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Abstract: Fiber-reinforced cement matrix composites (CMCs) have gained significant attention due
to their ability to enhance material properties for use in demanding environments. This study
investigated the workability and mechanical properties of polyvinyl alcohol (PVA) fiber-reinforced
CMCs, focusing on compressive strength, split tensile strength, and flexural strength. It also assessed
water absorption capacity through immersive water absorption tests using cubes and capillary water
absorption tests using cylinders, alongside bulk density measurements for both shapes. The results
indicated that the dosage of PVA fibers significantly influences the workability of CMCs, while
the water-to-binder ratio has a minimal effect. Increasing the dosage of PVA fibers in CMCs from
0.5vol.% to 1 vol.% led to a decrease in several properties: compressive strength decreased by 13.38%,
split tensile strength by 21.05%, flexural strength by 9.23%, bulk density of cube samples by 4.14%,
and bulk density of cylindrical sample by 6.36%. Conversely, both immersive water absorption and
capillary water absorption increased, rising by 10.87% and 77.71%, respectively. Compressive strength
was found to increase with the bulk density of the cubes and to decrease with rising immersive
water absorption. Similarly, split tensile strength increased with the bulk density of the cylinders and
decreased as capillary water absorption increased. Strong correlations were observed among three
key pairwise combinations: the bulk density of cubes and immersive water absorption (R? = 94%),
compressive strength and bulk density of cubes (R? = 96%), and compressive strength and immersive
water absorption (R? = 92%). Furthermore, the analysis and comparison of carbon fiber-reinforced
and PVA fiber-reinforced CMCs will provide important references for the field, especially in cases
where material availability or cost varies.

Keywords: cement matrix composites (CMCs); mechanical property; water absorption; PVA fiber

1. Introduction

Since the end of the 20th century, research on the application of composites in cement,
mortar, and concrete has attracted worldwide interest, especially in the civil engineering
and construction industry, due to their enhanced material properties [1,2]. Several types of
fibers, e.g., glass fiber [3], carbon fiber [4], asbestos fiber [5], polypropylene (PP) fiber [6],
PVA fiber [7], or steel fiber [8], have been added to cement as reinforcing materials for
improving the material properties. These CMCs can be applied to special environments
according to the variety of properties of composites [9]. Therefore, significant progress has
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been made in such research over the last decade. In the early 1930s, PVA fiber was first
manufactured by Wacker Chemie AG Company. Over the past 90 years, the performance
of PVA fiber has achieved a high level [10]. PVA fiber has become a good choice for a
new generation of high-tech, environmentally friendly building materials due to its high
strength, good acid-base resistance, high modulus, crack resistance, and binding with
cement [11-14]. Meanwhile, its non-toxic, pollution-free, benign properties made it a
favored target for more researchers [15]. Wang et al. [16] found that the introduction of PVA
fiber slightly reduced the compressive strength (CS) of rubber concrete, but significantly
increased the fracture energy of plain concrete. Si et al. [17] selected three types of PVA
fibers as reinforcement materials for cement mortar and investigated the effects of two
fiber factors on the rheological and mechanical properties of PVA fiber-reinforced CMCs.
And their research revealed that when the fiber factor exceeded a certain threshold, the
rheological performance of the composites significantly deteriorated. Additionally, the
CS became more sensitive to matrix defects, while the flexural strength (FS) consistently
increased with higher PVA fiber content. PVA fiber also positively affected the thermal
conductivity, shrinkage, and crack resistance of CMCs [18]. The corrosion resistance
of PVA fiber-reinforced CMCs also received good feedback [19]. PVA fibers were also
added to CMCs and applied during 3D printing [20-22]. Liu et al. [23] demonstrated that
adding PVA fibers to magnesium phosphate cement significantly improved its tensile strain,
exceeding 3%, and increased compressive strength to 25.63 MPa within 6 h. Shen et al. [24]
highlighted that while PVA fibers in ECC melt at high temperatures, they contribute to
significant strength retention and performance enhancement before reaching melting point,
making them crucial for maintaining mechanical integrity under elevated temperatures.
Zhou et al. [25] demonstrated that modifying PVA fibers with nano-silica significantly
enhances their interface properties in ultra-high-performance concrete (UHPC), leading
to a 10% increase in compressive strength and over 26% flexural strength. Liu et al. [26]
found that the optimal PVA fiber content for 3D printing concrete is 0.5 wt%, achieving
a compressive strength of 98.2 MPa and flexural strength of 6.8 MPa. The study also
highlighted significant anisotropy in the mechanical properties and acoustics of 3D-printed
specimens.

