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Abstract: An experimental test was performed to study the bond behavior between steel rebar and
concrete reinforced by polyvinyl alcohol (PVA) fibers. Twenty specimens were prepared and subjected
to the pull-out test. Four different fiber volume contents (0%, 0.2%, 0.4%, and 0.6%) were considered
and the concrete with the strength grade of C35 was designed in the present study. The effects of
PVA fibers, rebar diameter, and cover depth on bond behavior were clarified. The effects of PVA
fibers on the mechanical property of concrete were also studied. The results show that PVA fibers
decreased the compressive strength of concrete, but increased splitting tensile, flexural, and direct
tensile strength. PVA fibers negatively affected bonding in the ascending branch both for the pull-out
and the splitting failure cases, but improved the bonding in the descending branch after peak stress
for the splitting failure case. In the present test, the maximum decrement of bond strength was about
16.2% for specimens with less than 0.6% PVA fibers. PVA fibers restricted both the macro-cracking
and micro-cracking for the splitting cases, the former were much more significant than the latter.
The effects of rebar diameter and cover depth on bonding became slight and significant with the
increasing content of PVA fibers, respectively.

Keywords: polyvinyl alcohol fiber; bond behavior; mechanical performance; experimental study

1. Introduction

Polyvinyl alcohol (PVA) fibers are a kind of organic synthetic material, which has
many advantages compared with other fiber materials. PVA fibers have high strength
and ductility with a relatively high elastic modulus, outstanding resistance to corrosion
without toxicity, high hydrophilicity in alkaline environments in concrete, strong bonding
with cement matrix, low cost, and effective restriction of cracking of concrete over the long
term [1-4]. PVA fibers have been widely used in many applications in civil engineering such
as the fiber-cement used as an asbestos replacement, Engineered Cementitious Composites
(ECCQ), strengthening of enlarged sections for concrete structures, and various kinds of
shotcrete, and play a promising role in fire resistance, toughening, and anti-cracking in
concrete [5].

Extensive work has been carried out to investigate the effects of PVA fibers on the
mechanical properties of concrete. It has been reported that PVA fibers increased the split-
ting tensile strength and flexure strength of concrete compared to plain concrete [6-9]. The
addition of PVA fibers slightly affects the pre-cracking behavior of concrete but substan-
tially improved the post-cracking response, enhancing the ductility and toughness [10-12].
Nuruddin et al. [13,14] studied and compared the effects of PVA fibers on the static and
dynamic behavior of concrete and structures. They found that the static behaviors of
concrete were improved while the dynamic properties were not affected by a low content
of PVA fibers [13]. PVA fibers, however, improved the ductility and damping ratio of the
concrete beams under four-point loading cases [14]. Some works have also been performed
to study the durability of PVA fiber-reinforced concrete. It was reported that PVA fibers
enhanced the frost resistance, carbonization resistance, and fatigue life of concrete [15-18].
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Zhou et al.’s study showed that the addition of PVA fibers can enhance the strain capacity
and crack resistance of ECC under uniaxial tensile [19]. In addition, Ayub et al. added PVA
fibers to FRC to increase the optimal compressive strength strain from 9.08% to 19.62% [20].
Nowadays, however, very few works have been performed to clarify the effects of PVA
fibers on bond behavior between concrete and steel rebars.

The bonding between concrete and steel rebars is a key factor for concrete structures,
which relates to the design, construction, and behavior of structures [21-25]. In the past
few years, many works have been performed to study the bond performance between steel
rebar and fiber-reinforced concrete [26-31]. Most of these works, however, focused on cases
with steel fibers and steel-PVA hybrid fibers. Some of these reported that the addition
of steel fibers resulted in more ductile bond behavior and the bond strength increased
with increasing content of steel fibers [32]. While others hold that the addition of fibers
showed no measurable effect or even a passive effect on bond strength [33]. There is still a
disagreement about the effects of steel fibers on bond behavior. For the case of steel-PVA
hybrid fibers, most of the works showed an obvious positive effect on bond strength due to
the synergetic influences in inhibiting the cracking at multiple scales and stages [34,35]. The
material properties and the mechanism of single PVA fibers (only PVA fibers) are different
from that of steel fibers or hybrid fibers, resulting in a difference in bonding mechanism.
The effects of single PVA fibers on the bond behavior between concrete and steel rebar are
still not well understood.

In this paper, an experimental test is proposed to study the effects of PVA fibers on the
bond behavior between rebar and concrete. Twenty pull-out specimens were prepared and
subjected to a bonding test. The effects of PVA fibers, rebar diameter, and cover depth on
bond behavior were clarified. Several conclusions are drawn based on the study.

