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Abstract: Easy maintenance and high durability are expected in structures made with fiber-reinforced
cementitious composite (FRCC) reinforced with fiber-reinforced polymer (FRP) bars. In this study,
we focused on the bond and cracking characteristics of polyvinyl alcohol (PVA)-FRCC reinforced
with braided AFRP bars (AFRP/PVA-FRCC). Pullout tests on specimens with varying bond lengths
were conducted. Beam specimens were also subjected to four-point bending tests. In the pullout tests,
experimental parameters included the cross-sectional dimensions and the fiber volume fractions of
PVA-FRCC. A trilinear model for the bond constitutive law (bond stress–loaded-end slip relationship)
was proposed. In the pullout bond test with specimens of long bond length, bond strength was found
to increase with increases in both the fiber volume fraction and the cross-sectional dimension of the
specimens. Bond behavior in specimens of long bond length was analyzed numerically using the
proposed bond constitutive law. The calculated average bond stress–loaded-end slip relationships
favorably fitted the test results. In bending tests with AFRP/PVA-FRCC beam specimens, high
ductility was indicated by the bridging effect of fibers. The number of cracks increased with increases
in the fiber volume fraction of PVA-FRCC. In specimens with a fiber volume fraction of 2%, the load
reached its maximum value due to compression fracture of the FRCC. The crack width in PVA-FRCC
calculated by the predicted formula, considering the bond constitutive law and the fiber bridging
law, showed good agreement with the reinforcement strain–crack width relationship obtained from
the tests.

Keywords: fiber-reinforced polymer; AFRP; fiber-reinforced cementitious composite; PVA fiber; bond
constitutive law; bridging law; crack width

1. Introduction

In recent years, there has been growing concern regarding the deterioration of aging
infrastructure, with reduced service lives being reported even for concrete structures.
Proper maintenance management is now seen as essential to extend the service lives of
newly built concrete structures. Steel reinforcements have been regularly used in concrete
structures; however, steel reinforcements are known to corrode as a result of carbonation
and chloride attack, amongst other factors, causing deterioration in structural performance.

Fiber-reinforced polymer (FRP) bars are characterized by their superior corrosion
resistance, tensile strength, and full-elastic behavior, compared with steel reinforcements [1].
These properties can improve the durability and repairability of concrete structures when
FRP bars are used instead of steel reinforcements, as demonstrated by numerous studies
conducted since the 1980s e.g., [2–8]. FRP bars are formed by impregnating and integrating
resin into fibers. Two main types of fibers are used: organic fibers, represented by aramid
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fibers; and inorganic fibers, represented by carbon, glass, and basalt fibers. Each fiber has
its own particular characteristics; for instance, aramid FRP (AFRP) is both flexible and easy
to handle due to its organic nature, and also provides insulation, while carbon FRP (CFRP)
is noted for its high elastic modulus and tensile strength. Numerous studies have been
conducted to understand the various material properties of FRP. For instance, Aydın and
Arslan investigated the material properties of FRP in different environmental conditions
and thereby demonstrated the superior qualities of CFRP [9]. Researchers have also found
that the bond characteristics of FRP depend on surface configurations [10].

In structural design, it is imperative to ensure a requisite level of durability so that
safety standards are upheld. In FRP-reinforced concrete, the expected ultimate failure mode
is the bending fracture of the concrete (avoiding FRP rupture); however, a rapid drop in
bearing capacity can be foreseen due to the brittle crushing of concrete.

Fiber-reinforced cementitious composite (FRCC) may be used to address these issues.
FRCC is a cementitious material reinforced with short discrete fibers. It exhibits ductile be-
havior due to the bridging effect of these fibers across cracks. Steel fibers have been utilized
in FRCC, as well as polymeric fibers such as polyethylene (PE), polyvinyl alcohol (PVA),
and polypropylene (PP). Different types of FRCC are characterized by their behavior follow-
ing the occurrence of cracks. For example, ductile fiber-reinforced cementitious composites
(DFRCCs) [11] exhibit deflection-hardening behavior under bending conditions, while
strain-hardening cementitious composites (SHCCs) [12] exhibit pseudo-strain-hardening
behavior under uniaxial tension. Because one of the advantages of FRCC is its ability to
control crack width through the bridging effect of the fibers across the crack, it is important
to understand the relationship between tensile stress and crack width, hereinafter referred
to as the bridging law. This law has been determined by numerous researchers using
various methods [13–20]. The authors of this paper have also studied bridging laws for
PVA-FRCC [21,22] and aramid-FRCC [23] by considering the effects of inclined angles and
probability density functions upon fiber dispersion and orientation.

