinforced 

and unreinforced specimens after 28 days of curing exhibit 

more rapid increase rates of compressive stress and 

compressive strength greater than those of specimens after 3 

days of curing. For the reinforced specimens after 28 days 

of curing, the uniaxial compressive strength is less than that 

of the unreinforced specimens. Choi and Yuan (2005) 

conducted uniaxial compression tests and reported that the 

concrete specimens mixed with glass and polypropylene 

(PP) fibers exhibited reduced compressive strength. 

Fig. 6 shows the uniaxial compressive strength of 

CLSM according to the length and content of BF. The red 

dashed line represents the uniaxial compressive strength of 

the specimens without BF, with values of 312 and 1113 kPa 

at 3 and 28 days after curing, respectively. For 3 days after 

curing, the BF-reinforced specimens exhibit a rarely 

noticeable variation in the uniaxial compressive strength as 

a function of the fiber content, whereas the uniaxial 

compressive strength is affected by the fiber length (Fig. 

6(a)). Compared to the unreinforced specimens, CLSM 

reinforced with 18- and 24-mm-long fibers exhibit 

considerably increased uniaxial compressive strengths 

regardless of the fiber content. The uniaxial compressive 

strength of the specimens reinforced with 6-mm-long fibers 

is similar to that of the unreinforced specimens. Fig. 6(b) 

shows the uniaxial compressive strength of reinforced and 

unreinforced CLSMs after 28 days of curing, The uniaxial 

compressive strength apparently increases or decreases 

depending on the length and content of fibers. With an 

increase in the fiber content, the uniaxial compressive 

strength of the specimens reinforced with 6- and 12-mm-

long fibers tend to decrease. Lam et al. (2015) demonstrated 

that with an increase in the fiber content of concrete, the 

strength decreased due to voids created by the flocculation 

of fibers. In contrast, the uniaxial compressive strength of 

the specimens reinforced with 18-mm-long fibers increased 

with an increase in the fiber content. Lukiantchuki et al. 

(2021) also reported that the compressive strength of fiber-

reinforced cementitious materials improved with increasing 

fiber content. The comparison of the early and long-term 

compressive strength revealed that the lowest uniaxial 

compressive strength is noted for specimens reinforced with 

12-mm-long fibers at 3 days of curing among the other fiber 

lengths, while after 28 days of curing, the highest uniaxial 

compressive strength is noted for specimens reinforced with 

12-mm-long fibers. From these results, the early and long-

term compressive strength of BF-reinforced CLSM is 

affected by the length and content of fibers. 

 

4.4 Splitting tensile strength 
 

The early and long-term tensile strength of BF-

reinforced CLSM is evaluated from splitting tensile tests. 

Fig. 7 shows the stress–strain curves of the 3-day-cured BF-

reinforced CLSM. Compared to unreinforced CLSM,  

 

 

 
Fig. 7 Typical vertical load–displacement curves obtained 

from splitting tensile tests on 3 days after curing 
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(a) 3 days 

 

(b) 28 days 

Fig. 8 Splitting tensile strength at various lengths and 

contents of basalt fibers 

 

 

reinforced CLSM exhibits higher ductility, and ductility 

increase with an increase in the fiber length. The strain 

corresponding to the maximum splitting tensile stress also 

increases with an increase in the fiber length. Choi and 

Yuan (2005) also demonstrated that concrete incorporated 

with glass and PP fibers exhibited increased ductility. 

Fig. 8 shows the splitting tensile strengths of CLSM as a 

function of the lengths and contents of BF. The red dashed 

line represents the splitting tensile strength of the 

unreinforced CLSMs, the values of which were 44 kPa and 

126 kPa at curing for 3 and 28 days, respectively. Fig. 8(a) 

shows the splitting tensile strengths of the 3-day-cured BF-

reinforced CLSM. Generally, the addition of BFs to CLSM 

results in an increase in the splitting tensile strength.  

Regardless of the fiber content, CLSMs reinforced with 6-

mm-long fibers exhibit the lowest splitting tensile strength. 

For a fiber content of 0.15%, CLSMs reinforced with 18- 

and 24-mm-long fibers exhibit the two highest splitting 

tensile strength values. For 24-mm-long fibers, the splitting 

tensile strength gradually increases with an increase in the 

fiber content. Islam and Gupta (2016) reported that the 

inclusion of PP fibers in concrete up to 0.25% resulted in 

splitting tensile strength greater than that of the concrete  

 

(a) 3 days 

 

(b) 28 days 

Fig. 9 Increase in uniaxial compressive strength with the 

fiber length 

 

 

without fibers, suggesting that the fibers played a role in 

inhibiting crack propagation within the concrete matrix. At 

a fiber content of 0.15%, an increase in the fiber length 

clearly leads to an increase in splitting tensile strength. Fig. 