2. Experimental Program
2.1. Pull-Out Specimens

Twenty pull-out specimens were prepared for the test. The specimens were designed
as a steel rebar embedded inside a 150 mm x 150 mm x 150 mm concrete cube. The
steel rebars were 360 mm long with an equal embedment length in the concrete for all the
specimens. The embedment length was 60 mm, which was achieved using two pieces of
PVC tubing installed adjacent to the embedment region to avoid the contact between the
concrete and the bar, as shown in Figure 1.
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Figure 1. Detail of the specimen (unit: mm).

The factors considered in the test included four fiber volume contents (0%, 0.2%, 0.4%,
and 0.6%), three rebar diameters (12 mm, 14 mm, and 16 mm), and three concrete cover
thicknesses (30 mm, 50 mm, and 70 mm). It should be noted that the concrete cover depths
were 69 mm, 68 mm, and 67 mm for specimens with 12 mm, 14 mm, and 16 mm rebars in
the center region, respectively. The three cases were defined as the specimens with concrete
cover depths of 70 mm.
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The specimens designations consist of three parts. The first part indicates the PVA fiber
volume ratio where 0, 0.2, 0.4, and 0.6 indicated the fiber volume contents of 0%, 0.2% 0.4%,
and 0.6%, respectively. The second part of the specimen label references the rebar diameters.
The third part marks the concrete cover depths. For example, PVA0.2-d12-c70 indicates
that the fiber volume content is 0.2%, the rebar diameter is 14 mm, and the concrete cover
depth is 70 mm. The details of the specimens are listed in Table 1.

Table 1. Details of the specimens.

Pull-Out Test Content of PVA Fiber (%) Rebar Diameters (mm) Cover Thicknesses (mm)
PVAO0.0-d12-c30 0.0 12 30
PVA0.2-d12-c30 0.2 12 30
PVA0.4-d12-c30 0.4 12 30
PVAO0.6-d12-¢30 0.6 12 30
PVAO0.0-d12-c50 0.0 12 50
PVA0.2-d12-c50 0.2 12 50
PVA0.4-d12-c50 0.4 12 50
PVAO0.6-d12-c50 0.6 12 50
PVAO0.0-d12-¢70 0.0 12 70
PVAO0.2-d12-¢70 0.2 12 70
PVA0.4-d12-c70 0.4 12 70
PVA0.6-d12-c70 0.6 12 70
PVAO0.0-d14-c70 0.0 14 70
PVAO0.2-d14-c70 0.2 14 70
PVAO0.4-d14-c70 04 14 70
PVAQ.6-d14-c70 0.6 14 70
PVA0.0-d16-c70 0.0 16 70
PVA0.2-d16-c70 0.2 16 70
PVAO0.4-d16-c70 04 16 70
PVAO0.6-d16-c70 0.6 16 70

2.2. Materials and Mixture Design

Ordinary Portland cement, coarse aggregate, local river sand, water, and polycar-
boxylate superplasticizer were used in the present study. The cement employed in the
test was 42.5 ordinary Portland cement. The coarse aggregate was continuously graded
crushed stone with a maximum aggregate size of 20 mm. The fine aggregate was natural
siliceous sand from the Xiangjiang River in China. The fineness modulus of the sand was
1.82. PVA fibers produced by Kuraray in Japan were used in the present test, as shown in
Figure 2. The length and diameter of the fiber were 12 mm and 39 pum, respectively. The
tensile strength and the elastic modulus were 1.6 GPa and 42 GPa, respectively. Grade 400
strength ribbed rebars were employed with different diameters. In addition, the tested
yield strength (f;) and ultimate tensile strength (f,) were 454 and 521 MPa for the 12 mm
rebar, 439 and 585 MPa for the 14 mm rebar, and 494 and 615 MPa for the 16 mm rebar.

Figure 2. PVA fibers.
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All the specimens had a similar mix proportion of cement, water, water-reducing
agent, coarse aggregate, and fine aggregate with the different contents of PVA fibers. The
content of cement was 485 kg/m?>. The water/cement ratio was 0.42. The contents of coarse
aggregate and fine aggregate were 1092 kg/m? and 619 kg/m?3, respectively. The ratio of
the coarse aggregate to the fine aggregate was 1.76. The content of the water-reducing
agent was 0.8% of the cement. The water-reduction efficiency was 26%.

The concrete mixtures were prepared in a forced mixer. The cement, fine aggregate,
and coarse aggregate were first mixed thoroughly for 2 min. Then, 70% of the water and
water-reducing agents were added to the mixture and then the remaining 30%. After
each addition, the mixtures were mixed for 1 min. After that, the PVA fibers would be
gradually dispersed into the mixture and mixed for another 2 min. In the present test, all
the specimens with the same content of PVA fibers were cast using the concrete mixture
from the same batch, i.e., a total of four batches of the concrete mixture were prepared.
Additionally, the PVA fibers were found to be uniformly distributed in the concrete mixtures
in the present test by using the mixing program.