Easy maintenance and high durability are expected in structures made with FRCC re-
inforced with FRP bars (FRP/FRCC). While several studies involving FRP/FRCC members
have been conducted, most of these have involved hybrid structures in which reinforcing
steel or conventional concrete was used [24–28]. To date, researchers have considered
only a limited range of FRP and FRCC-mixed fibers, and there remains a need for a more
comprehensive structural characterization. For the present study, therefore, we combined a
braided aramid FRP bar with PVA-FRCC, and thus adopted a novel approach.

For practical application, understanding the structural performance of FRP/FRCC
specimens is crucial. It is also important to quantitatively evaluate crack width, as the
fiber bridging law in FRCC is a function of crack width. In the present study, we mainly
focused on the structural performance and crack width of members in FRP/FRCC. For
reinforced concrete (RC) members, the authors proposed a crack width prediction formula
based on the calculation of bond interactions between the reinforcing bar and concrete [29].
This formula expresses crack width as a simple function of concrete and rebar dimensions,
bond stiffness, tensile strength of concrete, and rebar strain. The effect of the bridging
law in FRCC is also incorporated into this formula, so that it may be used as a crack
width prediction formula for steel reinforcement FRCC members [30]. This formula is also
applicable to FRP/FRCC members because the terms related to the reinforcement are the
reinforcement dimensions, the elastic modulus, and the bond properties. To apply this
formula, the properties of the bond between the FRP and the FRCC must be understood. In
the present study, therefore, a pullout bond test was conducted to characterize the bond
constitutive law between the FRP bars and the FRCC. In addition, a pullout test using
specimens of long bond length was conducted to compare numerical relationships with
test results. Finally, a four-point bending test was conducted to determine the structural
performance of FRP/FRCC beam specimens, and the test results were compared with the
rebar strain–crack width relationship obtained using the prediction formula.
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The pullout bond test reported in Section 2 of this paper was already described in a
previously reported study [31]. The modified model of bond constitutive law between FRP
bars and FRCCs is discussed in this research with an introduction of the outlines of the test
in Section 2.

2. Pullout Bond Test
2.1. Outline of Pullout Bond Test [31]

Table 1 presents a list of specimens used in the pullout bond test. Figure 1 illustrates
an example specimen. The height of all specimens was 100 mm. Each specimen con-
tained one AFRP bar positioned in the center of the cross-section. The used AFRP was a
bundled-type rod impregnated with epoxy resin. The specified fiber volume content was
75%. PVA fibers were used for the FRCC. The cross-sectional dimensions were set to be
100 × 100 mm2, 120 × 120 mm2, and 140 × 140 mm2. To secure the specimens in the testing
machine’s chuck, a steel coupler was affixed to the end of the FRP reinforcement using an
expansion agent which is conventionally utilized for destroying rocks. There was no special
attachment at the free end. The bond length was set to 54 mm, which was approximately
four times the bar diameter. The experimental parameters included the cross-sections
of the specimens and the fiber volume fractions of the FRCC (0%, 1%, 2%). Naming
of the specimens followed a format based on fiber volume fractions (MT: 0%; PVA1%:
1.0%; and PVA2%: 2.0%) and cross-sections (A: 100 × 100 mm2, B: 120 × 120 mm2, and
C: 140 × 140 mm2). Three specimens were manufactured for each parameter, resulting in a
total of twenty-seven specimens.

Table 1. List of specimens of pullout bond test.

