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Abstract: This study investigates the influence of fiber dimensions on the bridging performance of
polyvinyl alcohol fiber-reinforced cementitious composite (PVA-FRCC) through an experimental and
analytical program. Bending tests, bridging law calculations, and section analysis are conducted.
Bending tests of notched specimens of PVA-FRCC with six different PVA fiber dimensions are
performed to determine the load–deflection (LPD) and bending moment–crack mouth opening
displacement (CMOD) relationships. The fiber volume fraction for all PVA-FRCCs is set to 2%.
It is found that the load capacity of PVA-FRCC with a 27 µm diameter fiber is much higher than
that of the other fibers, and the load capacity decreases as the fiber diameter increases. The study
proposes parameters for the characteristic points of the tri-linear model for the single-fiber pullout
model as functions of diameter, bond fracture energy, elastic modulus, cross-sectional area, and
perimeter of the fiber. These findings provide valuable insights into the behavior of PVA-FRCC under
different fiber dimensions. Bridging law calculations are conducted to obtain tensile stress–crack
width relationships using the developed single-fiber pullout models. The Popovics model for the
complete tensile stress–crack width relationship is adopted to obtain a better fit with the bridging
law calculation, and then section analysis is conducted. The bridging law calculation results show
that the maximum tensile stress decreases as the fiber diameter increases. It is also determined that
most of the smaller-diameter fibers ruptured, whereas the larger fiber diameters pulled out from the
matrix. The section analysis results show good agreement with the maximum bending moments
obtained from the bending test.

Keywords: PVA-FRCC; fiber dimension; fiber diameter; bending test; single-fiber pullout model;
bridging law calculation; section analysis

1. Introduction

Compared to other building materials like steel, wood, composite systems, etc., con-
crete is more durable and offers a higher strength-to-cost ratio, but it still has a few draw-
backs. Brittle behavior and decreased tensile strength are the primary drawbacks of
employing concrete in structural applications [1–6]. During the 1970s, it was recognized
and observed that adding randomly distributed discrete fibers to the cementitious matrix to
create a fiber-reinforced cementitious composite (FRCC) might improve the tensile strength,
flexural strength, and ductility of the material [2,3,7–9]. Various fiber types are available in
a range of diameters and forms. Steel fiber (SF), carbon fiber (CF), synthetic polymer fibers,
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such as polyethylene (PE), polyvinyl alcohol (PVA), polypropylene (PP), aramid fiber, and
natural fibers, are the main types of fiber used in FRCC [10–14].

With the expectation of exhibiting high fracture toughness, deformability, and small
crack openings, the characteristics of FRCCs can provide increased performance for the
structural behavior of concrete constructions and great durability against environmental
attacks [15–17].

Polymeric fibers are advantageous in construction due to their superior chemical
resistance to steel fibers, which are commonly used in structural elements. Although steel
fibers offer excellent mechanical properties and durability, they have drawbacks such as
increased weight and cost. The corrosion of steel fibers in aggressive environments can
compromise their crack-bridging ability and the appearance of concrete structures, leading
to reduced strength and aesthetic appeal. This corrosion can result in concrete spalling and
decreased fiber cross-sectional area, significantly impacting structural durability. In contrast,
polymer fibers exhibit high resistance to corrosion, alkaline reactions, acidic water, salt,
chlorine, chemicals, and microorganisms. Therefore, incorporating polymeric fibers as
reinforcement in cementitious materials enhances mechanical properties and durability
and reduces structural weight and construction costs [18].

The development of high-strength polymeric fibers, such as PP, PE, and PVA fibers, has
coincided with studies on high-performance fiber-reinforced cement composite (HPFRCC)
including strain-hardening cement composite (SHCC) and engineered cementitious com-
posite (ECC) since the 1980s. Under tensile studies, these HPFRCCs display repeated
cracking and pseudo-strain-hardening behavior. These have been applied in real applica-
tions, like earthquake barriers, tunnel linings, decks, and slabs [13,19–22].