The concrete slump was employed to measure the fluidity of fresh concrete mixtures.
The tested slumps of the four batches of concrete mixtures were 180 mm, 102 mm, 45
mm, and 12 mm, respectively. The content of PVA fiber in the four batches was 0%, 0.2%,
0.4%, and 0.6%, respectively. The slump decreased by about 93% when the content of PVA
fibers increased from 0% to 0.6%. This indicated that the content of PVA fibers significantly
affected the fluidity of the fresh concrete. The same phenomenon had also been reported by
many other researchers [36]. The reasons could be attributed to the rough surface of PVA
fibers, leading to significant friction between the fibers and cement mortar.

The pull-out specimens with the same content of PVA fibers were cast with the concrete
mixture from the same batch. Meanwhile, some samples used for mechanical properties
tests were also prepared by using the concrete mixture from the same batch (see details
in the following section). All these specimens were demolded after 24 h and cured at a
temperature of 20 & 2 °C and relative humidity (RH) of 95%. After 28 days of curing, these
specimens would be subjected to the mechanical property tests and pull-out test.

2.3. Mechanical Property of PVA Fiber-Reinforced Concrete

The compressive strength, splitting tensile strength, flexural strength, and direct tensile
strength were tested for the four batches of concrete mixtures with different contents of
PVA fibers. The compressive strength, splitting tensile strength, and flexural strength tests
were tested based on the standard of GB/T 50081-2019 while the direct tensile strength
was tested based on the method suggested by Dashti ] [37]. Cubes with 150 mm length
were used to test the compressive strength and splitting tensile strength of concrete. Prisms
with 100 mm x 100 mm cross-section and 400 mm length were used to test the flexural
strength. Dog-bone-shaped specimens were used to determine the tensile strength under
monotonic axial tension. The middle part of the specimens is 100 mm wide, 100 mm thick,
and 150 mm in length. Three samples were prepared and tested, and the mean value was
reported. The details of the samples and the test set-up are shown in Figure 3.
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Figure 3. Details of mechanical property tests: (a) compressive strength; (b) splitting tensile strength;

(d)

(c) flexural strength; (d) direct tensile strength.

Figure 4 shows the compressive strength, splitting tensile strength, flexural strength,
and direct tensile strength of specimens with different contents of PVA fibers. PVA fibers
showed different influences on these ultimate strengths. The compressive strength of the
specimens gradually decreased with the increasing content of PVA fibers. For instance, the
compressive strength decreased about 4.4%, 12.3%, and 6.9% for specimens with 0.2%, 0.4%,
and 0.6% PVA fibers compared with the specimens without PVA fibers, respectively. The
addition of the PVA fibers, however, improved the splitting tensile strength, flexural strength,
and direct tensile strength of the specimens, as shown in Figure 4b. The splitting tensile strength,
for example, increased about 21.38%, 25.72%, and 33.70% for specimens with 0.2%, 0.4%, and
0.6% PVA fibers compared with the specimens without PVA fibers, respectively.
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Figure 4. The effect of PVA fibers on the mechanical properties of concrete: (a) compressive strength;
(b) splitting tensile strength, direct tensile strength, and flexural strength.

It was interesting to note that the increase in splitting tensile strength was much
greater than that of the flexural strength and direct tensile strength. The increase in direct
tensile strength were about 5.26%, 8.77%, and 14.03% for specimens with 0.2%, 0.4%, and
0.6% PVA fibers, respectively. The corresponding increase in flexural strength were 4.82%,
12.65%, and 14.76%. The increases were small compared with the increase in splitting
tensile strength. This could be attributed to the reliable anchorage of PVA fibers under the
compressive force for the case of the splitting tensile test. It was difficult to pull out the
PVA fibers which improved the splitting tensile strength.
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2.4. Pull-Out Test of Specimens

The pull-out test was carried out by using an MTS machine with a maximum axial
force capacity of 100 kN. A special loading frame was designed for the present test, as
shown in Figure 5. The loading end of the specimens and the loading frame were fixed
by the upper and lower clamps of the MTS, respectively. The position of the upper plate
of the loading frame can be adjusted to contact the specimen surface, which was used to
minimize the effect of uneven stress and to prevent unexpected lateral movement of the
specimens during the loading process. The pull-out force was automatically measured by
the test machine. The relative slip between the steel bar and concrete was measured by an
extensometer clamped at the free end of the specimens. Additionally, a dial indicator was
set transversely on the specimen surface to measure the development of the crack during
the loading test.

dial indicator

pvc pipe

extensometer

steel bar

specimen

(b)
Figure 5. Set-up of the pull-out test. (a) loading instrument; (b) detail device.