Type Common Factor Cross-Section Fiber Volume
Fraction

Number of
Specimens

MT-A

Height: 100 mm
Bond length: 54 mm
(=4d)
Reinforcement:
Braided AFRP bar
(Diameter 13.58 mm)
Fiber type of FRCC:
PVA

100 mm × 100 mm
(A series)

- 3

PVA1%-A 1.0% 3

PVA2%-A 2.0% 3

MT-B
120 mm × 120 mm

(B series)

- 3

PVA1%-B 1.0% 3

PVA2%-B 2.0% 3

MT-C
140 mm × 140 mm

(C series)

- 3

PVA1%-C 1.0% 3

PVA2%-C 2.0% 3
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Figure 1. Example specimen (A series).



Fibers 2023, 11, 107 4 of 18

Figures 2 and 3 show the surface shapes of AFRP and PVA fibers, respectively.
Tables 2 and 3 show the mechanical properties of AFRP and PVA fibers, respectively.
Table 4 shows the mixture proportions and compressive properties of the FRCC for a
φ100 mm × 200 mm cylinder compression test followed by JIS A 1108 [32].
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Figure 3. PVA fibers.

Table 2. Mechanical properties of reinforcement.

Reinforcement Diameter
(mm)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

Braided AFRP bar 13.58 1261 66.0
Note: Test results for tension test followed by JIS A 1192 [33].

Table 3. Mechanical properties of fiber.

Fiber Length
(mm)

Diameter
(mm)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

PVA 12 0.10 1200 28
Note: Nominal values provided by the manufacturer.

Figure 4 shows the loading method. The monotonic pullout loading was carried out
using a universal testing machine. To minimize the friction between the reaction plate and
the specimen, a Teflon sheet was inserted. The measurement items were the pullout load
and the reinforcement slip at the free end, measured using a linear variable displacement
transducer (LVDT).
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Table 4. Mixture proportions and compressive properties of FRCC.

Type
Unit Weight (kg/m3) PVA Fiber

(kg)

Compressive
Strength

(MPa)

Elastic
Modulus

(GPa)W C S F

MT

380 678 484 291

0 48.8 17.5

PVA
1% 13 46.2 17.0

PVA
2% 26 47.1 16.4

W—Water; C—high-early-strength Portland cement; F—fly ash of Japanese Industrial Standard Type II (JIS A
6201) [34]; S—sand of size under 0.2 mm.
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2.2. Modeling of Bond Constitutive Law

The bond stress–loaded-end slip relationship obtained from the pullout test results
was described using a trilinear model, as shown in Figure 5. The maximum bond stress τmax
was determined to be the average of maximum bond stresses among identical specimens.
smax was the average of the slip at maximum bond stresses. The initial slope k1 was set
to 4/5 of the maximum bond stress. τ1 was set to 4/5 of the maximum bond stress. The
softening slope ku was determined as −0.3 N/mm3 because there were no observable
differences among the FRCC specimens. In the case of MT specimens, because test results
for the softening branch could not be obtained, the ultimate slip su was empirically set to
1.5 mm. Table 5 shows the characteristic values derived from the trilinear model for each
type of specimen. Figure 6 shows a comparison between the test results and trilinear model
values. It can be seen that the trilinear model values are compatible with the test results,
particularly with respect to behavior leading up to the maximum bond stress.
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Table 5. List of characteristic values of the trilinear model.

Specimens τ1
(MPa)

s1
(mm)

k1
(N/mm3)

τmax
(MPa)

smax
(mm)

ku
(N/mm3)

su
(mm)

MT-A 4.37 0.21 20.9 5.46 0.45 −5.18 1.50

MT-B 4.92 0.39 12.7 6.15 0.80 −8.83 1.50

MT-C 4.21 0.26 16.5 5.26 0.44 −4.97 1.50

PVA1%-A 5.42 0.38 14.2 6.77 1.16

−0.30

23.7

PVA1%-B 5.03 0.31 16.2 6.29 1.30 22.3

PVA1%-C 5.29 0.55 9.55 6.61 4.05 26.1

PVA2%-A 5.59 0.29 19.6 6.99 1.03 24.3

PVA2%-B 6.52 0.61 10.7 8.15 3.39 30.5

PVA2%-C 5.89 0.42 14.0 7.36 3.80 28.3
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Figure 6. Comparison between test results and trilinear model values.