FRCC’s performances can be identified by measurable characteristics associated with
the fiber (elastic modulus, strength, bundle sizes, length, diameter, shape, etc.), the cemen-
titious matrix (strength, porosity, flaw density, fracture property, etc.), and the interface.
The selection of composite materials, including volume fraction, fiber types, additives,
aggregates, cement type, and processing technique, all affect these characteristics [7,23–28].
One of the most significant fundamental characteristics controlling the response of FRCCs is
crack bridging by the fiber. Moreover, it has been shown that crack bridging even regulates
structural response [29–32]. Building particular bridging rules for the intended FRCC is
required because the pullout behavior varies greatly based on the fiber type and matrix [13].

Various factors, including fibers’ type and volume fraction, fiber–matrix bond strength,
curing conditions, and loading rate, influence the flexural behavior of fiber-reinforced ce-
mentitious composites. Proper selection and orientation of fibers can significantly improve
the composite’s resistance to bending and enhance its overall performance. The influence
of fibers on composites’ pre-cracking behavior and initial crack strength is minimal. Still,
their characteristics play a significant role in determining the post-cracking behavior of the
material. Fiber properties dictate whether the composite displays deflection-hardening,
where fibers continue supporting and resisting crack propagation, or deflection-softening
behavior, where the material weakens and loses load-carrying capacity as cracks propagate.
In essence, fiber characteristics are critical in shaping the post-cracking response of com-
posites, delineating between deflection-hardening and deflection-softening types based on
their ability to sustain load and deformation after cracking [24,33].

PVA fiber is one of the most common and extensively researched fibers in the field of
improving ductility, reducing the rate at which cracks propagate, and bridging capability
in FRCC structures. They offer various benefits, such as improved cracking performance,
higher tensile and flexural strength, strain-hardening properties, and enhanced mechanical
characteristics. Despite having a lower tensile strain capacity than PE fibers, the strong
bond between PVA fibers and cementitious materials increases composite strength and
energy absorption capacity. PVA fibers are a cost-effective alternative to PE fibers and are
becoming more popular for specific applications. Proper dispersion of PVA fibers in the
matrix is essential for achieving optimal mechanical properties, with even small amounts
significantly boosting tensile and flexural strengths. The bridging effect of PVA fibers leads
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to strain-hardening and the formation of multiple cracks in PVA-FRCC, further improving
its performance [4,15,18,34–38].

The main objective of this research is to study the influence of fiber dimensions on the
bridging performance of PVA-FRCC. Although the bridging effect has been investigated
using PVA fibers of various dimensions, few studies have conducted a unified investigation
of the differences in fiber dimensions. In this study, an experimental program of bending
test using notched specimens and section analysis is performed with the main experimental
parameter as fiber dimensions (diameter and length). Six types of PVA fiber dimensions
are considered. Kanakubo et al. developed a single-fiber pullout model for PVA fiber with
a diameter of 100 µm and 12 mm in length [39]. The single-fiber pullout model for the
other fiber dimensions was developed based on this developed model. The parameters that
give the characteristic points of the tri-linear model for the single-fiber pullout model are
proposed as functions of diameter, bond fracture energy, elastic modulus, cross-sectional
area, and perimeter of the fiber. The tensile stress–crack width relationship is developed
using a bridging law calculation, that uses the single fiber pullout model as a main input.
Popovics model of complete tensile stress–crack width relationship is adopted to obtain
a better fit with the bridging law calculation. Then, a section analysis is conducted to
check the adaptability of the developed model to the experimental program. The capability
to evaluate the bridging effect in a unified manner for fibers of various dimensions will
enable the selection of fibers with appropriate dimensions in material design. This unified
evaluation approach will enhance the efficiency and effectiveness of material design by
allowing the selection of fibers that optimize the bridging effect and improve overall
material performance.