The pull-out tests were monotonically loaded using a displacement-control mode at
a speed of 1 mm/min. The experimental data, including the pull-out force, relative slip,
and crack width, were synchronously collected with a frequency of 1 s. The tests would be
stopped as the specimens split or the residual pull-out force became constant. It should be
noted that, in this study, the slip measured at the free end was used to represent the slip
characteristics of the specimen. Additionally, the average bond stress along the embedded
length of rebar was used to represent the stress characteristics, which can be expressed as

=1L (1)

where F is the measured pull-out force; 4 is the nominal diameter of the steel bar; and L is
the embedded length of the steel bar in the concrete.

3. Bond Behavior between Rebar and PVA Fiber-Reinforced Concrete

The test results of the pull-out specimens, including the failure mode, the bond stress
at onset slip of free end Tons, residual bond stress 1., maximum bond stress Tmayx, and slip
corresponding to the maximum stress Sy are summarized in Table 2. It should be noted
that 1, is the bond stress corresponding to the slip of 0.45 times of the spacing between
steel ribs, which was proposed by Zhao et al. [38]. The bond stress—slip curves for all the
specimens are shown in Figure 6.
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Figure 6. Bond stress—slip curves for the specimens. (a) d12-c70 series (c/d = 5.75); (b) d14-c70 series
(c/d =4.86); (c) d16-c70 series (c/d = 4.19); (d) d12-c50 series (c/d = 4.17); (e) d12-c30 series (c/d = 2.50).
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Table 2. Experimental parameters and results of pull-out tests.

T Cfo ;t;nt feu MP. MP MP. Failure Tons Tmax T, So Ky
est IS (Pa) fe(MPa)  fis (MPa)  fi (MPa) Mode (MPa) (MPa) (MPa)  (mm)  (MPa/mm)

PVA0.0-d12-c30 0 39.98 285 276 3.32 SP 9.26 19.41 8.02 0.72 511
PVA0.2-d12-c30 02 3821 3.00 335 3.48 SP 10.87 1861 12.20 0.39 931
PVA0 4-d12-c30 0.4 35.06 3.10 3.47 3.74 SP 872 16.26 11.45 0.68 739
PVA0.6-d12-c30 0.6 37.23 325 3.69 381 SP 9.83 1717 11.59 0.47 973
PVA0.0-d12-c50 0 39.98 285 276 332 SP 9.79 20,69 8.25 1.30 470
PVA0.2-d12-c50 02 3821 3.00 335 3.48 P 10.17 19.66 12.58 1.04 756
PVA0.4-d12-c50 0.4 35.06 3.10 3.47 3.74 P 1111 18.93 1331 1.40 315
PVA0.6-d12-c50 0.6 37.23 325 3.69 381 P 8.56 1870 11.29 113 283
PVA0.0-d12-70 0 39.98 285 276 332 P 452 21.08 16.24 153 105
PVA0.2-d12-c70 02 3821 3.00 335 3.48 P 5.79 19.57 14.94 142 109
PVA0.4-d12-c70 0.4 35.06 3.10 3.47 3.74 P 5.89 19.10 15.93 1.34 115
PVA0.6-d12-c70 0.6 3723 325 3.69 381 P 5.65 1891 12.79 1.69 65
PVA0.0-d14-70 0 39.98 2.85 276 33 P 5.38 19.90 1432 111 9%
PVA0.2-d14-c70 02 3821 3.00 335 3.48 P 5.26 18.38 12.06 119 97
PVA0.4-d14-c70 0.4 35.06 3.10 3.47 3.74 P 6.01 17.83 13.29 0.92 108
PVA0.6-d14-c70 0.6 3723 325 3.69 381 P 5.81 18.06 1233 118 106
PVA0.0-d16-70 0 39.98 2.85 276 332 5 273 14.40 0 05 73
PVA0.2-d16-70 02 3821 3.00 335 348 S 2.90 16.74 0 0.97 51
PVA0.4-d16-70 0.4 35.06 3.10 3.47 3.74 SP 247 1737 11.51 111 68
PVA0.6-d16-70 0.6 3723 325 3.69 381 S-P 372 17.47 8.30 1.05 64

@)

Notes: P means pull-out failure of specimens; S means splitting failure of specimens; S-P means splitting—pull-out
failure of specimens.

3.1. Failure of Pull-Out Specimens

Three different failure modes were observed in the present test: pull-out failure,
splitting failure, and splitting—pull-out failure. For the first failure mode, the specimens
failed gradually as the steel rebar was pulled out without concrete cracking. In this case, the
bond stress—slip curves contained typical three-branch characteristics including ascending,
descending, and residual branches. For the second failure mode, the specimens failed
suddenly as the splitting of the concrete was accompanied by a loud crash. Afterwards,
the concrete members were completely broken apart. The bond stress-slip curves of
the contents only contained the ascending branch. For the third mode, the specimens
maintained integrity and the bond stress was not completely lost after the splitting of
the concrete. In this case, the bond stress—slip curve contained the typical three-branch
characteristics and showed a quasilinear degeneration in the descending branch. The final
failure of these three modes are shown in Figure 7.

