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A B S T R A C T   

Cement mortar is used as an adhesive and plaster for brick walls, drainage channels or irrigation with river stones 
or mountain stones, and in the manufacturing of short revetments. The performance of cement mortar requires 
continuous improvement by construction materials researchers, scientists, and building contractors. Recently, 
carbon fiber sheet has gained popularity for use in retrofitting and improvement to the performance of building 
elements. This study aims to recycle small sheets of unused carbon fiber by cutting them into short carbon fiber 
(SCF) with a uniform length of 12 mm, which is used as an internal reinforcement in the cement mortar. All plain 
and fibrous mortar were prepared with a 50 mm cube mold. In addition, tests were conducted to provide reliable 
data regarding the application of recycled carbon fiber sheets as discrete fiber reinforcement in the improvement 
of cement mortar; these include ultrasonic pulse velocity (UPV), compressive strength, and point load strength 
index (PLSI) (known for performance rock testing in geotechnical and geological environments) tests. The test 
results for UPV, PLSI, and compressive strength showed that the addition of carbon fiber improves the perfor
mance of the mortar when compared to plain mortar. Furthermore, two simplified relationships are made: the 
first correlation was for PLSI with compressive strength, and the second correlation was for UPV with 
compressive strength. Finally, these correlations were compared with those of experimental tests obtained from 
published literature, thus demonstrating the correctness of the PLSI, compressive strength, and UPV values 
obtained in this study.   

1. Introduction 

Cement mortar has been used for a variety of constructions. These 
include brick binders for the walls of houses and buildings, fences, 
drains, retaining walls, etc. Owing to their widespread use, civil engi
neers continue to improve the performance of cement mortar and aim to 
make it an affordable easy-to-apply construction material. Researchers 
have proposed employing numerous types of fibers to improve the 
performance of cementitious composites [1]. Among them is carbon 
fiber reinforced polymer (CFRP). CFRP is a type of composite materials 
produced from carbon fiber reinforcement and resin. CFRP possesses 
several advantages, such as exceptional strength, stiffness, low density, 
and resistance to corrosion, as a result, various industrial sectors, 
particularly aerospace, automotive and construction, extensively utilize 
CFRP in numerous applications. Simultaneously, the amount of CFRP 
waste increased significantly, gaining approximately 4 million tons 

globally in 2017 [2]. Furthermore, it is estimated that at least 26,000 
tons of discarded CFRP products will be disposed in landfills every year 
in 2020. Nevertheless, the CFRP decomposition process in landfills is 
very slow at only 1 % of the original mass weight over a 100 year. 
Consequently, it is crucial to find innovative ways for dealing with these 
wastes and reduce their negative effects to the surrounding environment 
[3]. 

CFRP as an advanced building material has been widely produced in 
the form of continuous carbon fiber sheets and discrete short carbon 
fiber with specified designations. Currently, continuous carbon fiber 
sheet as an advanced material for strengthening and repairing structural 
elements is widely recognized [4–8]. However, there are unused carbon 
fiber sheets in the form of small sheets or rags resulting from large-scale 
construction projects. Owing to carbon fiber sheets being very difficult 
to decompose in nature, it is necessary to recycle unused small pieces to 
limit the negative effects on the storage location. However, an 
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interesting alternative that has a positive economic and environmental 
impact is to recycle small sheets of unused carbon fiber into short-cut 
carbon fiber (SCF). The SCF derived from unused carbon fiber sheets 
may be comparable to the virgin short carbon fiber; hence, it can be used 
as a valuable construction material. It is widely established that short 
fibers improve the mechanical nature of mortars by providing superior 
crack bridging ability and good bond strength to the cement matrix. In 
current years, short fibers have been used effectively to improve the 
mechanical characteristics of cement-based materials like concrete [9, 
10], mortar [11,12], and ECC [13–15]. Based on many experimental 
campaigns, there has been a widespread consensus that related basalt 
[16–18], polypropylene [19–21], polyvinyl alcohol [22], steel [23,24], 
glass [25–27], and carbon fibers [28–30] improve the tensile properties, 
flexural properties, and durability of mortar. 

In the last decades, knowledge regarding the mechanism of short-cut 
carbon fiber has advanced tremendously to improve the mechanical 
properties of cement-based materials, such as mortar [31]. However, 
excessive amounts of short fibers including carbon fiber will impede 
uniform dispersion, and cause balling by producing internal flaws that 
impair the structural integrity of the hardened mortar [32]. Thus, the 
recommended amount addition of SCF is 0.25–0.8 % by volume mixture 
or 1.25–6.48 % of weight of binder [1,2,33]. Saccani et al. [34] studied 
SCF coated by the resin having 5–8 mm in length at dosages 1 %–4.5 % 
of volume on mechanical properties of Portland cement (PC) and geo
polymer (GP) composite. It is found that compressive strength is barely 
affected by SCF in all composite system. But flexural strength improved 
by about 20 % in both PC and GP systems compared to without SCF. 
Nguyen et al. [35] examined the use of CFRP waste with dimensions of 
3–6 mm and at amount of 2–3 % weight of cement as a reinforcing 
material in cement composites. Their observation shows notable im
provements of 10–15 % and 15–25 % in the compressive and flexural 
bending strengths, respectively, in addition to enhanced resistance to 
fracture. Belli et al. [36] reported that compressive strength of SCF 
mortar is higher about 10–27 % than reference mortar by adding 
0.4–0.8 % SCF by volume. Further, flexural and split tensile strengths of 
mortar composite with 0.4–0.8 % SCF improved by up to 200 % and 190 
%, respectively. During the loading process, the presence of SCF in an 
optimal amount inhibits crack growth and bridges across the formed 
microcracks. Consequently, a larger load in terms of indirect tensile 
stress [37], direct (uniaxial) tensile stress [38–40], flexural stress 
[37–41], and compressive stress [41] is required to cause the damage 
that develops macro cracks. With the advantages possessed by SCF as a 
reinforcing material in cementitious system, SCF mixture applications 
are widely used in industrial flooring, precast concrete, shotcrete or 
sprayed concrete, tunnel linings, slope protection and etc., [42]. 