There is a consensus that adding a moderate amount of PVA fibers into CMCs can
perform better than traditional cementitious materials without reinforcement [27]. However,
PVA fibers are usually stacked in bundles, which may lead to poor dispersion in the cement
matrix, especially when added in a large amount. At the same time, uneven dispersion
may weaken the properties of CMCs [28].

Torok et al.’s findings on the sealing characteristics of mortar structures showed that
porous materials can suffer considerable damage during freeze—thaw cycles, adversely
affecting the durability of both mortars and porous materials [29]. Gruszczyriski et al.’s
research on the sealing characteristics of mortar structures demonstrated that the addition
of silica fume and amorphous aluminum silicate, due to their small grain size, effectively
filled the pores in the mortar, enhancing its structure [30]. Consequently, compared to the
control mortar, water absorption decreased, and after 25 freeze-thaw cycles, the strength
loss was two to three times smaller than that of the control mortar. Moore et al. [31]
found that both water absorption and porosity values are crucial when evaluating the
potential durability of concrete. An increase in either water absorption or porosity, or in
both, leads to a decrease in the concrete’s potential durability. Identifying the relationships
and correlations between the mechanical properties, water absorption characteristics, and
density of cement-based materials is crucial for assessing their strength. Understanding
how these factors influence specific properties, such as porosity and potential durability,
is particularly significant. However, research in this area remains limited. The study by
Baud et al. [32] explores the effects of porosity and fracture density on the compressive
strength of rocks but does not consider aspects such as water absorption. Conversely, Zhang
et al. [33] concluded that there is no significant relationship between the water adsorption
of concrete materials and their compressive strength. Nevertheless, they noted that surface
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water absorption can predict certain concrete properties, including compressive strength
and permeability. Additionally, Ramli et al. [34] found that water absorption increases
with permeability, while compressive strength decreases as intrinsic permeability increases.
They established a linear relationship between intrinsic permeability and the compressive
strength of cement mortar, linking these findings to the influence of the pore structure of
the cement paste on both water absorption and permeability. Medeiros Junior et al. [35]
demonstrated that, for concrete with varying pozzolan contents, compressive strength is
inversely proportional to the water-to-cement ratio, while both immersive water absorption
and capillary water absorption are directly proportional to this ratio. The test results show
a strong correlation among these variables. Othman et al. [36] indicated that for foam
concrete, density has a strong correlation with compressive strength, with an R? value
approaching 1. However, no similar studies have been found regarding the relationship
between density and mechanical properties in PVA fiber-reinforced cementitious materials.

Therefore, it is essential to investigate the relationship and correlation between the
mechanical properties, water absorption, and density of PVA fiber-reinforced cementitious
materials. This study aims to examine the effects of different dosages of PVA fibers by
volume (V) and water-to-binder (w/b) ratios on these properties of CMCs. Additionally, ex-
ploring correlations among parameters such as compressive strength, split tensile strength,
flexural strength, immersive water absorption, capillary water absorption, and bulk density
of CMCs will provide a more effective evaluation of the relationship between mechanical
performance and durability. Furthermore, by comparing these results with those of carbon
fiber-reinforced CMCs, this study will offer valuable insights for the field, particularly
regarding variations in material availability and cost.