8(b) shows the splitting tensile strength of the 28-day-cured 

BF- reinforced CLSM. Generally, the addition of BF to 

CLSM results in splitting tensile strength greater than that 

of unreinforced CLSM. Overall, for each fiber content, 

longer fibers exhibit higher splitting tensile strengths. 

Nevertheless, the correlation between the increased fiber 

content and enhanced splitting tensile strength is not 

remarkably apparent. For the CLSMs reinforced with 6- and 

12-mm-long fibers, the highest splitting tensile strength is 

observed at a fiber content of 0.1%. For the CLSMs 

reinforced with 18-mm-long fibers, an increase in the fiber 

content leads to an increase in the splitting tensile strength, 

while for the CLSMs reinforced with 24-mm-long fibers, 

the splitting tensile strength remains almost constant with 

an increase in the fiber content. 

 

4.5 Strength enhancement 
 
Fig. 9 shows the average values of the increase in the 

uniaxial compressive strength of reinforced CLSM 

compared to unreinforced CLSM as a function of fiber 

length. The uniaxial compressive strength of reinforced  
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(a) 3 days 

 

(b) 28 days 

Fig. 10 Increase in splitting tensile strength with the fiber 

length 

 

 

CLSM after 3 days of curing increases (Fig. 9(a)). As 

mentioned in the previous section, the change in the 

uniaxial compressive strength with the fiber content is 

almost negligible. Nevertheless, the increase in the uniaxial 

compressive strength depends on the fiber length. 

Excluding the CLSMs reinforced with 12-mm-long BF, the 

uniaxial compressive strength of CLSM increases with 

longer fiber lengths. Qian and Jiang (2023) reported that in 

fiber-reinforced CLSM, shorter fibers exhibited fewer 

contact points between them, thereby hindering the efficient 

distribution of stress and limiting the development of 

strength. In contrast, fibers of an adequate length can form a 

more robust network within the material. Fig. 9(b) shows 

changes in the increase in the uniaxial compressive strength 

of reinforced CLSM as a function of the fiber length after 

28 days of curing. Interestingly, CLSM with a 12-mm-long 

fiber exhibits the highest increase in 28-day compressive 

strength. After 28 days of curing, the reinforced CLSMs 

show noticeable differences in unconfined compressive 

strength as the fiber content varies, compared to the results 

after 3 days of curing. Lu et al. (2022) also reported that, 

for basalt fiber-reinforced concrete, the variation in 

compressive strength at positive temperatures of curing 

increased with increasing basalt fiber content during long-

term curing, compared to early-age curing. It is found that  

the increase in uniaxial compressive strength of reinforced 

CLSM after 28 days of curing could be influenced by the 

length and content of BF. Particularly, at fiber lengths 

greater than 12 mm, the increase in uniaxial compressive 

strength remains almost constant. 

Fig. 10 shows the average increase in the splitting 

tensile strength of fiber-reinforced CLSM compared to 

unreinforced CLSM as a function of the fiber length. 

Overall, the splitting tensile strength of reinforced CLSMs 

increase with an increase in the fiber length regardless of 

the curing period. Fig. 10(a) shows the change in the 

splitting tensile strength of CLSMs after 3 days of curing. 

After 28 days of curing, the average increase in the splitting 

tensile strength of fiber-reinforced CLSM also increases 

with the fiber length (Fig. 10(b)). Furthermore, with an 

increase in the fiber length, the deviation in the increase of 

splitting tensile strength due to the fiber content decrease. 

Ahmad et al. (2020) also reported a lower splitting tensile 

strength of concrete mixed with shorter fibers due to 

insufficient bridging effects, whereas the splitting tensile 

strength of concrete with longer fibers was greater than that 

of concrete without fibers, attributed to an effective 

bridging effect. 

 

4.6 Microstructure 
 
The microstructure of BF and the bonding structure of 

BF-incorporated CLSM are analyzed by SEM, which was 

effective for investigating the morphology of hydration 

products in cementitious materials (Jiang et al. 2010). Fig. 