3. Pullout Bond Test with Long Bond Length
3.1. Outline of Pullout Bond Test
3.1.1. Specimens

Table 6 presents a list of specimens used in the pullout bond test with long bond
length. Figure 7 illustrates an example specimen. These specimens consisted of three
types of rectangular FRCC blocks, each with a height of 600 mm. The cross-sectional
dimensions were 100 × 100 mm2 (A series), 120 × 120 mm2 (B series), and 140 × 140 mm2

(C series). One braided AFRP bar was positioned at the center of each block. A steel coupler
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was affixed to the end of the reinforcement to fix the testing machine’s chuck. The bond
length was 543 mm, approximately forty times the diameter of the FRP reinforcement.
The experimental parameters included the cross-sections of the specimens and the fiber
volume fractions of the FRCC (0%, 1%, or 2%). PVA fibers were used for the FRCC. Naming
of the specimens followed a format based on fiber volume fractions (MT: 0%; PVA1%:
1.0%; and PVA2%: 2.0%) and cross-sections (A: 100 × 100 mm2; B: 120 × 120 mm2; and
C: 140 × 140 mm2). One specimen was manufactured for each parameter, resulting in a
total of nine specimens.

Table 6. List of specimens used in bond tests with a long bond length.

Type Common Factors Cross-Section Volume
Fraction

Number of
Specimens

MT-A

Height: 600 mm
Bond length:
543 mm (=40d)
Reinforcement:
Braided AFRP bar
(Diameter 13.52 mm)
Fiber type of FRCC:
PVA

100 mm × 100 mm
(A series)

- 1

PVA1%-A 1.0% 1

PVA2%-A 2.0% 1

MT-B
120 mm × 120 mm

(B series)

- 1

PVA1%-B 1.0% 1

PVA2%-B 2.0% 1

MT-C
140 mm × 140 mm

(C series)

- 1

PVA1%-C 1.0% 1

PVA2%-C 2.0% 1
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Figure 7. Example specimen (A series).

3.1.2. Materials

The AFRP and PVA fibers used in this context were identical to those employed in
the pullout bond test described in Section 2 above. However, in the case of the AFRP bar,
the manufacturer’s production lot was different from that of the bar described in Section 2;
its mechanical properties are shown in Table 7. However, a comparison of Tables 2 and 7
reveals that the differences in the mechanical properties of reinforcement were small, and
because they were manufactured using a similar method, the impact of the differences in
manufacture on the experimental results was minimal. The mixture proportions of the
FRCC were consistent with those set out in Table 4 above. Table 8 shows the compressive
properties of the FRCC for a φ100 mm × 200 mm compression test followed by JIS A 1108.
The fiber volume fractions of the PVA fibers were set to 0% (mortar), 1%, and 2%, i.e., the
same as those in the pullout bond test.
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Table 7. Mechanical properties of reinforcement.

Reinforcement Diameter
(mm)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

Braided AFRP bar 13.52 1315 66.6
Note: Test results for tension test followed by JIS A 1192 [33].

Table 8. Compressive properties of FRCC.

Type
Compressive

Strength
(MPa)

Elastic Modulus
(GPa)

MT 61.5 20.2

PVA1% 58.7 19.0

PVA2% 60.1 19.1

3.1.3. Loading Method

Figure 8 shows the loading method. The monotonic pullout loading was applied using
a universal testing machine under controlled displacement. Teflon sheets were inserted
between the specimen and the reaction plate to facilitate lateral displacement of the block.
The measurement items were the pullout load, the reinforcement slip at the free end, and
the displacement at the loaded end by two LVDTs.
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3.2. Test Results
3.2.1. Specimens after Loading