2. Methodology, Materials, and Proportion Design
2.1. Methodology

This study focused on the mechanical properties, water absorption, and bulk density
of PVA fiber-reinforced cement-based composites. The compressive strength (CS), split
tensile strength (STS), and flexural strength (FS) tests followed ASTM C109 [37], ASTM
496 [38], and ASTM C78 [39], respectively.

This study carried out immersive water absorption (IWA) and capillary water ab-
sorption (CWA) tests according to ASTM C642 [40] and ASTM C1585 [41], respectively.
Figures 1 and 2 show the schematics of the IWA and CWA test setups, respectively. In
the IWA test, the entire sample is immersed in water, with water absorption primarily
influenced by permeable pores. This test is conducted in accordance with ASTM C642.
When measuring the saturated mass after immersion, the sample should be submerged
in water at standard room temperature for at least 48 h, continuing until two successive
mass measurements of the surface-dried sample, taken 24 h apart, show an increase of less
than 0.5% of the larger value. In the CWA test, only the bottom of the cylindrical sample is
immersed in water, following the guidelines of ASTM C1585. After 24 h, the increase in
mass due to water ingress, which is primarily driven by the suction of the capillary pores,
is measured.

In building materials, the ratio of mass to volume is known as density. Depending
on the structural state, it can be categorized into true density, apparent density, and bulk
density. Various definitions of density are used across different fields. In this study, we
focus on bulk density, defined as the ratio of the mass of the dried sample to the volume
of its external contour. This volume encompasses the surface pores, internal voids, and
overall porosity of the sample. To investigate the correlations between the CS, IWA, and
bulk density of cubic specimens (D-cu), as well as the correlations between the STS, CWA,
and bulk density of cylindrical specimens (D-cy), we will collect the bulk densities of both
cubic and cylindrical specimens.
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Figure 1. The schematic of the IWA test.
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Figure 2. The schematic of the CWA test.

2.2. Materials

Materials used in this study, i.e., cement, lime powder, sand, water, and polycarboxylate-
based superplasticizer (SP), were the same as those used in previous research [42]. PVA
fibers (Qingdao Sdgeo Material Co., Ltd., Qingdao, China) illustrated in Figure 3 were
selected as reinforced material for CMCs. The specifications and performance of the PVA

fibers are listed in Table 1.

Figure 3. PVA fibers used in the CMCs.

Table 1. Parameters of PVA fibers.

. . . Tensile
Length Filament Density Elongation Strength Appearance
6 mm 18 um 1.29¢g/ cm’ <40% 1.62 GPa White
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As shown in Table 1, the density of the PVA fibers is 1.29 g/cm?, which is lighter than
thatof 1.76 g/ cm? of carbon fibers used in previous research [42]. The aim of this study was
not only to analyze the effect of various dosages of PVA fibers on the properties of CMCs
but also to compare the effects of different fibers on CMCs (e.g., PVA and carbon fibers).
Due to the differing densities of PVA fibers and carbon fibers, the comparative analysis is
more meaningful when the fibers are added at the same volume fraction (relative to the
total volume of CMCs without fibers). The design and calculation of the amount of PVA
fibers added to the CMCs will be explained in the next section.

2.3. Component Proportions

In this study, six mixtures were prepared and organized into two sets, featuring
two PVA fiber dosages and three water-to-binder (w/b) ratios, to produce samples for
mechanical, water absorption and bulk density tests, as illustrated in Figure 4. The two
experimental sets included PVA fibers at 0.5 vol.% and 1 vol.% (relative to the total volume
of CMCs designed without fibers), matching the carbon fiber amounts used in a previous
study [42]. Each fiber-free mixture has a volume of 4800 cm?®. The binder materials, a 9:1
ratio of cement to lime powder, have a content of 700 kg/m?>. The SP dosage was based on
the dosage recommendations provided by the supplier (Sika® ViscoCrete®-2100, Lyndhurst
in New Jersey, USA), with proportions relative to the binder materials in the six mixtures
being 16, 19, 22, 19, 22, and 16, respectively. The density of the SP is 1.08 g/mL [42], while
the density of PVA fibers is 1.29 g/cm®. According to the calculation results, the masses of
cement (C), lime powder (LP), water (W), sand (S), superplasticizer (SP), and PVA fiber (F)
in each mixture are detailed in Table 2.