The ultrasonic pulse velocity (UPV) test has been widely recognized 
as a valuable non-destructive test that provides great advantages. It can 
be performed with less time, simple operation, and can be conducted in 
the field and laboratory. The UPV value that refers to the P wave velocity 
is one of the important physical properties used in characterizing the 
solid material such as rocks, cement-based materials (concrete), mortar, 
and paste cemented backfill. The basic concept of the UPV test is to 
calculate the speed of the P wave (Vp) to propagate within a specific 
distance in a solid specimen. The distance is determined between the 
transmitter and receiver of the UPV test device. While the distance is a 
fixed factor, the propagation time is a variable factor. It is influenced by 
several interrelated internal conditions, such as porosity, cracks- 
discontinuity, density, and modulus of elasticity of the solid specimen. 
Furthermore, the UPV test results indirectly describe the level of both 
the structural integrity and defects in the solid specimens. 

Based on the observations of the available scientific literature, it was 
observed that UPV has been used as an effective and reliable method for 
the assessment of mechanical properties of solid materials such as rocks 
that are used in various geotechnical projects [43–45], cement-based 
materials like concrete [46–48], and mortar [49]. The UPV test has 
been used to develop several reliable relationships among 

experimentally obtained UPV wave data with various mechanical 
properties of fibrous concrete. For instance, the experimental results of 
UPV were further utilized by Ref. [50] in determining the modulus of 
elasticity and Poisson’s ratio of fibrous concrete affecting the diverse 
properties of steel, polypropylene/polyethylene, and hybrid fibers. 

A civil engineering project that specifically involves geotechnical 
engineers is the construction of embankments and revetments as slope 
stability work. In Indonesia, low slope protection is still constructed with 
mountain rocks or river stones with cement mortar as a binder and 
plaster owing to the huge mountain rocks and river stones, which are 
economically obtainable in large amounts in many regions. Hence, 
geotechnical engineers with knowledge regarding soil properties at the 
construction site should have an understanding of the performance of 
mortar as a binder and plastering. This is because it involves the strength 
and whole stability of the embankment or revetment construction. In 
addition, the mechanical properties of mortar (uniaxial compressive 
strength) have considerable control on the stability of central and pe
ripheral rocks or stones in the revetment structures, such as embank
ments and slope protections that are constructed by composites of rocks 
and mortar. Hence, this study uses compressive strength as a method for 
investigating mortar. 

In geotechnical and geological engineering environments, the point 
load strength index (PLSI) test is one of the main evaluation methods 
that is commonly used for determining the structural integrity of rock as 
a brittle material. In addition, point load strength (Is50) obtained from 
the PLSI test is an important parameter of interest. Notably, several 
previous studies have explained that the geometric nature of the me
chanical load of the point load test generates a failure mechanism, which 
similarly resembles a tensile failure, and indeed relates well with the 
indirect and direct tensile strength tests [21]. Accordingly, it is of in
terest that the stress and failure mechanism obtained from the PLSI test 
in this study may be regarded as a type of tensile strength test. 
Furthermore, the reliable PLSI value for predicting rock strength has 
attracted the interest of a number of researchers using the PLSI testing 
with the aim of studying the structural integrity of cement-based ma
terials such as concrete in withstanding point loads [51,52]. Hence, the 
potential of the PLSI test in enriching the physical properties of 
cement-based materials such as cement mortar is the rationale behind 
this research in using the PLSI test as one of the procedures for inves
tigating fibrous mortar. Moreover, the addition of fiber to the mortar or 
concrete mixture aims to increase the tensile capacity and toughness and 
limit the occurrence and propagation of cracks due to load. Previous 
studies by Refs. [53,54] showed that the suitability of the PLSI test in 
determining the tensile stress of solid materials, which may adapt to 
evaluate the contribution of fiber in increasing the tensile value of 
fibrous mortar. 

This study considers the widespread use of mortar; however, 
knowledge of the mechanical behavior of plain mortar and fibrous 
mortar needs to be improved through experimental investigations 
including UPV, compressive strength, and PLSI tests. Cement mortar as a 
bonding and plastering material is vulnerable to various aggressive ac
tions such as varying subjected loads, changes in temperatures and 
weather, and extreme environments. Regardless, effective testing and 
evaluation of the cement mortar mixture are of great importance; 
however, appropriate mortar can be produced as reliable and tough 
construction material against various aggressive actions. Accordingly, a 
combination of various testing methods rather than a single method 
would give more accurate information on the cement mortar used in this 
study, particularly when it is vulnerable to various subjected loads. In 
this study, attempts were made to elucidate the relationships among the 
UPV test, compressive strength test, and PLSI test results. 