2. Experimental Program
2.1. Used Materials

The fiber type used in this study is PVA, provided by Kuraray Co. Ltd., Tokyo, Japan.
As shown in Figure 1, this study targets six different PVA fiber dimensions. These fibers are
selected based on their availability during the study. The manufacturer regularly produces
RMS702×6, REC15×12, RECS100L×12, RFS400×18, and RF4000×30, and RF350×12 is
made at customer request. The mechanical properties and specimen IDs are listed in Table 1.
The specimen ID is a combination of fiber type, fiber diameter, and fiber length. The fiber
volume fraction of FRCC used to make the specimens is set to 2% for all the fibers. From
previous research, for RCES100L×12, which will later be used as a reference fiber, a 2%
fiber volume fraction was used to obtain an excellent workable PVA-FRCC mix with good
bridging performance [39]. The main objective of this research is to study the influence of
fiber dimensions, so the fiber volume fraction is kept constant.
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Table 1. Mechanical properties of PVA fiber.

ID Type Diameter
(µm)

Length
(mm)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

PVA027-06 RMS702×6 27 6 1800 46
PVA040-12 REC15×12 40 12 1560 41
PVA100-12 RECS100L×12 100 12 1200 28
PVA200-12 RF350×12 200 12 910 30
PVA200-18 RFS400×18 200 18 975 27
PVA660-30 RF4000×30 660 30 900 23

Note: The dimensions and mechanical properties are nominal values the manufacturer provides.

The specimens were fabricated using high early-strength Portland cement, with a 56%
water–cement ratio. Table 2 shows the mixture proportion adopted for this study.

Table 2. Mixture proportion.

Fiber Volume Fraction W/C FA/B

Unit Weight (kg/m3)

Water Cement Fly
Ash Sand

2% 0.56 0.3 380 678 291 484

Cement: High early-strength Portland cement
Fly ash: Type II of Japanese Industrial Standard (JIS A 6201 [40])

Sand: Size under 0.2 mm
Super plasticizer: Binder × 0.6%

The mixing procedure was adopted to ensure easy mixing and obtain a workable
mixture. The mixing was performed using a mixture machine with a 60 L capacity. For
each specimen, a 30-L mixture was prepared. The dry powder of cement, sand, and fly
ash was first mixed for 1 min. Then 95% of the water with superplasticizer was added and
mixed for a total of 3 min. The flowability of the mortar was checked by the flowtime using
a funnel. The measured flowtime was 20 s on average for all specimens. A 45 g thickener
was mixed with the remaining 5% water, then added to the mortar and mixed for 2 min.
The flowtime was 45 s on average for all specimens in the second flowability test. To ensure
uniform fiber dispersion, the fibers were added to the mortar in two stages, with 50% at
each stage, and mixed for 30 s in each stage. After checking the fiber dispersion by the
palpation, the mixed FRCC was powered to the prepared molds.

Three ϕ 100 mm by 200 mm cylindrical test pieces are prepared for each specimen ID
for the compression test. The specimen ID “N” is given for specimens without fiber. After
sealed curing for 7 days, the specimens are left to cure at room temperature. The testing
age is 30 days. A 500 kN universal testing machine is used to measure compressive
characteristics. The average results of the compression test are shown in Table 3.

Table 3. Compression test result.

Specimen ID Compressive Strength (MPa) Elastic Modulus (GPa)

N 45.7 17.2
PVA027-06 49.0 16.1
PVA040-12 37.2 13.2
PVA100-12 47.7 17.0
PVA200-12 45.0 15.8
PVA200-18 43.3 16.3
PVA660-30 47.4 16.4

2.2. Bending Test of Notched Specimens
2.2.1. Specimens

A notched beam with a dimension of 100 × 100 × 400 mm with a notch size of 30 mm
in depth and 5 mm in width as shown in Figure 2 prepared. Five specimens are prepared
for each specimen ID.
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Figure 2. Specimen dimension for bending test.

2.2.2. Loading and Measurements

A three-point bending test is conducted according to ISO 19044 [41] using a 500 kN uni-
versal testing machine to investigate the load-displacement characteristics of PVA-FRCC.
A linear variable displacement transducer (LVDT) and two Pi-type displacement trans-
ducers are used to measure the load point deflection (LPD) and crack mouth opening
displacement (CMOD). The CMOD is obtained by converting the axial deformation mea-
sured by Pi-type displacement transducers under the assumption that a plain section
remains plain. The loading and measurement setup are shown in Figure 3.
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Figure 3. Setup of loading and measurement.