Mix ID(#/b)
w/b
F1(0.35)
035 Set No. (V%) F2(0.4)
- SI(0.5
©3) F3(0.45)
4 O STI)-
O N F4(0.35)
\\
045 F5(0.4)
- 8(0.45)

Figure 4. Six mixtures designed in this study.

Table 2. Component amount of the six mixtures.

Set No. Component (kg)

(V%) Mix ID (w/b) P - -
ement Lime Powder Water Sand SP Fiber
g1 F1 (0.35) 3.0240 0.3360 1.1760 6.0240 0.0575 0.0310
(0.5 vol.%) F2(0.4) 3.0240 0.3360 1.3440 5.8560 0.0683 0.0310
’ ’ F3 (0.45) 3.0240 0.3360 1.5120 5.6880 0.0791 0.0310
SII F4 (0.35) 3.0240 0.3360 1.1760 6.0240 0.0683 0.0619
(1 vol.%) F5 (0.4) 3.0240 0.3360 1.3440 5.8560 0.0791 0.0619
’ F6 (0.45) 3.0240 0.3360 1.5120 5.6880 0.0575 0.0619

2.4. Mixing Procedures and Sample Preparation

The preparations of dry materials, i.e., cement, lime powder, fine aggregates, PVA
fibers, and solution (i.e., water and SP), were carried out after the amount of the ingredients
was determined and calculated. Both needed to be pre-mixed. First, the dry materials were
mixed in a dry state for one minute. Then, while continuing the mixing, the solution was
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added to the mixer to mix with the dry materials. The mixing continued for 2 min, followed
by 30 s of manual mixing. Finally, another 3 min of machine mixing was performed.

After preparing the fresh mixtures, workability tests were immediately conducted on
the fresh CMCs using the mini slump cone shown in Figure 5.

e o

70mm

60mm |

i %W w
]

41 . ;”3
4

Figure 5. Mini slump cone for workability tests.

Testing method for mini slump: a mini slump cone with an upper diameter of 70 mm,
a lower diameter of 100 mm, and a height of 60 mm is filled with the fresh mixture. After
filling, a tamper is used to evenly tamp the cone from the outside to the inside for 10 strokes,
followed by leveling the surface. The cone is then removed, allowing the mixture to slump
under its own weight. The mini slump is defined as the height of the cone (60 mm) minus
the height of the mixture after slumping. For example, if the difference is 2 mm, then the
mini slump is 2.

The results of the workability tests for the six mixtures, along with fresh mixture
images, are presented in Table 3. The experimental results indicate that PVA fibers have
a significant impact on workability of CMCs. Under the same w/b ratio, the mini slump
of SI (0.5 vol.%) is greater than that of SII (1 vol.%) by 0.99-1.1 mm. When comparing
within the SI (F1, F2, F3) at the same PVA fiber dosage, it is observed that as the w/b ratio
increases from 0.35 to 0.45, the mini slump only increases by 0.3 mm. For the SII (F4, F5,
F6), under the same increment of the w/b ratio, the mini slump increases by just 0.4 mm.
These results indicate that the flowability of the PVA fiber-reinforced CMCs is relatively
weak, with the w/b ratio having minimal impact on flowability, while the PVA fiber dosage
has a significant influence.