2. Research significance and novelty 

Nowadays, carbon sheet fiber is a cutting-edge material that is 
widely used to improve structural element performance. But sometimes 
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many deductions are unused. Apart from that, most research on short 
carbon fiber uses virgin fiber. While, the inclusion of SCF into cemen
titious system is a relatively new area of research, and the literature 
reports only a few studies on the effective utilization of SCF into mortar 
[11,35,36,42]. To date, study on the compressive strength to assess the 
performance of SCF mortar is still lacking, and there are no studies 
exploring the use of UPV and point loads tests on fibrous cement-based 
materials. Therefore, the research significant of the present study is to 
utilize the SCF (12 mm in length) originated from unused carbon fiber 
sheets at dosages of 0.5 %, 1 % and 1.5 % by cement weight and their 
performances is asses through UPV, point load and compressive strength 
tests. The novelty of this research is to provide comprehensive investi
gation on the characteristics of reinforced and not reinforced mortar 
with SCF through compression tests, point load tests and UPV. The 
relationship between each test result of the compression test, point load 
test and UPV is used to predict compressive strength based on UPV, and 
compressive strength based on PLI. In addition, the relationship between 
the test results is used to confirm the test results carried out on the 
mortar prepared in this research. 

3. Materials and experimental program 

3.1. Materials 

Portland cement composite (PCC), a type of blended cement pro
duced by a national cement factory, widely and economically available 
on the national market and in compliance with SNI 7064:2014 [55] and 
having a specific gravity of 3.05, was used as a cementitious material. 
The chemical compositions of PCC are listed in Table 1. Numerous 
studies have been performed as innovative steps to widely introduce the 
performances of blended cement in terms of PCC so that its usage is 
further enhanced. Research reports [56–59] demonstrate the perfor
mance advantages of PCC. River sand is used as fine aggregate with 
water absorption, fineness modulus, and specific gravity in surface 
saturated dry (SSD) of 1.6 %, 45 %, and 2.4, respectively. Fine aggregate 
is used under SSD conditions to make plain mortar and fibrous mortar. 

The SCF with an average length of 12 mm (Fig. 1), derived from the 
unused strips of carbon fiber after strengthening or retrofitting struc
tural elements, was used as an internal reinforcement for the mortar. 
The selected length of SCF was based on recommendations from previ
ous researchers [34–36], where a carbon fiber length of 8–20 mm 
offered best mechanical and durability properties in cement-based ma
terials. The aforementioned knowledge is the rationale to carefully uti
lize SCF in the amount of 0.5–1.5 % by weight of cement to produce 
fibrous mortar in the current research. The physical and mechanical 
properties of the SCF obtained from the manufacturer are presented in 
Table 2. 

3.2. Mix proportion 

The cement mortar made in this study is designed to achieve a 
compressive strength of 5.2 MPa at 28 days. This type of cement mortar 
is commonly used as a binder and plaster for stone masonry, river stones, 
and mountain rocks binders of short revetments, canals, and other 
constructions [60]. The ratio of the blended cement and sand is 1:2.75 
while the water-cement ratio (w/c) of 0.63 was kept constant for each 
mixture. In addition, the SCF contained an amount of 0.5, 1, and 1.5 % 
by cement weight. Plain mortar, mortar containing 0.5, 1, and 1.5 % SCF 
are given identification marks, namely PL, SCF-0.5, SCF-1, and SCF-1.5, 
respectively. The mixed proportion of mortar is presented in Table 3. 

3.3. Sample preparation 

Mortar mixing was done in several stages using a 2-L capacity mixer. 
The water and cement were mixed firstly for 30 s at a speed of 140 ± 5 
revolutions per minute. Subsequently, sands were poured into the mixer 
and mixed at the same speed for 30 s and followed by adding the SCF to 
the mixture and mixing continued for 1 min at a speed of 285 ± 10 
revolutions per minute. In addition, mixing was stopped; however, 
manual mixing was done for 30 s to allow ease of removal of mortar that 
was stuck to the lip and the top of the mixing bowl. Then, mixing 
continued for 60 s with a speed of 285 ± 10 revolutions per minute. All 
fresh plain and fibrous mortar were poured and molded into a 50 mm 
cube mold. All the produced mortar was covered with wet burlap and 
placed in the room for 24 h at room temperature and humidity of 25 ◦C 
and 65 RH, respectively. Furthermore, all the specimens were removed 
from the mold and preserved in water at 25 ◦C until the testing day. 

Table 1 
Oxides content of PCC.  

Oxide SiO2 Al2O3 Fe2O3 CaO SO3 MgO LOI Others 

Content, % 19.23 6.32 3.48 62.62 1.73 0.88 4.61 1.13  

Fig. 1. Physical appearance of SCF.  

Table 2 
Physical and mechanical properties of SCF.  

Properties Value 

Modulus of elasticity, GPa 160 
Tensile strength, MPa 2900 
Elongation at break, % 1.8 
Density, g/cm3 1.6 
Thickness, mm 1.2 
Average length, mm 12  

Table 3 
Composition of a 1 m3 mortar.  