(c)

Figure 7. Typical failure of specimens: (a) pull-out failure, (b) splitting failure, and (c) splitting-pull-
out failure.

The failure modes of all specimens are summarized in Table 1. It can be found that the
ratio of cover depth to steel rebar diameter (c/d) significantly affected the failure mode of the
specimens. The d12-c70 series specimens (with a rebar diameter of 12 mm and cover depth
of 70 mm) and the d14-c70 series specimens (with a rebar diameter of 14 mm and cover
depth of 70 mm) failed by the pull-out mode. The corresponding ratios of cover depth to
steel rebar diameter were 5.75 and 4.86, respectively. For the other specimens, the ratios of
cover depth to steel rebar diameter were less than 4.19. Most of these specimens failed by
splitting mode or splitting—pull-out mode except for some specimens with additional PVA
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fibers. This indicates that specimens are more prone to pull-out failures if the ratio of cover
depth to rebar diameter is greater than 4.86. This is consistent with the results reported
in previous research studies [39]. It was concluded that the specimen were more prone to
pull-out failure rather than splitting failure when the ratio of cover depth to rebar diameter
was greater than 4.5~5.

The addition of PVA fibers showed a positive effect on the failure of specimens with a
small ratio of cover depth to rebar diameter. As summarized in Table 1, the d12-c50 series
specimens and d16-c70 series specimens have similar ratios of cover depth to rebar diameter,
which are 4.17 and 4.19, respectively. The failure mode of these specimens changed with
the increase in the addition of PVA fibers. For the d12-c50 series, the plain specimen failed
by the splitting—pull-out mode while the other fiber-reinforced specimens failed by the
pull-out mode. For the d16-c70 series, specimens with 0% and 0.2% PVA fibers failed by
the splitting mode. The failure changed to the splitting—pull-out mode as the PVA fibers
increased to 0.4% and 0.6%. The bridging effect of PVA fibers delays the appearance and
propagation of cracks, which improves the damage tolerance of the concrete and changes
the specimens’ failure in a more ductile way.

In addition, the rebar diameter also showed a significant effect on the failure of
specimens with ratios of cover depth to rebar diameter less than 4.5~5. All the d12-¢30
series specimens failed by the splitting-pull-out mode. The corresponding ratio of cover
depth to rebar diameter is 2.5. However, some of the d16-c70 series specimens with a
high ratio of cover depth to rebar diameter (c/d = 4.19) failed by the more brittle splitting
mode. This indicates that for specimens with a low ratio of cover depth to rebar diameter,
the rebar diameter, i.e., the height of the rib, plays an important role in its failure modes.
Large diameter rebars with a high rib lead to greater expansion stress during the pull-out
procedure, easily resulting in the splitting of the specimens.

After the pull-out test, the specimens were split apart to visually inspect the damage of
the rebar and concrete. The split parts were similar for all the specimens. Typical split parts
are shown in Figure 8, which come from splitting failure specimen PVA0.2-d16-c70. The
concrete between the ribs of steel rebar was smashed while no damage was found on the
rebars for specimens that failed by pull-out and splitting. This indicates that the failure of
all the specimens is started by the trapping of concrete particles between the rebar ribs. For
the pull-out case, the concrete within the ribs would be totally polished by the rebars. For
the splitting case, the further slip would cause the splitting of the concrete cover, which is
restricted by PVA fibers. In the present test, PVA fibers were found to be pulled out rather
than pulled off (see details in Figure 8c). In addition, it can be seen from Figure 8c that the
obvious PVA fiber bridging effect limited the development of cracks, thus improving the
performance of the concrete.

S

/ PVA fiber

x o \
=3 <
v
o

<

-

‘1 _.

action of pva fiber bridging

(©

Figure 8. Pull-out failure mode details: (a) PVA0.2-d16-c70 series; (b) bonding section; (c) external crack.
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3.2. Effects of PVA Fibers