While conducting workability tests on the fresh CMCs, specimens for CS, FS, STS,
IWA, and CWA tests were also prepared. Cube samples measuring 50 x 50 x 50 mm were
prepared for the CS and IWA tests, while cylindrical samples with a diameter of 50 mm
and a height of 100 mm were prepared for the STS and CWA tests. Additionally, beam
samples measuring 25 x 25 x 285 mm were prepared for the FS test. The fresh mortar
was immediately placed into the cube, cylinder, and beam molds after mixing. Following
this, the molds were gently tapped, and the mortar surface was smoothed with a scraper.
The molds were then covered with plastic sheets and left at room temperature. After 24 h,
the samples were demolded and moved to a curing room maintained at 20 °C and 95%
relative humidity. The mechanical properties, water absorption, and bulk density tests
were conducted after 28 days of curing.
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Table 3. Workability tests result of the six mixtures.

Set No. Mix ID—Mini Slump and Fresh Mixture Image
F1—Mini Slump (1.2) F2—Mini Slump (1.4)

F3—Mini Slump (1.5)

SI

ST

F4—Mini Slump (0.2)

SII

3. Results and Analysis
3.1. Test Results Under Different w/b Ratios

The CS, STS, FS, IWA, and CWA tests were performed on the PVA fiber-reinforced
CMCs samples after a 28-day curing period. To compare the effects of different w/b ratios
on mechanical property, water absorption, and bulk density of CMCs with the same PVA
fiber dosage, the experimental results of SI (V¢ = 0.5 vol.%) and SII (V; =1 vol.%) are shown
in Figures 6 and 7, respectively.

Mechanical property Water absorption Bulk density

mm CS —0—FS —@—STS = (WA  —0—CWA (mm) = D-cu —®—D-cy
60 1 10 10 114 227

°

45 | 18 8 r 21}
5 £ 13
< N o
%0_ -6§g6- gmgz_ °
wn £ < < ) ®
O 143 24 | =

) {129
15 r P 19 t
{2 2t
0 0 0 sl

Figure 6. The comparison results of SI (V= 0.5 vol.%).
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Mechanical property Water absorption Bulk density
®—STS (WA ®—CWA (mm) = D-cu ®—D-cy
21
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Figure 7. The comparison results of SII (Vf =1 vol.%).

Figure 6 illustrates that, for a constant dosage of PVA fibers (V= 0.5 vol.%), increasing
the w/b ratio—specifically, F1(0.35), F2(0.4), and F3(0.45)—tesulted in decreases in CS, FS,
STS, as well as the bulk density of both the cube samples (D-cu) and the cylindrical sample
(D-cy) by 41.72%, 18.92%, 13.04%, 9.64%, and 5.40%, respectively. Conversely, IWA and
CWA increased by 55.67% and 14.29%, respectively. Figure 7 shows that, for a constant
dosage of PVA fibers (V=1 vol.%), increasing the w/b ratio—specifically, F4(0.35), F5(0.4),
and F6(0.45)—resulted in decreases in CS, FS, STS, D-cu, and D-cy by 48.48%, 31.58%,
41.52%, 10.03%, and 9.10%, respectively. In contrast, INA and CWA increased by 38.84%
and a significant 190.74%, respectively. This occurs because, as the w/b ratio increases, the
water content also rises. After cement hydration, excess water remains in CMCs. When
this moisture evaporates, it creates voids, leading to a decrease in the bulk density of the
specimens and an increase in water absorption. Additionally, the presence of irregular
voids reduces the effective cross-sectional area of the CMCs that bears loads. Under loading
conditions, this can result in stress concentration around the voids, ultimately decreasing
strength. Xin et al. [43] observed that, with a consistent amount of PVA fibers, both the FS
and tensile strength of PVA-engineered cementitious composites increased gradually as
the w/b ratio decreased. In contrast, Chung et al. [44] noted that, in line with established
principles regarding concrete materials, the CS of engineering cementitious composites
is inversely related to the w/b ratio. Additionally, Medeiros Junior et al. [35] studied the
performance of concrete with varying volcanic ash content, revealing that the CS is inversely
proportional to the water-to-cement ratio. It is worth noting that, as the w/b ratio increases,
the CS, FS, and STS of CMCs with 1 vol.% PVA fiber decreases more significantly than that
of CMCs with 0.5 vol.% PVA fiber. This demonstrated that for the same material and the
same volume, the smaller the bulk density, the more pores contained in the sample, and
the larger the porosity of the sample, which was also confirmed by the experimental results
of IWA and CWA.