Mix ID Water (kg) Cement (kg) Fine aggregate (kg) Carbon fiber (kg) 

PL 298 437 1300 0 
SCF-0.5 298 437 1300 2.19 
SCF-1 298 437 1300 4.37 
SCF-1.5 298 437 1300 6.56  
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3.4. Testing methods 

3.4.1. Fresh mortar 
The effect of the addition of SCF on the mortar workability based on 

ASTM C1437 [61] was evaluated using the slump flow test. Further, 
visual observation was also conducted to identify the compatibility of 
SCF in the mortar mixture. 

3.4.2. Ultrasonic pulse velocity (UPV) 
In this study, experimental evaluation to determine the UPV value 

was undertaken at 7, 28, and 90 days. Pulse speed testing was conducted 
in a saturated surface dry condition based on the recommendation of 
ASTM C597 [62]. The UPV values of all mortar samples were obtained 
with a portable non-destructive digital indicator tester. According to the 
standard procedure [62], the use of ultrasonic pulses with a frequency of 
54 kHz represents a wavelength of 6.4 mm, and it is recommended that 
the test object must have a minimum size of 32 mm. Hence, the 50 mm 
× 50 mm × 50 mm cube mortar sample used in this study complies with 
the [62] standard recommendations. The UPV value is obtained using 
Eq. (1). 

V=L/t (1)  

where V is the speed of ultrasonic pulse velocity (m/s); L is the wave
length of the wave (m) and t is the travel time (s). 

3.4.3. Point load strength index (PLSI) 
The operated point load test meets the standards of ASTM D5731-16 

[63] and is a reliable and flexible laboratory device used to date 
[64–67]. Loading is monitored and implemented analogously at a con
stant speed of 5 mm/s [52]. A set of computerized tools connected to a 
load cell and LVDTs were used simultaneously to measure the loading 
and the depth of penetration that occurred, respectively. At the elapsed 
time of 7, 28, and 90 days, point load tests were applied to the mortar 
specimens. The tests were conducted using widely available equipment 
that is reliable for testing rocks. To accurately establish the relationship 
between the point load value and the depth of penetration, a measure
ment of the applied point load and the associated depth of penetration 
were monitored and recorded continuously until the specimen failed. A 
load cell was used to accurately measure the applied point load. Two 
linear variable displacement transducers (LVDTs) were mounted verti
cally to measure the depth of penetration associated with the point 
loads. The average reading of the two LVDTs is defined as the penetra
tion depth related to the applied point load. Load cells and LVDTs were 
coupled with a set of tools that record and monitor the ongoing activ
ities. Fig. 2 shows the PLSI test tool in the form of a hydraulic 

compressor. Its frame is equipped with a load cell, and LVDTs are 
assembled with a set of data acquisition devices. Based on the recom
mendations stated in the ASTM D5731 [63] and point load stress (PLS), 
the value was calculated using the application of a point load to a lump 
mass, similar to a block sample that has an equivalent diameter (De). 
Equations (2) and (3) were used to obtain the PLS value (N/mm2): P is 
the load (N), De is the effective diameter (mm), D is the diameter sample 
(mm), and W is the width of the sample. Furthermore, the point load 
strength index (Is50) was determined at peak stress. 

3.4.4. Compressive strength test 
At the predetermined elapsed time of 7, 28, and 90 days, the mortar 

samples were subjected to the compressive strength test. Fig. 3 shows 
the device used to test the compressive strength of the mortar. To make a 
simple alignment between the PLSI test and the compressive strength of 
the mortar, a test was performed on the mortar sample using the same 
press machine used in the PLSI test. The loading rate was kept constant 
to be 0.01 in/min similar to the assumption of previous studies [52]. To 
maintain data accuracy, a load cell coupled with a set of data-capturing 
devices was used to monitor and record data during the compressive 
strength testing. The compressive strength value was calculated by 
dividing the peak load by the surface area of the mortar specimen. 

Compressive strength testing at 7, 28, and 90 days allows for a 
comprehensive evaluation of concrete performance at various stages of 
its development. Since the compressive strength value is correlated with 
the fundamental properties of the mortar, therefore, it is crucial to test 
PLSI and UPV simultaneously with compressive strength because their 
correlation offers a thorough assessment of material performance. 

4. Results and discussion 

4.1. Fresh mortar 

The observed flow values for plain mortar, and fibrous mortar con
taining 0.5, 1, and 1.5 % carbon fiber by weight of cement were 205, 
171, 153, and 139 mm, respectively. Notably, the gradual addition of 
carbon fiber causes the flow value related to the level of workability in 
fresh conditions gradually decreased by 16.59, 25.37, and 32.20 % for 
SCF-0.5, SCF-1, and SCF-1.5, respectively, towards PL specimens. A 
similar trend was also reported in past studies [68], where the slump 
flow of mortar prepared with a 0.3 % addition of SCF decreased by 
18.67 % compared to the control mortar. Furthermore, the workability 
of self-compacting concrete (SCC) reinforced with 0.25 %, 0.75 %, and 
1.25 % SCF pieces was reduced by 3.31–11.5 % compared to SCC 
without SCF [69]. This reduction in workability is related to the fiber 

Fig. 2. Setup for PLSI test of mortar (cube specimen 50 mm × 50 mm × 50 mm). 