2.2.3. Failure Patterns

Distinct crack patterns based on the presence and characteristics of fibers within the
specimen are observed during loading. In the specimen without fiber (N), a single crack
emerges and extends directly from the notch to the point of loading. This crack propagation
path indicates a clear and linear failure progression within the material. Specimens with
smaller fibers generate numerous small and fine cracks at first. Then, as the load increases, a
single large crack is generated once the fibers are either ruptured or pulled out. This sequential
progression from fine cracks to a major crack highlights the role of smaller-diameter fibers
in influencing the specimen’s crack initiation and propagation behavior. Specimens with
larger-diameter fibers exhibit a different crack formation pattern. The presence of these larger
fibers leads to the generation of one or two major cracks, forming distinct and prominent
cracks that open. Figure 4 shows some examples of crack patterns in the specimens.
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Figure 5 shows examples of fractured surfaces. The fibers are evenly distributed over
the broken surface, as shown in the figure. Most of the fibers in specimens PVA027-06 and
PVA040-12 are ruptured, and most of the fibers in specimens PVA200-12, PVA200-18, and
PVA660-30 are pulled out.
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2.2.4. Load–Deflection Relationship

The load–deflection relationship obtained from the bending test is shown in Figure 6.
One test result of PVA200-18 is discarded because there was an error on the LVDT setup
during loading.
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The specimen without fiber shows very low loading capacity and a small deflection
before failure. The loading capacity increases by adding fiber, but it is observed that the
loading capacity decreases as the diameter of the fiber increases. From specimens PVA
200-12 and PVA 200-18, it can be observed that the load capacity of PVA-FRCC is little
affected by the fiber length. The summary of the test results is shown in Table 4. CMOD is
calculated from the measured deformation by the two Pi-type displacement transducers,
assuming that the plain section remains plain. Figure 7 shows the average maximum load
and the fracture energy, and the error bar indicates the range of the values. The fracture
energy is calculated using Equation (1).

GF =
W

Alig
(1)

where, GF = fracture energy (N/mm), W = area below load–LPD curve up to 15 mm
(N·mm), and Alig = area of the ligament (mm2).

Table 4. Three-point bending test result.

Specimen ID Avg. Max. Load (kN) Avg. Max. Moment
(kN·m)

Avg. CMOD at
Max. Load

(mm)

Avg. Fracture
Energy (N/mm)

N 2.13 0.160 0.056 0.07

PVA027-06 13.43 1.007 1.004 3.70

PVA040-12 10.56 0.792 1.039 2.77

PVA100-12 5.93 0.444 1.881 2.48

PVA200-12 4.40 0.330 1.368 1.53

PVA200-18 4.35 0.326 1.457 1.74

PVA660-30 6.94 0.521 2.200 3.38
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Figure 7. Three-point bending test result: (a) Maximum load; (b) Fracture energy.

3. Adaptability of Bridging Law Calculation for PVA100-12
3.1. Single-Fiber Pullout Model and Calculation of Bridging Law

The bridging law (tensile stress–crack width relationship) is calculated by summing
the pullout loads of every bridging fiber, in which the single-fiber pullout behavior is
expressed by a tri-linear model for PVA fiber [39]. Figure 8 shows the proposed tri-linear
model for PVA100-12 fiber that has values of the first peak load, Pa, and the maximum,
Pmax, are equal to 1.5 N and 3.0 N, and the values of crack width at the first peak load, wa,
and the maximum, wmax, are 0.2 mm and 0.45 mm, respectively. The pullout load becomes
zero when the crack width equals the embedded length, lb, on the shorter side of a single
fiber [39]. Ozu et al. studied the adaptability of the proposed bridging model using the
results of a three-point bending test with notched specimens and section analysis. The test
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result and the analysis value show good agreement when the orientation intensity, k, is
0.4 [42]. The same value for orientation intensity is also adopted in this study.
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Figure 8. Tri-linear model for single-fiber pullout load–crack width relationship for PVA100-12.