Figure 6 shows the bond stress—slip curves for specimens with different contents of
PVA fibers. As mentioned before, the curves are significantly affected by the failure modes,
i.e., the ratio of cover depth to rebar diameter. Moreover, the addition of PVA fibers also
showed a significant effect on the bond stress—slip curves. The slope of the ascending
branch and the bond strength decreased with the increase in PVA fibers. The slope of the
ascending branch reflects the bond stiffness of the sample, which is mainly determined by
the shear action between the concrete and the rib. According to Section 2.2, the addition of
polyvinyl alcohol fiber would lead to a decrease of the flow performance of newly mixed
concrete, which would affect the compactness of concrete, thus reducing the shear effect
between the concrete and reinforcement, and ultimately leading to the decline of the bond
strength between the concrete and reinforcement. The same phenomenon has been reported
by many other researchers [40,41]. The details of the bond strengths of the specimens are
shown in Figure 9a. All the specimens showed a descending trend in bond strength with
the increase in PVA fibers except the d16-c70 series specimens. In this experiment, the
maximum bond strength decrease of the d12-c30 series samples, d12-c50 series samples,
and d12-c70 series samples with the increase in PVA fiber content was about 16.2%, 9.6%,
10.3%, and 10.4%, respectively. In the d16-c70 series, the additional of PVA fibers changed
the failure of the specimens from the splitting mode to splitting—pull-out mode, which
increased correspondingly the bond strength with a maximum increase of about 21.3%. In
general, the addition of PVA fibers showed a negative effect on bond stiffness and bond
strength between the rebar and concrete for both pull-out and splitting cases. The details
of the residual bond strength of the samples are shown in Figure 9b. Similarly, except for
the d12-c50 series of samples, the residual bond strength of all samples decreased with the
increase in PVA fibers, and the maximum decrease was about 27.9%. This indicates that the
content of PVA fibers has a more adverse effect on the residual binding strength of samples.
It can be clearly seen from Figure 6 that for the PVA(.0-d16-c70 and PVA0.2-d16-c70 samples,
due to the lack of effective restraint in the concrete, splitting failure occurred immediately
after reaching the peak load, and then the load rapidly dropped to 0. Therefore, the bond
stress—slip curve did not decline and the residual bond strength was 0.
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Figure 9. Bond strength and residual bond strength of specimens with different contents of PVA
fibers. (a) Bond strength; (b) residual bond strength.

The slip corresponding to maximum bond stress and the bond stress at the onset of free
end slip for specimens with different contents of PVA fibers are shown in Figures 10 and 11,
respectively. It can be found that the PVA fibers had negligible effects on the corresponding
slip to maximum bond stress and the bond stress at the onset of slip. For each series of
specimens with the same cover depth and rebar diameter, the changes in the slip and the
onset bond stress did not correspond with the increase in PVA fibers. The slip corresponding
to maximum bond stress, however, was more significantly affected by the ratio of cover
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depth to rebar diameter, i.e., the failure mode of specimens. The specimens that failed by
pull-out mode usually had a large corresponding slip. The smaller the ratio of cover depth
to rebar diameter, the smaller the corresponding slip. The bond stress at the onset of slip
seemed to be further affected by the diameter of the rebars. The pull-out failure specimens
had similar onset bond stresses. The splitting failure specimens had high onset bond
stresses for cases with small rebar diameters. The details are discussed in the following
sections.
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Figure 10. Slip corresponding to maximum bond stress of specimens.
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Figure 11. Bond stress at onset of free end slip of specimens.

The additional PVA fibers, however, had a positive effect on the descending branches
for specimens that failed by the splitting—pull-out mode. Figure 6e shows the bond stress—
slip curves for the d12-c30 series specimens. The bond stress decreased very rapidly in the
descending branch for the plain specimen without additional PVA fibers. The decrease in
bond stress in the other fiber-reinforced specimens, however, became slow. Additionally,
the decrease in bond stress seemed to be linear with the increase in slip. This indicates that
PVA fibers can restrict the degradation of bond stress in a linear manner for splitting—pull-
out failure specimens. This could be attributed to the bridging effects of PVA fibers after
the splitting of the specimens, which effectively restrained the cracking and slowed down
the decrease in bond stress.

Figure 12 shows the propagation of splitting cracks for the d12-c30 series specimens.
For the plain specimens, the splitting crack appeared at low load stress and gradually
propagated with the increase in applied load stress. There was a sudden widening in
cracking and the width rapidly increased to a greater value after the peak load stress.
Afterwards, the splitting crack was almost unchanged during the further load procedure.
The propagation of splitting cracks in the specimens with 0.2% PVA fibers was similar to
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that of the plain specimen, but with a narrow crack at the end. For specimens with 0.4%
and 0.6% PVA fibers, the load stresses corresponding to the appearance of splitting cracks
significantly increased. Additionally, there was no sudden widening of the cracks after the
peak load stress. The final crack width became much narrower compared to that on the
plain specimen. PVA fibers play a positive effect in restricting the splitting cracks.
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Figure 12. Propagation of splitting crack in d12-c30 series specimens.