PLS=
P

De2 (2)  

De=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4DW/π

√
(3)    
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effect that occurred with the self-interlocking of SCF during the mixing 
process [70]. Furthermore, it is important to note that similar (or even 
worse) outcomes have been observed in the decreased workability of 
cementitious composites reinforced with different kinds of fiber. For 
instance, Chen et al. [71] showed that there was about 17.4 %, 24.8 %, 
and 39.1 % loss in slump flow for mortar prepared with 1 %, 2 %, and 4 
% glass fiber, respectively, compared to control mortar. 

As shown in Fig. 4, the fresh mortar did not segregate, in addition to 
bleeding and balling being absent in the fresh fibrous mortar. All 
forming materials including carbon fiber with a length of 12 mm were 
well-composed in each mixture of plain and fibrous mortar adopted in 
this study; therefore, it can produce fresh mortar with excellent per
formance. Accordingly, the excellent performance of the fresh mortar 
can enhance the ease of pouring and compaction. 

4.2. UPV value 

To evaluate the success level of placement and consolidation, before 
conducting a non-destructive test of UPV, destructive test (PLSI), and 
compressive strength, observations were made on the surface of all the 
hardened mortar specimens conducted. It can be seen that all the 
specimens have no paste loss and hairline shrinkage cracks on the sur
face (Fig. 5); thus, indicating that the materials forming plain and 
fibrous mortar are very well proportioned to allow perfect placement 
and consolidation. 

Fig. 6 was prepared as quantitative evidence that measurably reports 
the UPV value of plain and fibrous mortar at each elapsed time of 7, 28, 
and 90 days. The investigation results showed that the UPV values of the 
plain mortar at the elapsed time of 7, 28, and 90 days obtained were 
2702, 3074, and 3380 m/s, respectively. In reference to Fig. 6, it can be 
seen that at elapsed 7 days, the percentage increase in UPV value owing 
to the use of 0.5, 1, and 1.5 % short carbon fiber is 5.03, 7.95, and 9.10 
%, respectively, as compared to the plain mortar specimens. At elapsed 
28 days, the percentage increase in UPV value owing to the use of 0.5, 1, 
and 1.5 % short carbon fiber is 2.97, 4.82, and 9.74 %, respectively, as 

compared to plain mortar specimens. At elapsed 90 days, the percentage 
increase in UPV value owing to the use of 0.5, 1.0, and 1.5 % carbon 
fiber is 2.77, 5.49, and 10.68 % respectively, as compared to plain 
mortar specimens. Furthermore, the UPV value of fibrous mortar out
performs the plain mortar counterparts for all elapsed times. This evi
dence is the first part of prominent evidence observed from UPV testing 
on plain and fibrous mortar. The second prominent finding can be drawn 
by observing the effect of elapsed time on the UPV value of plain and 
fibrous mortar as shown in Fig. 6. Hence, this provides evidence that the 
UPV value of plain mortar blended cement increases with the elapsed 
time. The elapsed time facilitates an increase in UPV values of fibrous 
mortar blended cement. Observation of the first and second experi
mental findings clearly shows that the elapsed time along with the 
addition of fibers from 0.5 to 1.5 % simultaneously contributed to the 
gradual increase in UPV values. 

Furthermore, the obtained experimental evidence can be reasonably 
elaborated as follows: in general. the porosity value decreases with the 
progress of hydration that occurs with the elapsed time that causes the 
cement paste to properly harden [72]. Considering that the blended 
cement behaves similarly to ordinary Portland cement (OPC), the ade
quacy of the mixed cement in the mortar mixture provides hydration 
progress which results in a good bond between the hydration products 
and the fine aggregate that forms a hardened plain mortar. A favorable 
porosity along the elapsed time [73], with the addition of carbon fiber, a 
good interface bond between the blended cement mortar and the carbon 
fiber can be obtained. The micro-sized fibers can serve as a filler, in 
combination with the unhydrated cement particles that can properly fill 
the voids left by the evaporated water in the hardened mortar, resulting 
in a carbon fiber-reinforced cement mortar with favorable porosity. 

The obtained experimental evidence logically correlates with 
numerous findings in the available literature references that concern the 
value of wave propagation sensitive to porosity present in solid mate
rials, such as rock [74]; cement-based materials, such as concrete [75]; 
cemented-paste backfill mortar [76], amongst others. At all elapsed 
times, it is clearly seen that the UPV values also incrementally improve 

Fig. 3. Setup for compressive strength test of mortar (cube specimen 50 mm × 50 mm × 50 mm).  

Fig. 4. Slump flow of fresh mortar (a) PL, (b) SCF-0.5, (c) SCF-1, and (d) SCF-1.5.  
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as the use of fiber increases from 0.5 to 1.5 %. One possible interpre
tation of this experimental finding is that the ultrasonic pulse propa
gation finds no apparent internal flaws such as macro voids, fiber balling 
and macrocracks-discontinuity. 

4.3. PLSI test 

4.3.1. Point load stress (PLS) value-penetration depth curves 
Fig. 7 is designed to illustrate the relationship between the point load 

value and penetration depth of plain mortar, and fiber mortar with 
carbon fiber contents of 0.5, 1, and 1.5 % of cement weight at elapsed 
times of 7, 28, and 90 days. The behavior of the plain and fibrous mortar 
under point load considering the effect of the elapsed time can be 
studied measurably through the relationship between Is50 and the cone 
penetration depth. Typical patterns of point load value-penetration 
depth curves are reported in Fig. 7. Based on a comparison of the 
curves, it was observed that all curves have a similar pattern with a 
linearity correlation between the point load value and the penetration 
depth up to the failure point; thus, indicating that the presence of carbon 
fiber has no effect on the brittleness of the mortar under point load. 