The result of the bridging law calculation is shown in Figure 9. As shown in the left
figure, the tensile stress–crack width relationship shows the sudden fiber rupture of some
of the fibers after the peak, and the final stage shows a gradual slip out of the fibers. This
phenomenon is also shown in the fiber-effectiveness crack width relationship shown in the
right figure. This relationship shows the ratio of the number of effective bridging fibers that
are not pulled out or ruptured and supporting bridging forces to the theoretical number of
fibers within a target volume.
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Figure 9. Bridging law calculation results of PVA100-12.

3.2. Section Analysis

The section analysis is conducted to evaluate the bending strength and checks the
model’s adaptability to the experimental result. The analysis is carried out based on
the assumption that plain section remains plain considering the compatibility condition
of deformation and rotation angle, as same as those by Ozu et al. [42]. The equivalent
compressive length, lc,eq, is calculated by fitting the initial slope of the section analysis
results to the measured load-CMOD curves in the bending test. For the tension side, the
Popovics model is adopted for the tensile stress–crack width relationship to obtain a better
fit with the bridging law calculation, as shown in Equation (2).

σ

σmax
=

w
wmax

· n
(n − 1) · (w/wmax)

n (2)

where, σmax is the maximum tensile stress from the bridging law calculation; wmax is the
crack width at maximum tensile stress; and n is Popovics constant, which is obtained by
the fitting calculation of the bridging law calculation result.

Figure 10 compares the Popovics model and bridging law calculation for PVA100-12.
The Popovics constant is 2.75.
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Figure 10. Comparison of Popovics model and bridging law calculation result of PVA100-12.

Figure 11 compares the bending moment–CMOD relationship between the analysis
and the bending test of PVA100-12 specimens. As shown in the figure, the section analysis
and the experimental result of the bending test of the notched specimens show good
agreement in the maximum bending moment. The discrepancy between the analysis and
test results at the post-peak is considered to be due to how actual cracks occur in the
bending test. If multiple cracks occur or if the cracks do not progress straight toward the
loading point, it is considered that the deformation has become larger.
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4. Bridging Law Considering the Influence of Fiber Dimensions
4.1. Single-Fiber Pullout Model and Calculation of Bridging Law

Since the proposed single-fiber pullout model by Kanakubo et al. shows a good
agreement with the experimental result in the maximum bending moment as discussed
in Section 3, the single-fiber pullout models for different fiber dimensions are developed
based on the properties of the single-fiber pullout model for PVA100-12 fiber.

The first peak load, Pa, results from the debonding of the chemical bond between PVA
and the matrix [36,37]. The fibers used for the study are the same fiber types with different
dimensions, so they have the same chemical composition. Therefore, the first peak load
is assumed to have proportional relations with the fiber perimeter. By considering the
perimeter of PVA100-12, ϕf,100, and its first peak load value, Pa,100, a relationship shown in
Equation (3) is developed.

Pa =
Pa,100 × ϕ f

ϕ f ,100
=

1.5 × π × d f

π × 100
= 0.015d f (3)

where, Pa is the first peak load (N), ϕf is the perimeter (µm), and df is the diameter (µm) of
the fiber under consideration.

The debonding of the chemical bond is assumed to cause the same slip from the matrix
regardless of the fiber dimension, so the same crack width with PVA100-12 fiber at first
peak load, wa, is considered for all fiber dimensions (wa = 0.2 mm).
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The maximum pullout load, Pmax, is determined using the fundamental bond equilib-
rium conditions that Asano et al. developed based on the relationship between the bond
strength and bond fracture energy [43]. This relationship was originally developed for
reinforced concrete members by the theoretical bond problem, and the bond strength is
solved by integrating the bond stress distribution. The basic differential equation of the
bond problem is shown in Equation (4) [44].

d2s
dx2 =

1 + nρ

E f · A f
ϕ f τf (4)

where, s is the slip of the fiber, ϕf, Af, and Ef are the perimeter, cross-sectional area, and
elastic modulus of the fiber, τf is the bond stress, n is the ratio of elastic modulus of the
fiber to the matrix, and ρ is the ratio of the cross-sectional area of the fiber to the matrix.