Figure 9 shows the specimens after testing. Cracks were observed at the free ends
and sides of all specimens. For MT specimens, the generation of the first crack coincided
with reaching the maximum load, leading to specimen failure. In contrast, among FRCC
specimens, the crack width decreased with increases in fiber volume fraction.
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3.2.2. Average Bond Stress–Loaded-end Slip Relationship

Figure 10 shows the average bond stress–loaded-end slip relationship obtained from
the pullout bond test. The average bond stress was calculated by dividing the pullout load
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by the surface area of the reinforcing bars within the bond length, as shown in Equation (1).
The loaded-end slip was calculated by subtracting the FRP elongation outside the bond
region from the average of the displacements at the loaded end, as measured by the LVDTs,
as shown in Equation (2).

τave = P/(π·φs·lb) (1)

Sload = Dave −
{(

P·l′
)
/(Es·As)

}
(2)

where τave is average bond stress, in Mpa; Dave is the average of the displacements at the
loaded end obtained by the LVDTs, in mm; and l′ is the length from the upper end of the
steel coupler to the bottom end of the bond region, in mm.
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Figure 10. Average bond stress–loaded-end slip relationships.

In MT specimens, when the first crack was generated, the average bond stress reached
maximum value and then decreased rapidly. In FRCC specimens, the average bond stress
continued to increase even after generation of the first crack. Moreover, the maximum aver-
age bond stress in FRCC specimens was greater than that in MT specimens. Additionally,
FRCC specimens exhibited greater ductility behavior after reaching the maximum average
bond stress; this was attributed to the fiber bridging effect. In FRCC specimens, the average
bond stress increased with the increases in fiber volume fraction. In all specimens, the
average bond stress increased with increases in the specimen cross-section. In contrast to
the findings from the pullout bond test described in Section 2 above, the strength of the
longer bond led to enhancement of the FRCC binding effect and consequently exerted a
more effective restraint on slip.

3.3. Numerical Calculation of Bond Properties
3.3.1. Method of Numerical Calculation

In a previous study, the bond behavior of RC members with long bond length was
analyzed numerically using a relation equation that described the local bond properties of
these RC members [35]. In this study, a similar approach was applied to analyze the bond
properties of AFRP/PVA-FRCC members with long bond length. The bond constitutive
laws (bond stress–slip relations) used in this analysis were derived from the results of
the pullout bond test conducted on AFRP/PVA-FRCC which were presented in Section 2.
Figure 11 shows the infinitesimal element of FRCC reinforced with AFRP bar under tensile
conditions in the i-th section in calculation, where dx is the length of the infinitesimal
element, Pi−1 is the tensile force of the reinforcement, dPi is the increment of the tensile
force of the reinforcement in dx, τi−1 is the local bond stress, Si−1 is the slip, and dSi is the
increment of the slip.
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Figure 11. The infinitesimal element of FRCC reinforced with AFRP bar under tensile conditions in
the i-th section. (i = 1, 2, 3,...).

Because the bond stress can be considered uniform within the infinitesimal element,
dPi and dSi can be expressed using Equations (3) and (4), respectively, as follows:

dSi =

(
Pi−1

Es As
+

dPi−1

2Es As
− dPi−1

2Ec Ac

)
dx (3)

dPi = τi−1·dx·φs (4)

where Es is the elastic modulus of reinforcement, As is the cross-sectional area of reinforce-
ment, Ec is the elastic modulus of FRCC, Ac is the cross-sectional area of FRCC, and φs is
the perimeter of reinforcement.

Values for Si and Pi at the end of the infinitesimal element may now be calculated
using Equations (5) and (6), respectively, as follows:

Si = Si−1 + dSi (5)

Pi = Pi−1 + dPi (6)

To apply to the pullout bond test, a sequential computation was conducted from the
free end to the loaded end, with the tensile force at the free end Pi = 0, and a boundary
condition assigned to S0 = S f (representing the free end slip). The average bond stress–
loaded-end slip relationship could then be obtained by increasing S f from a sufficiently
small value. The average bond stress was calculated by dividing the tensile force at the
loaded end by the whole surface area of the reinforcing bar within the bond length.