In addition, the observations made on the influence of elapsed time 
on the point load value-penetration depth relationship of plain and 
fibrous mortar clearly indicate that the point load value-penetration 
depth response of all mortar mixtures is time dependent, irrespective 
of the fiber amount. Intrinsically, as expected, the elapsed time provides 
progress in the binder’s hydration to harden the mortar. The elapsed 
time results in an increase in the point load value and an increase in the 
stiffness of the mortar, as evidenced by the slope between the point load 
value and the penetration depth, which becomes steeper as time elapses. 
The slope formed between the point load value and the penetration 
depth can be used to describe the level of stiffness of the mortar test 
object. Furthermore, it is observed that the slope in the plain mortar 
becomes steeper with the passage of time from 7 to 90 days, indicating 

that the stiffness of the plain mortar is increasing. In an advanced 
mortar, carbon fiber is gripped more tightly with increased stiffness. 
Furthermore, this resulted in greater structural integrity, leading to an 
increase in the point load value as observed in this study. 

4.3.2. Is50 value 
Fig. 8 shows the quantitative evidence of the peak of Is50 of plain 

mortar and its comparison to fibrous mortar with carbon fiber amounts 
of 0.5, 1, and 1.5 % by weight of cement at elapsed times of 7, 28, and 90 
days. The results show that the Is50 of the plain mortar at the elapsed 
times of 7, 28, and 90 days are 0.36, 0.56, and 0.92 MPa, respectively. 
The hydration progress provides more hydration products as time 
elapsed, which improves the structural integrity of the hardened plain 
mortar to withstand a higher applied point load. According to Fig. 8, 
after 7 days, the percentage increase in Is50 value owing to the use of 0.5, 
1.0, and 1.5 % carbon fiber is 16.33, 40.82, and 54.96 %, respectively, 
when compared to the plain mortar specimens. In addition, at elapsed 28 
days, the percentage increase in Is50 value owing to the use of 0.5, 1.0, 
and 1.5 % carbon fiber is 50.97, 69.53, and 73.50 %, respectively, 
compared to the plain mortar specimens. Furthermore, at elapsed 90 
days, the percentage increase in Is50 value owing to the use of 0.5, 1.0, 
and 1.5 % carbon fiber is 15.91, 26.52, and 30.30 % respectively, 
compared to the plain mortar specimens. Numerous studies have 
revealed that the point load applied to the test object can be categorized 
as a form of tensile loading that generates tensile stress on the test ob
ject; therefore, splitting occurs at failure [77]. The use of fiber will in
crease the ability to withstand cracking which in turn increases the 
tensile capacity of brittle specimens such as concrete. It is well estab
lished that during tensile loading, a sufficient amount of fibers facilitates 
the bridging action between cracks in the cement matrices, consequently 
reducing the crack growth rate [78]. In a similar mechanism, the in
crease of the carbon fiber content from 0.5 to 1.5 % by weight of cement 
in the blended cement-based mortar may provide a good bridging action 
that results in the superior Is50 value being obtained in the present 
investigation for the fibrous mortar compared to the plain mortar 
specimens. 

4.3.3. Penetration depth 
Fig. 9 shows the quantitative evidence of the peak penetration depth 

value of plain mortar, and its comparison to fibrous mortar with carbon 
fiber amounts of 0.5, 1, and 1.5 % by weight of cement at elapsed time of 
7, 28, and 90 days. The results show that the penetration depths of the 
plain mortar at the elapsed time of 7, 28, and 90 days are 2.32, 3.07, and 
3.11 mm, respectively. 

According to Fig. 9, it can be noticed that at elapsed time of 7 days, 
the percentage increase in the penetration depth owing to the use of 0.5, 
1.0, and 1.5 % carbon fiber is 25.65, 39.08, 52.33 %, respectively, 
compared to the plain mortar specimens. In addition, at elapsed time of 
28 days, the percentage increase in penetration depth owing to the use of 
0.5, 1.0, and 1.5 % carbon fiber is 3.82, 19.14, and 35.88 % respectively, 
compared to the plain mortar specimens. Furthermore, at an elapsed 

Fig. 5. Surface appearance of hardened mortar PL, SCF-0.5, SCF-1, and SCF-1.5 (left to right).  

Fig. 6. UPV value of mortar specimen with different carbon fiber content and 
elapsed time. 
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time of 90 days, the percentage increase in penetration depth owing to 
the use of 0.5, 1.0, and 1.5 % carbon fiber is 2.98, 20.16, and 37.52 % 
respectively, compared to plain mortar specimens. Therefore, the results 
showed that there was an incremental improvement in the penetration 
depth value of fibrous mortar with the increment of carbon fiber amount 
from 0.5 % to 1.5 % by weight cement. As previously mentioned, this 
improvement in the penetration depth value resulted from the gradual 
use of carbon fiber from 0.5 to 1.5 % by cement weight, thus providing 

constant gradual improvement in the structural integrity of the mate
rials. Furthermore, the cone of the PLSI test that penetrates the specimen 
creates a tensile mechanism within the specimen; therefore, fibrous 
mortar provides better resistance to crack opening and crack propaga
tion than plain mortar, where failure occurs when the tensile stress ex
ceeds the tensile stress limit of the carbon fiber. Because of the 
improvement in structural integrity, there is an inhibition in the point 
load failure process; therefore, it is required that the PLSI test cone 
penetrates deeper into the fibrous mortar, which is associated with the 
need for a higher Is50 value to obtain a failure state. Furthermore, mortar 
with weaker structural integrity only requires PLSI cones to penetrate 
the specimen shallowly and link the lower Is50 value that is needed to 
obtain a failure. 

