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Quality of interfacial bond between fibers and matrix determines the post-cracking behavior of fiber-reinforced
composites. Fatigue-induced interface deterioration between fibers and matrix has not been investigated sys-
tematically which prevents understanding of premature failure of fiber-reinforced composites subject to fatigue.
This study experimentally investigated the deterioration mechanism of flexible fibers in brittle matrix subject to
fatigue load. Specifically, the effect of fatigue-induced deterioration of interface betweenmicro-PVA fiber and ce-
ment matrix was studied through the single fiber fatigue pullout tests and the micro-structural deterioration
mechanism of the fiber-matrix interface under fatigue load was unveiled. It was found that fatigue load leads
to fiber debonding which can be described by an empirical relation similar to the Paris' law. Fatigue-induced in-
terface hardening can occur during fiber debonding stage as well as fiber slippage stage. Oil-treatment on surface
of micro-PVA fiber was demonstrated as a mean to mitigate such fatigue-induced interface hardening.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

High strength and/or high stiffness engineered composites, includ-
ing polymers, metallic composites, ceramics, and cement-based con-
crete, are widely used in manufacturing and construction industry. As
a result of the enhanced strength and stiffness, they suffer from severe
brittleness and are prone to fracture. Micro-fibers, either long continu-
ous or short dispersed, are added into matrix to improve the cracking
resistance and to increase the fracture toughness of engineered com-
posites [1–4].

Fiber-reinforced cement-based composites (FRCC) represent a spe-
cial group of fiber-reinforced engineered composites. Compared with
aforementioned composites, it is used in a much greater volume to
manufacture large-scale components for buildings and infrastructures
[5]. For the ease of processing and on-site casting, most FRCC adopt dis-
persed short fibers instead of aligned continuous fibers. FRCC technolo-
gy has been developing for almost 50 years. Various types of fibers,
including natural fibers [6], carbon fibers [7], metallic fibers [8], and
polymeric fibers [9,10], have been adopted for enhancing the fracture
toughness, improving material durability [11,12], and even designing
new attributes into FRCC. Under fire, for instance, the relatively low
melting point of polypropylene (PP) fibers is taken advantage of to re-
lease the heat-induced internal vapor pressure and prevent matrix
spalling [13]. The high electrical conductivity of carbon fibers is used
for creating self-sensing concrete for damage detection [14].
enue, 639798, Singapore.
In FRCC, matrix crack propagation is controlled by the post-cracking
fiber-bridging, which is fundamentally governed by the fiber-matrix in-
terfacial bond as well as the fiber strength. By the nature of interfacial
bond and fiber strength, the fibers used in FRCC can be categorized
into two groups: the stiff metallic and carbon fibers, with relatively
higher strength and weaker bond to cement matrix, are usually
completely pulled out from the matrix during fiber-bridging failure
[15,16]. On the contrary, the flexible natural and polymeric fibers,
with relatively lower strength and stronger bond to cement matrix,
could be ruptured before they are pulled out [17,18]. Compared with
the stiff fibers, the fiber-bridging failure of flexible fiber-reinforced sys-
tem is more complicated as it involves fiber pullout as well as fiber
rupture.

In many applications, such as pavement, bridge deck, railway slip-
pers, and the supporting structure of offshore windmills, FRCC are sub-
ject to fatigue from repeated loads. Herein the fatigue performance of
FRCC, especially the fiber-bridging deterioration under repeated load-
ing, is of great importance. The fatigue performance of FRCC, both the
stiff fiber-reinforced system [19–21] and the flexible fiber-reinforced
system [21–26], have been studied extensively. Compared with normal
concrete, the fatigue life of FRC is greatly extended. However, it was ob-
served that FRCCmay experience premature failure under fatigue load-
ing. For instance, Jun andMechtcherine [22,23] compared the PVAfiber-
reinforced strain-hardening cement-based composites (SHCC) failed by
low-cycle cyclic loading to the control group failed by monotonic load-
ing, and found that the crack number was slightly reduced while the
crackwidthwas enlarged.Muller et al. [24] studied PVAfiber-reinforced
SHCC performance under strain-controlled high-cycle fatigue loading
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Fig. 1. Typical single fiber pullout load vs. pullout displacement u relation from single
micro-PVA fiber monotonic pullout test.
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and found the tensile ultimate strain decreased with decreasing strain
increment and increasing load cycles. Qian [25] and Suthiwarapirak et
al. [26] studied performance of PVA fiber-reinforced engineered cemen-
titious composite (ECC) under load-controlled high-cycle fatigue load-
ing and also found that the crack number decreased with increasing
Fig. 2. Experimental set up: (a) preparation of the single fiber pullout specimen; an
load cycles. The morphology of the fracture surface in [26] suggested
that the fiber-bridging behavior must have been altered under fatigue,
as the ratio of ruptured to pulled-out fibers was remarkably increased
with load cycles.