For the bond constitutive laws, the trilinear model of bond stress–loaded-end slip
relationships shown in Figure 5 was used. In this study, the model was modified by
multiplying the bond stress by 54 mm/100 mm (bond length/height of specimen) to
account for the restraint imposed by the FRP due to the unbonded region in the FRCC [36].
Table 9 shows the list of characteristic values of the local bond properties.

Table 9. List of characteristic values of the local bond properties.

Specimens τ1
(MPa)

s1
(mm)

k1
(N/mm3)

τmax
(MPa)

smax
(mm)

su
(mm)

PVA1%-A 2.93 0.38 7.68 3.66 1.16 23.7

PVA1%-B 2.72 0.31 8.75 3.40 1.30 22.3

PVA1%-C 2.85 0.55 5.16 3.57 4.05 26.1

PVA2%-A 3.02 0.29 10.6 3.78 1.03 24.3

PVA2%-B 3.52 0.61 5.76 4.40 3.39 30.5

PVA2%-C 3.18 0.42 7.58 3.97 3.80 28.3
Note: Bond stresses shown in Table 5 are multiplied by 54 mm/100 mm.
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3.3.2. Comparison of Average Bond Stress–Loaded-end Slip Relationships

Figure 12 shows a comparison of the test results with the numerical calculations. The
green lines indicate calculation results, and the dashed lines indicate test results. Overall,
the fitting between the calculations and the test results was generally favorable. For the
PVA2%-B and PVA2%-C specimens, the calculated maximum average bond stress was
slightly lower than that observed in the test results. This discrepancy was attributed to the
fact that, unlike in the pullout bond test in Section 2, the average bond stress in these cases
increased with the increasing cross-sectional area of the specimens.
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Figure 12. Comparison of average bond stress–loaded-end slip relationships.

4. Bending Test of AFRP/PVA-FRCC Beams
4.1. Outline of Bending Test
4.1.1. Specimens

Table 10 presents a list of specimens used in the bending test. Figure 13 illustrates
an example specimen. Four beams of PVA-FRCC reinforced with AFRP, each with a total
length of 1680 mm and cross-sectional dimensions of 280 mm × 180 mm, were designed to
lead the fracture of the FRCC at the compression side before the rupture of AFRP bars. As
in the pullout test with long bond length described in Section 3 above, the same braided
AFRP bars and PVA fibers were used. The focused test section was the constant bending
moment region. In the shear span, steel stirrups by D10 were arranged to avoid shear
failure. The main experimental parameters were the fiber volume fraction (0%, 1%, or 2%)
and the loading method (monotonic loading or one-sided cyclic loading). One-sided cyclic
loading (denoted by symbol C) was conducted only on specimens with 2% fiber volume
fraction. The mixture proportions of FRCC remained consistent with those specified in the
pullout bond test, as shown in Table 4 above. Table 11 shows the compressive properties of
the FRCC for a φ100 mm × 200 mm cylinder compression test followed by JIS A 1108. One
specimen was prepared for each parameter, resulting in a total of four specimens.
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Table 10. List of specimens.

Type Common Factor Loading Method Fiber Volume
Fraction

MT Reinforcement:
Braided AFRP bar
(Diameter 13.52 mm)
pt = 1.04(%)
Fiber type of FRCC:
PVA

Monotonic
loading

-

PVA1% 1%

PVA2%

2%
PVA2%-C One-sided

cyclic loading

Fibers 2023, 11, x FOR PEER REVIEW 14 of 19 
 

PVA1% 47.5 16.6 
PVA2% 41.2 15.9 

PVA2%-C 47.0 16.4 

 
Figure 13. Example specimen. 