By solving Equation (4) under arbitrary boundary conditions, the value of slip of the
fiber can be determined, as shown in following Equations.

Let ν f =
1 + nρ

E f · A f
ϕ f (5)

∴
d2s
dx2 = ν f τf (6)

∴ 2
ds
dx

d2s
dx2 = 2 ν f

ds
dx

τf (7)

∴
d

dx

(
ds
dx

)2
= 2 ν f

ds
dx

τf (8)

∴
(

ds
dx

)2
= 2 ν f

∫
τf ds + C1 (9)

∴
ds
dx

=

√
2 ν f

∫
τf ds + C1 (10)

In the case of a pullout load with sufficiently enough embedded length, the tensile
force becomes 0 when the slip is 0, so the constant C1 = 0.

On the other hand, integrating both sides of Equation (4) gives the following:

ds
dx

=
1 + nρ

E f · A f
· ϕ f

∫
τf dx =

1 + nρ

E f · A f
· P =

ν f

ϕ f
· P (11)

where, P is pullout load of fiber. Equations (10) and (11) give Equation (12).

ν f

ϕ f
· P =

√
2 ν f

∫
τf ds (12)

If the embedded length is sufficiently large, then the maximum tensile force, Pmax, is
given by Equation (13).

ν f

ϕ f
· Pmax =

√
2 ν f

∫ ∞

0
τf ds (13)

While, bond fracture energy, Gfb, is given by the following:

G f b =
∫ su

0
τf ds (14)

And considering that τf becomes 0 when the slip exceeds slip at ultimate, su, Equation (15)
can be derived. ν f

ϕ f
· Pmax =

√
2 ν f · G f b (15)

Rearranging Equation (15) gives the following:
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Pmax =

√
2 G f b · ϕ f

2

ν f
=

√
2 G f b · E f · A f · ϕ f

1 + nρ
(16)

If the stiffness of the matrix is sufficiently large, the deformation of the matrix can be
ignored, then (nρ→0).

∴ Pmax =
√

2 G f b · E f · A f · ϕ f (17)

where, Gfb is bond fracture energy (N/mm), Ef, Af, and ϕf are the elastic modulus (MPa),
cross-sectional area (mm2), and perimeter (mm) of the fiber under consideration, respectively.

The fibers used have the same chemical composition with different dimensions, so the
bond fracture energy is calculated from the already-known value of the maximum pullout
load of PVA100-12 fiber. In addition, when the same chemical composition of PVA fibers is
assumed to have the same bond fracture energy and elastic modulus, Equation (17) can
give the proportional relationships with df powered by 3/2, as shown in Equation (18).

Pmax ∝
√

d f
3 (18)

To determine the slip of the fiber at the loaded end (crack surface), solving Equation (4) is
necessary. However, the limited functions of τf , such as constant or proportional relation of the
slip, can only mathematically solve Equation (4). When the constant τf which has the same
bond fracture energy is assumed, the maximum tensile force, Pmax, is given by Equation (19).

Pmax = τf · ϕ f · smax ∝ d f · smax (19)

where, smax is the slip of the fiber at the maximum tensile force. Comparing Equations (18)
and (19), it can be assumed that smax has a proportional relationship with

√
d f . The crack

width at maximum load, wmax, can be determined from smax. Considering the pullout
model value for the crack width at maximum load, wmax, of PVA100-12, a constant of
proportionality is determined for the equation.

wmax = wmax,100

√
d f

d f ,100
= 0.045

√
d f (20)

where, wmax is the crack width at maximum pullout load (mm) and df is the diameter (µm)
of the fiber under consideration.

The pullout load becomes zero when the crack width equals the embedded length of
the short side of the fiber, lb.