3.2. Impact on the Test Results Under Different V

In this study, the subjects were divided into two sets based on different dosages of
PVA fibers, as illustrated in Figure 4, with each set consisting of three different water-
to-binder ratios. In this section, we averaged the experimental results for the three w/b
within each set, concentrating specifically on the effects of varying fiber dosages on the
performance of the CMCs. The CS, FS, STS, D-cu, IWA, D-cy, and CWA of CMCs with
0.5 vol.% and 1 vol.% PVA fiber dosages are presented in Table 4. It was observed that CS,
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FS, STS, D-cu, and D-cy decreased with increasing PVA fiber dosage, showing declines
of 13.38%, 21.05%, 9.23%, 4.14%, and 6.36%, respectively. In contrast, INA and CWA
increased by 10.87% and 77.71%, respectively. The strength of CMCs did not improve
with an increase in fiber dosage when the PVA fiber content was raised from 0.5 vol.% to
1 vol.%. Similar findings have been reported by other researchers [16,45,46]. Wang et al. [16]
found that the incorporation of PVA fibers slightly reduced the CS of rubberized concrete.
Shen et al. [45] explained that higher dosages of PVA fibers can lead to a looser gel pore
structure and decalcification of calcium silicate hydrate gels, particularly in cementitious
composites with high volumes of fly ash. This results in increased capillary porosity and a
corresponding reduction in strength and durability. Yao et al. [46] observed that excessive
PVA fiber content caused entanglement, adversely affecting CS in concrete. These studies
indicate that as the amount of PVA fibers increases, the CS of various types of cement-based
materials is negatively impacted.

Table 4. CS, FS, STS, D-cu, IWA, D-cy, and CWA under different Vﬁ

Set No. Vi (%)

CS (MPa)

FS(MPa) STS(MPa)  D-cu (g/cm?) IWA (%) D-cy (g/cm3)  CWA (mm)

SI 0.50
SII 1.00

40.71
35.26

7.67
6.06

5.21
4.73

2.02
1.94

7.38
8.18

2.03
1.90

1.29
2.29

3.3. Correlation Analysis Between Response Values

The previous analysis demonstrated that with the increase in w/b ratio and V7, the
mechanical properties and density of CMCs decreased while the water absorption in-
creased. The correlations analysis was performed to analyze the correlations between
these responses. The correlations between CS, FS, and STS are shown in Figure 8. The
correlations between CS, FS, and STS are so weak that it was challenging to obtain another
value from one of them in this work.

CSvsFS CSVs.STS.
L]

R?=0.7074

y=17.2427 - 11.7270

55

y=9.3715x - 8.5564

R?=0.6444

6.5 7 7.5 8 8.5 9 3 3.5 4 4.5 5 55 6 6.5 7
FS(MPa) STS(MPa)

STS vs.FS

STS(MPa)
(4]

y=0.6040x + 0.8205

R*=0.6706

Figure 8. The correlations of CS vs. FS, CS vs. STS, and STS vs. FS.

The correlations between IWA, CWA, D-cu, and D-cy are illustrated in Figure 9. It
was observed that there is a strong correlation between D-cu and IWA, with the regression
equation given by y = —0.07073x + 2.530 and an R? value of 0.94. In contrast, the correlation
between D-cy and CWA is relatively low, with an R? of 0.734.
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18 i i i j : i i i i i i
1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 1 15 2 25 3 35 4
D-cy(g/cm?) CWA(mm)
2o D-cu vs. IWA 21 D-cy vs. CWA
. 2,05 f y=- 0.0833x + 2.1107
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24 f y=- 0.0707x + 2.5299 .l Re=0:7754
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IWA(%) CWA(mm)

Figure 9. The correlations of D-cu vs. D-cy, IWA vs. CWA, D-cu vs. IWA, and D-cy vs. CWA.