4.1.2. Loading Method 
A four-point bending load was applied by the universal testing machine under con-

trolled displacement. Two LVDTs were set to measure the deflection at the loading points. 
Three π-type displacement transducers (C1, C2, and C3) were arranged to measure axial 
deformation at the compression side of the specimens, while another three π-type displace-
ment transducers (T1, T2, and T3) were arranged to measure axial deformation at the tensile 
side of the specimens. Figure 14 shows specimen details with the setup of displacement 
transducers. Six strain gauges were set to measure the strains of AFRP reinforcement bars 
at the tension side of loading points, as shown in Figure 13. Figure 15 shows the loading 
history of one-sided cyclic loading. The cyclic loading was controlled by deflection at the 
loading points and was applied five times each at deflections of 2 mm, 4 mm, 6 mm, 8 mm, 
and 10 mm, and twice at a rotation angle of 3/100 rad. (16.5 mm). After applying cyclic load-
ing, the specimens underwent loading until ultimate failure was reached. 

 
Figure 14. Specimen details with the setup of displacement transducers. 

 
Figure 15. Loading history. 

5 10 15 20 25

2
4
6
8

10
12
14
16
18
20

0D
ef

le
ct

io
n 

at
 th

e 
lo

ad
in

g 
po

in
t (

m
m

)

Figure 13. Example specimen.

Table 11. Compressive properties of FRCC.

Type Compressive Strength
(MPa)

Elastic Modulus
(GPa)

MT 42.4 17.4

PVA1% 47.5 16.6

PVA2% 41.2 15.9

PVA2%-C 47.0 16.4

4.1.2. Loading Method

A four-point bending load was applied by the universal testing machine under con-
trolled displacement. Two LVDTs were set to measure the deflection at the loading points.
Three π-type displacement transducers (C1, C2, and C3) were arranged to measure axial
deformation at the compression side of the specimens, while another three π-type displace-
ment transducers (T1, T2, and T3) were arranged to measure axial deformation at the tensile
side of the specimens. Figure 14 shows specimen details with the setup of displacement
transducers. Six strain gauges were set to measure the strains of AFRP reinforcement bars
at the tension side of loading points, as shown in Figure 13. Figure 15 shows the loading
history of one-sided cyclic loading. The cyclic loading was controlled by deflection at the
loading points and was applied five times each at deflections of 2 mm, 4 mm, 6 mm, 8 mm,
and 10 mm, and twice at a rotation angle of 3/100 rad. (16.5 mm). After applying cyclic
loading, the specimens underwent loading until ultimate failure was reached.
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4.2. Test Results
4.2.1. Specimens after Loading

Figure 16 shows specimens after loading and cracks in the constant bending moment
region. In MT and PVA1% specimens, the load decreased due to the failure of the anchorage
at the end of the specimen. In the PVA2% and PVA2%C specimens, the load reached
maximum value due to the compression fracture of the FRCC. Following this, deflection
increased while the load was maintained. In FRCC specimens, the number of cracks within
the constant bending moment region increased with increases in the fiber volume fraction.
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4.2.2. Load–Deflection Relationships

Figure 17 shows the load–deflection relationships for monotonic loading specimens.
The left figure includes a skeleton illustration for the cyclic-loading specimen. In the right
figure, the whole relationship of the cyclic-loading specimen is shown. The deflection is
the average of two deflections at the loading points. The maximum loads recorded for



Fibers 2023, 11, 107 15 of 18

each type of specimen were as follows: MT: 154 kN; PVA1%: 217 kN; PVA2%: 198 kN; and
PVA2%-C: 229 kN. For the PVA2%-C specimens, no reduction in load or maximum load
was observed throughout each cycle of cyclic loading. PVA2% specimens exhibited ductile
behavior following FRCC crushing; this was attributed to fiber bridging.
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4.2.3. Cracking Characteristics

Figure 18 shows the AFRP reinforcement strain–crack width relationship measured in
the test. The AFRP reinforcement strain was an average of the six strain gauges located at
the loading points of tension bars. Experimental crack width values were determined by
dividing the axial deformation of each section, as obtained from the π-type displacement
transducers, by the number of cracks in each section. The blue lines in Figure 18 show
averaged test results. It can be seen that the slopes of the averaged experimental results
become more pronounced as the fiber volume fraction increases because the fiber bridging
effect brings control of the crack width opening and increased numbers of cracks at the
same reinforcement strain.
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Figure 18. Reinforcement strain–crack width relationships.