Figure 12 shows the developed single-fiber pullout model for the PVA fibers with
different dimensions. The model for PVA100-12 is the same one shown in Figure 8. Figure 12
shows the models when the embedded length is equal to half of the fiber length. When the
embedded length becomes smaller than half of the fiber length, the decline after the peak
becomes steep.
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Based on the developed tri-linear single-fiber pullout model for the different fiber dimen-
sions above, a bridging law calculation is used to study the influence of fiber dimensions on
the bridging performance of PVA-FRCC. The parameters for the bridging law calculation are
listed in Table 5. The calculated values for the single-fiber pullout model are also shown in this
table. The nominal strengths provided by the manufacturer are multiplied by 0.645 to express
the fiber strength in the matrix, as in the case of PVA100-12 (774 MPa = 1200 MPa × 0.645).

Table 5. Parameters of bridging law calculation for different fiber dimensions.

Parameter PVA027-06 PVA040-12 PVA100-12 PVA200-12 PVA200-18 PVA660-30

First peak load, Pa (N) 0.4 0.6 1.5 3.0 3.0 9.9

Crack width at Pa, wa (mm) 0.2 0.2 0.2 0.2 0.2 0.2

Maximum load, Pmax (N) 0.5 0.9 3.0 8.8 8.3 46.1

Crack width at Pmax, wmax
(mm) 0.23 0.28 0.45 0.64 0.64 1.16

Fiber strength,
σfu (MPa) 1161 1006 774 587 629 581

Snubbing coefficient, f = 0.5; Fiber strength reduction factor, f ′ = 0.3; Fiber orientation intensity, k = 0.4; Fiber
volume fraction, Vf = 2%; Bond fracture energy, Gfb = 0.0651 N/mm.

The result of the bridging law calculation is shown in Figure 13. The left figure shows
the tensile stress–crack width relationship. The calculation result for PVA 100-12 is the
same as in Figure 9. The tensile stress decreases as the fiber diameter increases, but most
of the smaller-diameter fibers rupture, which is described by a sudden drop in the curve
after the maximum tensile stress. Whereas, when the diameter of the fiber increases, the
rupturing of the fibers decreases and shows a behavior of pulling out of the matrix, which
is described by a gentle slope of softening curves. The result of PVA600-30 shows that
the maximum tensile stress and the inflection tensile stress are equal, which implies that
there is no ruptured fiber. This phenomenon is also shown in the fiber effectiveness curve.
At zero crack width, all the fibers have the same fiber effectiveness since the same fiber
orientation intensity is used.
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Figure 13. Bridging law calculation results.

4.2. Section Analysis and Its Adaptability

The section analysis based on the calculated bridging law is conducted to evaluate
the bending strength. The section analysis for the different fiber dimensions is carried out
using the same assumption and calculation method as in Section 3.2. Figure 14 shows
the fitting curve of the Popovics model to the bridging law calculation. The value of
Popovics constant, n, is shown at the left top of the graph for each specimen. The model for
PVA100-12 is the same as shown in Figure 10.
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Figure 14. Comparison of Popovics model and bridging law calculation of PVA-FRCC: (a) PVA027-06;
(b) PVA040-12; (c) PVA100-12; (d) PVA200-12; (e) PVA200-18; and (f) PVA660-30.

Figure 15 compares the bending moment–CMOD relationship between the analysis
and the bending test results. The curves for PVA100-12 are the same ones shown in Figure 11.
For the smaller fibers, CMOD at the peak load and the softening branch in the test results
show larger values than the analysis. These differences are considered because of the fine
cracks generated when bending specimens. The section analysis conducted in this study
considers only one crack opening. For the larger-diameter fibers, stiffer slopes before the
peaks are observed in the test results. This is due to the bridging law adaptation for section
analysis, where the elastic part of the matrix before cracking is ignored. The softening
branch in the test results shows good agreement with the analysis results.
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Figure 15. Bending moment–CMOD relationship of PVA-FRCC: (a) PVA027-06; (b) PVA040-12;
(c) PVA100-12; (d) PVA200-12; (e) PVA200-18; (f) PVA660-30.
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Table 6 lists the results of the maximum moment of the section analysis and the test.
It can be seen from the results that the maximum bending moment of PVA027-06 is much
greater than the other fiber dimensions. The maximum moment decreases as the dimension
of the fiber increases in both cases. The ratio of the maximum moment of the test to analysis
is around 1.0, and the maximum deviation is 13%, which shows good agreement between
the test and the analysis results.