It is important to note that the IWA and CWA tests were conducted using cubic and
cylindrical specimens, respectively, while D-cu and D-cy represent the bulk densities of
these specimens. This difference in test setups may explain the observed results. In the IWA
test, the amount of water absorbed is primarily influenced by the permeable voids in the
cubic samples, whereas in the CWA test, water absorption is driven by the capillary pores
in the cylindrical samples. A decrease in bulk density indicates an increase in porosity, with
permeable voids playing a more significant role in this context.

Consequently, the cubic specimens in the IWA test absorbed more water, while the
cylindrical specimens in the CWA test absorbed less. As a result, there is a more pronounced
negative correlation between D-cu and IWA, while the negative correlation between D-cy
and CWA is less evident.

This study utilized cube samples for CS, IWA, and D-cu tests. Cylindrical samples
were employed for STS, CWA and D-cy tests. Beam specimens were employed for FS test,
but not designed for water absorption and bulk density tests; therefore, the correlations
between FS and water absorption and bulk density were not analyzed. The correlations
among four pairwise combinations—specifically, CS and D-cu, CS and IWA, STS and
D-cy, and STS and CWA—are illustrated in Figure 10. The analysis revealed that the
correlations between CS and D-cu, and between CS and IWA, with R? values of 96% and
92%, respectively, are significantly stronger than those between STS and D-cy and between
STS and CWA, which have R? values of 64% and 62%, respectively. Additionally, Figure 10
indicates that, regardless of the R? values of the correlations, both CS and STS increase
with rising bulk density and decrease with increasing water absorption capacity. Currently,
there is limited research on the correlations between parameters (CS, IWA, D-cu) and (STS,
CWA, D-cy) in the study of the performance of PVA fiber-reinforced CMCs. However,
studies on other cementitious materials suggest similar interrelationships among these
parameters, even without linear fitting. For instance, Ramli et al. [34] found that in their
research on polymer-modified cement mortars, CS decreases while IWA increases with
higher permeability. This indicates that, in these cement composites, as water absorption
increases, CS decreases. Similarly, Medeiros Junior et al. [35] examined the performance of
concrete with varying volcanic ash content and discovered that CS is inversely proportional
to the water-to-cement ratio, while the IWA is directly proportional to the same ratio. This
further supports the idea that, in this type of concrete, CS decreases as IWA increases.
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Kim et al. [47] also reported that in their study of ordinary and high-strength mortars, CS
decreases and water absorption increases with an increase in the w/b ratio. Thus, for both
types of mortars, there is an inverse relationship between CS and water absorption. Overall,
the literature indicates a consistent inverse relationship between CS and water absorption
in cement-based materials. This paper has conducted linear fitting on these two parameters,
and further research is anticipated, either in future studies or by other scholars, to confirm
correlations with additional parameters such as density and STS.

CS vs. D-cu CS vs. IWA
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Figure 10. The correlations of CS vs. D-cu, CS vs. IWA, STS vs. D-cy, and STS vs. CWA.

4. Influence of Carbon and PVA Fibers on CMCs

Previous studies investigated the mechanical properties and water absorption of
carbon fiber-reinforced CMCs with varying volume fractions (0.5 vol.% and 1 vol.%) [42].
To offer a more comprehensive reference for selecting fiber materials for cement-based
composites, the effects of carbon and PVA fibers on the properties of CMCs are compared
and analyzed as follows.