4.4. Compressive strength 

Fig. 10 shows the quantitative evidence of the compressive strength 
of plain mortar, and its comparison to fibrous mortar with carbon fiber 
amounts of 0.5, 1, and 1.5 % by weight of cement at elapsed times of 7, 
28, and 90 days. The results show that the compressive strengths of the 
plain mortar at the elapsed time of 7, 28, and 90 days are 3, 5.7, and 
13.40 MPa, respectively. In the case of plain mortar, it is possible to 
presume that its behavior is strongly influenced by the hydration 
progress, where the porosity decreases with better microstructural 
changes owing to the hydration progress, as evidenced by the 
compressive strength of the hardened plain mortar which improves with 
the elapsed time. 

Furthermore, the results show that, at elapsed time of 7 days, the 
percentage increase in compressive strength owing to the use of 0.5, 1.0, 
and 1.5 % carbon fiber is 39.33, 63.67, and 86.89 %, respectively, 

Fig. 7. Relationship between point load value and penetration depth of mortar 
specimens at different elapsed times: (a) 7 days; (b) 28 days and (c) 90 days. 

Fig. 8. Is50 value of mortar specimens at 7, 28, and 90 days.  

Fig. 9. Peak of penetration depth value of mortar specimens at 7, 28, and 
90 days. 
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compared to plain mortar specimens. At elapsed time of 28 days, the 
percentage increase in compressive strength owing to the use of 0.5, 1.0, 
and 1.5 % carbon fiber is 47.18, 60.34, and 78.01 %, respectively, as 
compared to the plain mortar specimens. At elapsed time of 90 days, the 
percentage increase in compressive strength owing to the use of 0.5, 1.0, 
and 1.5 % carbon fiber is 5.39, 17.23, and 31.15 %, respectively, as 
compared to the plain mortar specimens. A possible explanation for the 
compressive strength improvement in fibrous mortar is similar to the 
explanation of the influential factors that improve the PLSI value. The 
significance of carbon fiber in improving the compressive strength of 

fibrous mortar can be attributed to several interacting factors such as the 
uniform and randomly dispersed carbon fiber, the elapsed time, and the 
compatibility between the mechanical properties of carbon fiber and 
hydration products. During the hardening process, the hydration prod
uct grips firmly the carbon fiber to produce an excellent embedment; 
consequently, the fiber is excellently anchored so that it can function as 
reinforcement in the fibrous mortar. In addition, the carbon fiber con
tributes to an increase in compressive strength through the internal 
confining and bridging effect, which improves the structural integrity of 
fibrous mortar compared to its plain mortar counterpart. The results 
obtained in the present study are in line with previous research [79,80], 
where the addition of SCF increased the compressive strength of 
cement-based materials. The incorporation of SCF into cementitious 
composites increases their compressive strength by reducing crack 
propagation, enhancing bond resistance, and increasing energy ab
sorption capabilities. 

4.5. Failure pattern 

Visual investigations were conducted on the specimens that had 
undergone PLSI and compressive strength testing. The failure patterns of 
the mortar under PLSI test at elapsed times of 7, 28, and 90 days are 
shown in Fig. 11. Detailed visual investigations showed that the failure 
pattern is characterized by splitting into two or three parts owing to the 
concentrated cracks path caused by the point load. These failure pat
terns are primarily responsible for the failure form of all specimens. 
Notably, two aspects can be drawn from the main failure pattern shown 
in Fig. 11. The first aspect is that, based on the main failure patterns that 

Fig. 10. Compressive strength of mortar with different carbon fiber contents at 
7, 28, and 90 days. 

Fig. 11. Failure pattern of mortar under PLSI test at 7 days (a–d), 28 days (e–h), and 90 days (i–l).  
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occur on the test object, it can be established that the PLSI test has been 
performed correctly, as the ASTM D5731 [63] testing standard pre
scribes that the correct PLSI test will result in the solid specimens 
splitting into two or three parts. In addition, the nature of the failure 
patterns of the plain and fibrous mortar samples validates the correct
ness of the obtained experimental results. The second aspect that can be 
obtained from the visual observation of the main failure patterns that 
occurred and dominated the observed specimens is that the plain and 
fibrous mortar has sufficient structural integrity to sufficiently with
stand the point load without breaking into pieces. 