Table 6. Comparison of maximum moment between bending test and analysis.

ID
Maximum Moment (kN·m) Ratio of Maximum

Moment of the Test to the
Analysis ResultTest Analysis

PVA027-06 1.007 0.895 1.13

PVA040-12 0.792 0.773 1.02

PVA100-12 0.444 0.457 0.97

PVA200-12 0.330 0.329 1.00

PVA200-18 0.326 0.350 0.93

PVA660-30 0.521 0.470 1.11

5. Conclusions

To investigate the influence of fiber dimensions on the bridging performance of
PVA-FRCC, a bending test, bridging law calculation, and section analysis were conducted.
The main parameters of this study are the diameter and length of PVA fiber. The following
conclusions are made based on the results obtained from this study:

1. From the bending test, it was found that the load capacity of PVA-FRCC with 27 µm
diameter fiber (PVA027-06) is much higher than the other specimens, and the load
capacity decreases as the fiber diameter increases.

2. From the bending test, bridging law calculation, and section analysis results of differ-
ent fiber lengths of FRCC with the same diameter (PVA200-18 and PVA200-12), the
length of the fiber has a small effect on the load capacity and the bridging performance
of PVA-FRCC.

3. The parameters that give the characteristic points of the tri-linear model for the single-
fiber pullout model are proposed as functions of diameter, bond fracture energy,
elastic modulus, cross-sectional area, and fiber perimeter.

4. According to the bridging law calculation, the maximum bridging stress decreases as
the fiber diameter increases. Most of the fibers with smaller diameters ruptured after
the peak, while most of the fibers with bigger diameters slipped out of the matrix.

5. Section analysis is conducted to verify the proposed model. The ratio of the maximum
bending moment of the experiment to the analysis ranged from 0.93 to 1.13, which
can lead to the conclusion that the proposed model shows a good agreement with the
experiment result.

6. Recommendation

In this study, the adaptability of the developed single-fiber pullout model is checked through
a bending test using only six fiber dimensions. However, to strengthen the model, it is necessary
to carry out more investigation using more fiber dimensions and test methods. After extensive
research, a relationship between bridging stress and fiber dimension can be developed.
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Nomenclature

Af Cross-sectional area of fiber (mm2)
Alig Area of the ligament (mm2)
d f Diameter of fiber (µm)
d f ,100 Diameter of fiber for PVA 100-12 (µm)
Ef Elastic modulus of fiber (MPa)
f Snubbing coefficient
f
′

Fiber strength reduction factor
GF Fracture energy (N/mm)
G f b Bond fracture energy (N/mm)
k Fiber orientation intensity
lb Embedded length of a single fiber (mm)
lc,eq Equivalent compressive length (mm)
n Popovics constant, ratio of elastic modulus of fiber to matrix
Pa First peak load (N)
Pa,100 First peak load for PVA100-12 (N)
Pmax Maximum pullout/tensile load (N)
s Slip of fiber (mm)
smax Slip of fiber at the maximum tensile force (mm)
su Slip of fiber at ultimate (mm)
Vf Fiber volume fraction (%)
W Area below load–LPD curve (N·mm)
wa Crack width at the first peak load (mm)
wmax Crack width at the maximum load (mm)
ϕ f Perimeter of fiber (µm)
ϕ f ,100 Perimeter of PVA100-12 fiber (µm)
ρ Ratio of the cross-sectional area of the fiber to the matrix
σ Tensile stress (MPa)
σf u Fiber strength (MPa)
σmax Maximum tensile stress (MPa)
τf Bond stress (MPa)
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