11(a) represents the formation of ettringite resulting from 

the hydration reaction in the unreinforced CLSM. Ettringite, 

one of the most common hydration products, characterized 

by its needle-like or linear morphology, is formed in the 

SEM image, showing linear or radiating clusters. BF 

exhibits a multifilament structure comprising bundled 

monofilaments (Fig. 11(b)). Fig. 11(c) shows the network 

between CLSM and BF in the 28-day-cured specimen of 

BF-reinforced CLSM with a fiber content of 0.05%. The 

multifilament structure of BF is partially decomposed into 

monofilaments, which are embedded and bonded within the 

matrix. This transformation from multifilament to 

monofilaments is clearly identified at higher fiber contents, 

as shown in Figs. 11(d) and 11(e). This microstructural 

change can be attributed to the mixing process, which 

facilitates the separation and uniform incorporation of the 

BF monofilaments into the specimen. The results 

demonstrate that for a 0.05% BF content, CLSM with a 

fiber length of 6 mm shows lower flowability and higher 

setting times, compared to CLSMs with longer fiber 

lengths. Note that the shortest fiber length of 6 mm, among 

the four different lengths tested, is the most susceptible to 

transitioning from a multifilament structure to 

monofilaments. Ahmad et al. (2018) also analyzed the 

interaction of BF within mortar by SEM and found that in 

specimens containing more than 0.5% BF by the total 

weight, the fibers exhibited flocculation, which reduced the 

bond between the fibers and mortar. Given that the fiber 

content incorporated into the CLSM is less than 0.15% of 

the total weight, the fiber flocculation is rarely observed. 
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5. Conclusions 
 

In this study, the compressive and tensile strength 

characteristics of CLSM reinforced with BF were evaluated 

as a function of the fiber length and fiber content. CLSM 

was prepared by mixing Portland cement, fly ash, sand, and 

water. BF with four lengths were mixed at three fiber 

contents and then cured for 3 and 28 days. In addition, 

flowability was assessed by flow tests to determine the 

effect of the incorporated BF. The Vicat needle test was 

conducted to identify the initial and final setting times of 

the fiber-reinforced CLSM compared to unreinforced 

CLSM. The compressive and tensile strengths were 

 

 

evaluated by uniaxial compression tests and splitting tensile 

strength tests, respectively. The key findings of this study 

were as follows: 

• The flow values of all BF-reinforced CLSM specimens 

decreased compared with those of the specimens 

without fibers. With an increase in the fiber content, 

flowability decreased. Notably, the most considerable 

reduction in flowability was observed by the addition of 

6-mm-long fibers. 

• Overall, the initial and final setting times of BF-

reinforced specimens decreased compared with those of 

the specimens without fibers. Generally, with an 

  
(a) Unreinforced CLSM (b) BF 

  
(c) Reinforced CLSM (BF content = 0.05%) (d) Reinforced CLSM (BF content = 0.10%) 

 
(e) Reinforced CLSM (BF content = 0.15%) 

Fig. 11 Scanning electron microscopy images 
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increase in the fiber content, the initial setting times 

increased, while with an increase in the content of the 6-

mm-long fibers, the final setting times decreased. In 

contrast, a consistent trend was not observed for BF-

reinforced specimens with a fiber length of 12–24 mm 

in terms of fiber content. 

• The compressive strength of BF-reinforced specimens 

with fiber lengths of 18 and 24 mm after 3 days of 

curing was greater than that of unreinforced specimens. 

After 28 days, the advantages of fiber reinforcement 

were subtle, with some reinforced specimens even 

exhibiting compressive strength less than that of the 

unreinforced specimens. 

• In terms of tensile strength, the addition of BF to CLSM 

generally enhanced its ductility as well as the 

corresponding strain at the maximum stress, particularly 

with longer fibers. This enhancement was consistent 

across a range of fiber lengths and contents. After 28 

days of curing, the trend of the tensile strength increases 

with longer fiber lengths continued, although the 

relationship between the fiber content and tensile 

strength was not clear. 

• The average increase in the uniaxial compressive 

strength and splitting tensile strength of fiber-reinforced 

CLSM, compared to unreinforced CLSM, generally 

increased with the fiber length regardless of the curing 

period. However, for compressive strength, the 

specimens reinforced with 12-mm-long fibers exhibited 

the lowest strength at early curing but exhibited the 

highest strength after 28 days of curing. The splitting 

tensile strength also increased with an increase in the 

fiber length, and the variability due to the fiber content 

diminished with longer fibers after 28 days of curing. 

• BF exhibited a multifilament structure, comprising 

several monofilaments combined together. During the 

mixing process of reinforced CLSM, the multifilament 

structure of BF disintegrated into monofilaments, which 

then bonded with the CLSM material. 

The study revealed that the extent of strength 

enhancement depended on the length and content of fibers 

added. Even a small amount of BF can effectively increase 

the early compressive strength and tensile strength over the 

short and long term. 
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