The failure patterns of the 50 mm cubical specimens under axial 

compressive load are shown in Fig. 12. The lateral expansion that 
emerges from the compressive load creates tensile stress that further 
contributes to crack propagation. Hence, as previously mentioned, the 
presence of fiber within a specified amount has at least two remarkable 
functions. The first function is the provision of a confining effect that 
impedes the lateral expansion while the second function is bridging 
across the developed cracks. Fig. 12 shows that two or three concen
trated longitudinal macrocracks passed through the top of the cubical 
mortar specimens without multiple narrow longitudinal cracks. These 
experimental results establish that the addition of fiber did not alter the 
brittleness of both the plain mortar and fibrous mortar; hence, a similar 

Fig. 12. Failure pattern of mortar specimen with different fiber content and elapsed time: (a) PL (a–c); (b) SCF-0.5 (d–f); (c) SCF-1 (g–i) and (d) SCF-1.5 (j–l).  
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failure pattern of all specimens owing to the compressive loads can 
develop. Furthermore, an explanation can be drawn that each mixture of 
the plain and fibrous mortar can be prepared and produced with a 
satisfactory level of uniformity, and along with the hydration progress, 
each mixture of hardened mortar has a homogeneous quality, which can 
be observed based on the similarity in the failure patterns. 

The observed failure patterns in terms of the structural integrity of 
the mortar used in this study, as identified in the plain mortar, explain 
that the plain mortar maintains its form without breakage into pieces 
because of the good structural integrity of the hardened plain mortar. 
The use of carbon fiber in the range of 0.5–1.5 % by weight of cement to 
produce fibrous mortar results in all fibrous mortar having a failure 
pattern similar to that of the plain mortar. Hence, it can be confirmed 
that each mixture of hardened mortar provides a sufficient embedment 
of carbon fiber that improves the structural integrity in terms of both 
compressive and tensile strengths, which is reflected in the failure of the 
fibrous mortar without breakage into pieces even in higher applied 
compressive loads in comparison to the plain mortar. 

4.6. Correlation between mechanical properties 

In the current study, the commonly used regression analysis was 
applied to determine the trendline of the PLSI and compressive strength 
relationship. Several relationship trendline possibilities were studied, 
including logarithmic, linear, exponential, and power trendline. One of 
the advantages of combining PLSI and compressive strength testing is 
that the results can be used to estimate the tensile strength represented 
by the PLSI value that has a relationship to the compressive strength 
value or vice versa, where prediction of the compressive strength value 
can be made through the PLSI value. At the end of the trendline deter
mination process the PLSI and compressive strength measurements for 
the prepared samples exemplify properly the linear equation with an R2 

value of 0.93, as shown in Fig. 13. The high R2 of 0.93 provides an 
adequate approximation for comparing PLSI and compressive strength 
values. Previous research has revealed the relationship between PLSI 
and compressive strength expressed by a linear trendline [66,81,82]. 
The trend line from the results can be used as valuable information to 
mutually predict the accuracy of both the UPV and compressive strength 
results of mortar. This indicates that the relationship between the PLSI 
and compressive strength values can be used to predict the level of a 
mortar’s ability to overcome the susceptibility to failure owing to the 
exceedance of either the compressive or tensile stresses, in which the 
tensile stress can be represented by the PLSI value. 

Apart of that, the regression method is implemented to create a 
trendline for the relationship between UPV and compressive strength. A 
range of trend line alternatives were explored, including logarithmic, 

linear, exponential, and power curves. Following completion of the steps 
necessary to determine the approximate trendline of the relationship 
between UPV and compressive strength for the prepared samples, it is 
revealed that the relationship is adequately represented by an exponent 
trendline with an R2 value of 0.96, as stated in Fig. 14. Each point 
represents the average of three compressive strength specimens with the 
same elapsed time and the same carbon fiber amount, where each 
compressive strength specimen was previously evaluated by the UPV 
test. The high R2 of 0.96 provides an acceptable approximation when 
comparing UPV and compressive strength values. Previous study has 
shown that the relationship between compressive strength and UPV can 
be accurately represented by an exponential curve [83–85]. It resembles 
and almost coincides with the trend line formed from the formula 
established from other studies with high coefficient correlation (R2 =

96.3 %); thus, confirming the correctness and reliability of the experi
mental method and results of the obtained UPV and compressive 
strength values. Furthermore, this study also informs the possibility of 
UPV indirectly measuring the compressive strength of mortar prepared 
with 50 mm cubes. 

5. Conclusions 

The following conclusions are drawn based on the experimental 
investigation findings that relate to specific materials and laboratory 
circumstances.  

1. All mortar prepared with SCF had lower workability than the control 
mixture due to the fiber effect. However, all SCF mortar mixtures 
produced good compactability.  

2. The UPV test revealed that the addition of short carbon fiber from 0.5 
to 1.5 % can synergize with the matrix, leave no defects, and support 
the continuity of the hardening process; thus, implying that fibrous 
mortar has a better UPV value than plain mortar.  

3. The increase in the PLSI value and compressive strength of fibrous 
mortar is attributed to the fact that carbon fiber is a stronger material 
that has much greater stiffness than the cement matrix; therefore, 
providing a confinement action that led to an increase in the struc
tural integrity of fibrous mortar compared to that of plain mortar.  

4. The correlation between the UPV value and compressive strength is 
similar to existing patterns with R2 value of 0.93, thus validating the 
correctness and reliability of the results obtained in this study. 
Therefore, the UPV value can be used to predict the compressive 
strength value of mortar.  

5. The correlation pattern that appears between the PLSI value and the 
compressive strength agrees with the results of existing patterns with 
R2 value of 0.96. It further establishes the correctness and reliability 

Fig. 13. Correlation between compressive strength and Is50.  Fig. 14. Correlation between compressive strength and UPV.  
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of the results obtained in this study. Therefore, it may be used to 
estimate the threshold value of compressive strength based on the 
PLSI value and vice versa. 
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