4.1. Effect of Fiber Type on Mechanical Properties of CMCs

The CS, STS, and FS of PVA fiber-reinforced CMCs (SI-F and SII-F) and carbon fiber-
reinforced CMCs (SI-C and SII-C) with varying fiber dosages (SI: 0.5 vol.%, SII: 1 vol.%)
are shown in Figure 11. Figure 11 illustrates that the CS, STS, and FS all decrease as the
content of PVA fibers increases, with reductions of 13.38%, 9.23%, and 21.05%, respectively.
In contrast, both CS and STS increase with higher carbon fiber content, showing increases
of 11.24% and 3.68%, respectively. However, FS decreases with increasing carbon fiber
content, with a reduction of 5.78%.
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Figure 11. Mechanical properties of CMCs with varying fiber dosages.

4.2. Effect of Fiber Type on Water Absorption Properties of CMCs

The results of the IWA and CWA tests for both PVA fiber-reinforced CMCs (SI-F and
SII-F) and carbon fiber-reinforced CMCs (SI-C and SII-C) with varying fiber dosages (SI:
0.5 vol.%, SII: 1 vol.%) are presented in Figure 12. It was observed that both INA and CWA
increased with the dosage of PVA and carbon fibers, indicating that higher amounts of both
fiber types resulted in an increased water absorption (pore content) in the CMCs.
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82 r
80 | 3.0
78
2.5
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Figure 12. Water absorption capacity of CMCs with varying fiber dosages.

4.3. Brief Summary

By comparing Figure 11 with Figure 12, it can be observed that, when the dosage
of PVA fibers increases, the water absorption of PVA fiber-reinforced CMCs increases
(indicating an increase in porosity), while the CS and STS of the PVA fiber-reinforced
CMC decline. However, with the increase in carbon fiber dosage, the water absorption
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of carbon fiber-reinforced CMCs also increases, but both the CS and STS of the carbon
fiber-reinforced CMCs improve. This suggests that the CS and STS can still be enhanced
despite the increased porosity of the cube and cylindrical specimens with higher carbon
fiber content. This improvement may be attributed to the superior bonding between carbon
fiber filaments and the cementitious matrix in CMCs. Further investigation is necessary to
understand how these two types of fiber filaments bond with the cementitious matrix and
how these micro-mechanisms influence the mechanical properties of CMCs.

It was confirmed that 0.5 vol.% PVA fibers and 1 vol.% carbon fibers had an equivalent
effect on the CS, STS and water absorption capacity of CMCs. In practice, reasonable
selection can be made according to the specific special environment and the economic
benefits of PVA and carbon fibers.

5. Conclusions

The primary aim of this study was to investigate the effects of PVA fiber content and
w/b ratio on the mechanical properties, water absorption, bulk density, and their correlation
in CMCs. Additionally, this study analyzed and compared the performance differences
between PVA fiber-reinforced CMCs and carbon fiber-reinforced CMCs across various fiber
contents. The key findings are as follows:

(1) The workability of CMCs declines as the PVA fiber content increases and the water-to-
binder ratio decreases. However, workability is primarily influenced by the amount
of PVA fibers, while the effect of the water-to-binder ratio is comparatively minor.

(2) Increasing the dosage of PVA fibers from 0.5 vol.% to 1 vol.% resulted in decreases in
CS, STS, FS, D-cu, and D-cy by 13.38%, 21.05%, 9.23%, 4.14%, and 6.36%, respectively.
Conversely, INA and CWA increased by 10.87% and 77.71%, respectively.

(3) For the PVA fiber-reinforced CMCs, strong correlations were observed among three
pairwise combinations—specifically, D-cu and IWA, CS and D-cu, and CS and IWA—
with R? values of 94%, 96%, and 92%, respectively. Meanwhile, moderate correlations
were found among three others pairwise combinations—specifically, D-cy and CWA,
STS and D-cy, and STS and CWA—with R2 values of 77%, 64%, and 62%, respectively.
Both CS and STS increase with increasing bulk density and decrease with increasing
water absorption capacity.

(4) The CS and STS of CMCs reinforced with 0.5 vol.% PVA fibers—40.71 MPa and
5.21 MPa, respectively—were comparable to those of CMCs reinforced with 1 vol.%
carbon fibers—40.40 MPa and 5.14 MPa, respectively.
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