The crack width prediction formula, as given in Equation (7), was proposed in previous
studies [30]. This formula is obtained by solving the force equilibrium and compatibility
conditions between FRCC and the reinforcing bar, considering the bond stress–slip relation-
ship, the fiber bridging law, and the conditions of crack occurrence. The formula expresses
the relationship between the reinforcement strain and crack width in FRCC as the possible
width of a single crack.

εs =
φs

Ac{σcr − σbr(wcr)}

∫ sload

0
τxdsx +

1
Ec

σbr(wcr) +
1 + np
2npEc

{σcr − σbr(wcr)} (7)

Here, εs is the reinforcement strain, φs is the perimeter of FRP reinforcement, σcr is the
cracking strength of FRCC, wcr is the crack width, σbr(wcr) is the fiber bridging stress at
crack, n is the elastic modulus ratio (Es/Ec), p is the reinforcement ratio (As/Ac), Es is
the elastic modulus of reinforcement, Ec is the elastic modulus of FRCC, As is the cross-
sectional area of reinforcement, Ac is the cross-sectional area of FRCC, and sload is the
loaded-end slip.
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Figure 19 shows the reinforcement strain–crack width relationship as determined using
the crack width prediction formula. Regarding the bridging law, a trilinear model [22] was
employed, which replicated the calculation results using the same PVA fiber and mixture
proportion of matrix with this study. The integral of the right-hand side of Equation (7)
indicates the bond stress–slip relationship (bond constitutive law). The trilinear model
developed in this study for the 100 × 100 mm2 cross-section specimen described in Section 2
(Figure 5) was utilized. Table 12 shows the values substituted into the formula. The tensile
strength of FRCC was determined as the average cracking strength from the bending test of
the 100 mm × 100 mm × 400 mm specimens, using the same mixing batch of PVA-FRCC.
The cross-section of the FRCC corresponds to the equivalent cross-section of the FRCC
supported by each tension bar, as shown in Figure 20.
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Table 12. Values substituted into the prediction formula.

Parameters MT PVA1% PVA2% PVA2%C

Braided
AFRP bar

As(mm2) 143.6

φs(mm) 43

Es(GPa) 66

FRCC

Ac(mm2) 6000

Ec(GPa) 17.4 16.6 15.9 16.4

σcr(MPa) 2.82
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It can be seen that, for all specimens, the crack width observed along the average line
was smaller than that predicted by the formula at the same strain. The formula indicates
the possible width of individual cracks, but in the actual structure, the width of each crack
tends to be smaller than the predicted value due to the presence of other cracks. Because
the prediction formula offers a mean calculation of potential maximum crack widths at any
given reinforcement strain, the values obtained using the prediction formula are reasonably
accurate when compared with test results.
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5. Conclusions

The main conclusions of this research may be summarized as follows:

1. In the pullout bond test, a trilinear model for the bond constitutive law (bond stress–
loaded-end slip relationship) was proposed.

2. According to the pullout bond test with specimens of long bond length, the bond
strength increased with increases in both the fiber volume fraction and the cross-
section of the specimens. These characteristics can be attributed to the fiber bridging
effect, which results in control of crack width opening.

3. Bond behavior with a long bond length was analyzed numerically using the pro-
posed bond constitutive law. The calculated average bond stress–loaded-end slip
relationships favorably fitted the test results.

4. The bending test results for AFRP/PVA-FRCC beam specimens showed that the
number of cracks increased with the increases in fiber volume fraction. The maximum
loads recorded for each type of specimen were as follows: MT: 154 kN; PVA1%:
217 kN; PVA2%: 198 kN; and PVA2%C: 229 kN. In the case of specimens with a fiber
volume fraction of 2%, the load reached its maximum value due to the compression
fracture of the FRCC, and cyclic loading had no discernible effect.

5. The adaptability of the crack width prediction formula, considering the bond con-
stitutive law and the fiber bridging law with respect to PVA-FRCC, was discussed.
The reinforcement strain–crack width relationship obtained from the bending test
exhibited good compatibility with the crack width prediction formula.
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