The details about the comparison of cracking load stress and maximum crack width
for specimens with different contents of PVA fibers are shown in Figure 13. Specimens with
0.2%, 0.4%, and 0.6% PVA fibers had increased cracking load stress by about 8.37%, 31.44%,
and 42.43% and decreased the final crack width by about 36.23%, 59.02%, and 65.08%,
respectively. The changes in the final crack width were more obvious. This indicates that
the PVA fibers restrict both the micro-cracking and macro-cracking of specimens that failed
by splitting. The restriction effect on macro-cracking seemed much more significant than
that on micro-cracking. In the process of steel bar pull out, with the increase in stress,
the PVA fibers effectively bridged the cracks generated by the steel bars in the process of
concrete pull out, and the bridge effect diagram is shown in Figure 14.
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Figure 13. Effects of PVA fibers on splitting cracks.
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Figure 14. Bridging action of PVA fibers.
3.3. Effects of Rebar Diameter

Figure 15 shows the bond stress—slip curves for the specimens with different rebar
diameters. Rebar diameter affected the failure mode of the specimens. The ratio of cover
depth to steel rebar diameter is inversely linked to rebar diameter. In the present test, the
failure mode of the specimens was changed from the pull-out mode to splitting mode as the
diameter of the rebar exceeded 16 mm. The bond stress—slip curves degraded from three
branches to one branch, as shown in Figure 15a,b. Moreover, rebar diameter also affected
the initial bonding stiffness and bond strength of the specimens. The initial bonding
stiffness is measured as the slope of the bond stress-slip curve at the initial slip. The initial
bond stiffness K is the slope of the bond stress—slip curve at the time of the initial slip. In
this paper, the secant slope corresponding to one-half of the maximum bond stress was
used to measure the initial bond stiffness of different specimens, and the results are shown
in Table 2. Compared with large reinforcement specimens, the initial bond stiffness of the
bond stress—slip curve of small reinforcement specimens during the initial slip stage was
significantly larger. This indicates that specimens with small-diameter rebars have great
initial bonding stiffness and bond strength compared to specimens with large-diameter
rebars. The difference of bond stress—slip curves in specimens with 12 mm, 14 mm, and
16 mm rebars became smaller with the increase in PVA fibers.
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Figure 15. Bond stress—slip curves for the specimens with different rebar diameters. (a) PVA0.0-c70
series; (b) PVA0.2-c70 series; (c) PVA0.4-c70 series; (d) PVA0.6-c70 series.
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The details about the comparison of bond strength, slip corresponding to bond
strength, and the bond stress at the onset of free end slip for specimens with different
rebars are summarized in Figure 16. Almost all of the bond strength, slip corresponding to
bond strength, and the bond stress at the onset of free end slip decreased with the increase
in rebar diameter. For example, the increase of rebar diameter from 12 mm to 14 mm and
16 mm in the PVAQ.2-c70 series specimens decreased the bond strength by about 6.1% and
14.4%, decreased the corresponding slip by about 16.0% and 31.3%, decrease the bond stress
at the onset of free end slip by about 9.1% and 49.9%, respectively. The larger the diameter
of the steel rebar, the smaller the bond strength, the corresponding slip, and the bond stress
at the onset of free end slip. These results are consistent with previous studies [42—44].
This could be attributed firstly to the more uneven distribution of bond stress along the
rebars with large diameters than that of rebars with small diameters. Secondly, rebars with
a large diameter tend to more easily trap bleeding water, resulting in more voids around
the rebars, reducing the concrete and rib shear between the steel bars, thus reducing the
interaction between the steel and concrete. Finally, the shear effect between the reinforced
concrete and rib is the main part of the bonding force of reinforcement. According to the
measured steel contour data, with the increase in the diameter of the reinforcement, the
relative spacing of the reinforcement ribs decreases, and the relative height of transverse
ribs decreases, leading to the reduction of the shear effect between the reinforcement and
concrete, thus reducing the bonding force between the reinforcement and concrete.
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Figure 16. Effects of rebar diameter on bond behaviors. (a) Bond strength; (b) slip corresponding to
bond strength; (c) bond stress at onset of free end slip.

The negative effects of a large rebar on bond behavior between concrete and rebar
were slightly reduced with the increase in PVA fibers. For instance, the decreases in bond
strength were 5.6% and 31.7% in the plain specimens as the rebar diameter increased from
12 mm to 14 mm and 16 mm, respectively. For specimens with 0.6% PVA fibers, the decrease
in bond strength were only 4.0% and 7.1%, respectively. Similar effects were also been
investigated in the slip corresponding to bond strength and the bond stress at the onset
of free end slip. This indicates that PVA fibers have relatively positive effects on the bond
behavior of specimens with large-diameter rebars.
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3.4. Effects of Cover Depth

Figure 17 shows the bond stress-slip curves for specimens with different cover depths.
The samples in each subgraph have the same content of PVA fibers and rebar diameter, but
the cover depth is different. The curves match well with the failure modes for specimens
with different cover depths. The curves show a rapid descent for specimens with thin covers
after the maximum bond stress, while there was an obvious flat segment for specimens
with thick covers. The bond strength of the specimens decreased with the decrease in cover
depth. Moreover, the cover depth also affected the initial bond stiffness of the specimen.
Specimens with thin coves had high initial stiffnesses. The more PVA fibers, the greater the
difference in initial bond stiffness caused by cover depth.
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Figure 17. Bond stress—slip curves for the specimens with different cover depth. (a) PVA0.0-d12
series; (b) PVA0.2-d12 series; (¢) PVA0.4-d12 series; (d) PVA0.6-d12 series.

These results could be attributed to the different methods of energy consumption
during the loading procedure. For the specimens with a thick cover, the energy is consumed
mainly through the shear crushing of local concrete between the ribs. Meanwhile, the energy
consumption in the thin case is controlled by the cracking of the cover. The covers usually
have large areas compared with the local concrete between the ribs. The splitting cracking
of the cover would consume a large amount of energy without many slips, resulting in a
corresponding high bond stiffness. The addition of PVA fibers improved the toughness and
tensile strength of the concrete, increasing the energy dissipation of the concrete. This can
overcome the adverse effects of additional voids and maintain the initial bond stiffness with
the increase in PVA fibers. For specimens with thick covers, more additional voids appear
in the concrete with the increase in fibers, causing corresponding degradation of energy
consumption. Therefore, specimens with thick covers have lower initial bond stiffness than
the specimen with thin covers, especially for the case with more PVA fibers.

The details about the comparison of bond strength, slip corresponding to bond
strength, and the bond stress at the onset of free end slip for specimens with different
cover depths are summarized in Figure 18. The bond strength and the corresponding slip
of specimens decreased with the decrease in cover depth, while the bond stress at the onset
of free end slip increase significantly with the decrease in cover depth. For instance, the
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decrease in cover depth from 70 mm to 50 mm and 30 mm in the PVAQ.6-d12 series speci-
mens decreased the bond strength by about 0.6% and 8.7%, decreased the corresponding
slip about 33.1% and 72.0%, but increased the bond stress at the onset of free end slip by
about 51.5% and 74.0%, respectively. The reason for the positive effect of a thin cover of the
bond stress at the onset of free end slip could be similar to that for the initial bond stiffness,
as discussed previously.
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Figure 18. Effects of cover depth on bond behaviors. (a) Bond strength (b) Slip corresponding to
bond strength (c) Bond stress at onset of free end slip.

4. Conclusions

This study experimentally investigated the effects of PVA fibers on bond behavior
between rebar and concrete. The effects of PVA fibers, rebar diameter, and cover depth on
bond behavior were clarified. The following preliminary conclusions can be drawn based
on the present study:

(1) PVA fibers show a negative effect on the compressive strength of concrete, but a
positive effect on splitting tensile, flexural, and direct tensile strength. In the present
test, the maximum decrease in compressive strength was 12.3%, and the maximum
increase in splitting tensile, flexural, and direct tensile strength were 33.7%, 12.9%,
and 14.0%, respectively, for concrete with PVA fiber contents less than 0.6%. The
increase in splitting tensile strength was more significant than that in flexural and
direct tensile strength.

(2) The failure mode of bonding specimens depends mainly on the ratio of cover depth
to steel rebar diameter. Specimen were more prone to pull-out failure when the ratio
of cover depth to rebar diameter was greater than 4.5-5.0. For specimens with a small
ratio of cover depth to rebar diameter, the splitting of concrete was more significantly
affected by rebar diameter rather than cover depth. PVA fibers can restrict the splitting
cracks and improve the failure of the specimen in a more ductile way.

(3) PVA fibers generally show a negative effect on bond behavior, but a positive effect on
the descending branch in the case of splitting failure. In the present test, PVA fibers
decreased the initial bond stiffness and bond strength for the cases with both pull-out
and splitting failures. The maximum decrease in bond strength was about 16.2%
with PVA fiber contents less than 0.6%. PVA fibers restricted both the macro-cracking
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and micro-cracking for splitting cases, with the former effects seeming much more
significant than latter.

(4) Specimens with small rebars had greater initial bonding stiffness and bond strength
than specimens with large rebars. The difference in bond behavior caused by rebar
diameter became smaller with the increase in PVA fibers. A thin cover decreased the
bond strength of the specimens, but increased the initial bond stiffness of specimens.
The more PVA fibers, the greater the difference in initial bond stiffness caused by
cover depth.

It should be noted that only one sample was tested in the pull-out test rather than
repeated samples, which would lead to some discrepancies. Further studies with more
repeated samples are needed in the future.
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