Fundamentally, such fatigue-dependency of fiber-bridging in FRCC
can be attributed to the fatigue-induced deterioration of fiber and
fiber-cement interface.While the fatigue-induced flexible fiber strength
deterioration in cementmatrix was investigated [27], the possible dete-
rioration of interfacial bond between the flexible fiber and hard cement
matrix under fatigue loadwas rarely studied. It represents a knowledge
gap which prevents FRCC from being tailored for improvement on fa-
tigue performance. This study experimentally investigated the deterio-
ration mechanism of flexible fibers in cement matrix subject to fatigue
load. Specifically, the effect of fatigue-induced deterioration of interface
between micro-PVA fiber and cement matrix was studied; the micro-
structural deterioration mechanism of the fiber-matrix interface under
fatigue loading was unveiled. The insight obtained from this study
help to improve FRCC fatigue performance;more importantly themeth-
odology can be extended to analyze and tailor other flexible fiber-rein-
forced brittle-matrix composites.

2. Experimental program

Single fiber pullout test suggested by Redon et al. [18] has been
widely used to study the micro-fiber/matrix interface properties,
d (b) illustration of the specimen assembled to the mechanical testing system.



Table 2
Mix proportions of mortar matrix.

Cement
(kg/m3)

GGBS
(kg/m3)

Sand
(kg/m3)

Water
(kg/m3)

Superplasticizer
(kg/m3)

551 827 276 414 2.4
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which can be derived from the fiber pullout load versus fiber end dis-
placement curve as shown in Fig. 1. Current study adopted similar set-
up as shown in Fig. 2 except that the loading schemewas different. Dis-
placement-controlled pullout was often used in the single fiber mono-
tonic pullout test. In this study, load-controlled cyclic load was used in
the single fiber fatigue pullout test. Detailed loading scheme will be in-
troduced in the following section. The fatigue loadwas introduced by an
MTS Acumen™ 1 Electrodynamic Test System, which was specially de-
veloped for the dynamic tests with low loading levels. This testing sys-
tem has a dynamic capability of ±10 mm displacement at 10 Hz with
a maximum load of 1080 N. A 10 N dynamic load cell was included in
the system for closed-loop loading control at the low loading level in
current test.

2.1. Specimen preparation

Micro-polyvinyl alcohol (PVA) fiber was used in current study as a
typical flexible fiber. Polyvinyl alcohol is hydrophilic due to the exis-
tence of hydroxyl function group. As a result, the bond between PVA
fiber and surrounding matrix can be very strong, whichmay cause pre-
mature fiber rupture during pullout. Surface treatment by coating oil to
PVA fibers is often adopted as a technique to reduce the interfacial bond
and tomitigate the fiber rupture [28]. In this study, therefore, PVA fibers
both with and without surface oil-treatment was investigated. The
properties of the non-oil-coated (NOC) and oil-coated (OC) PVA fiber
are given in Table 1.

The cement-based mortar matrix, in which the PVA fiber was em-
bedded, wasmade of type I Portland cement (CEM I 52.5), ground gran-
ulated blast-furnace slag (GGBS), and sieved river sands (b0.6 mm in
particle size), superplasticizer, and water. The mix design of the mortar
is given in Table 2, the water to binder ratio was set as 0.30. The 28-day
compressive strength of the mortar matrix was 70.8 ± 1.8 MPa.

The specimen preparation follows the suggestions of reference
[29]. A long PVA fiber was cut into about 150 mm in length and em-
bedded into the fresh mortar as shown in Fig. 2a. The hardened spec-
imen was demolded after one day and cut into thin specimens
(1.5 mm in thickness) with a single fiber extruded out from one
side. The relatively small embedment length assured that the fiber
was pulled out instead of being ruptured during the test. A thicker
specimen of 2.5 mm was used to study the fatigue-induced
debonding of oil-coated fiber because a reduced interfacial bond
was expected for the oil-coated fiber.

2.2. Single fiber fatigue pullout test

The single fiber fatigue pullout test consisted of a load-controlled
fatigue preloading followed by a displacement-controlled monoton-
ic pullout reloading. The fatigue preloading was meant to introduce
interface deterioration at different loading levels and fatigue cycles
and themonotonic reloading was used to determine the fiber-matrix
interface properties after the fatigue, and thereby the fatigue-in-
duced deterioration of interface between the fiber and the matrix
can be quantified. The load-controlled tensile fatigue preloading
consisted of a ramping phase and a cyclic phase as illustrated in
Table 1
Properties of micro-PVA fibers.

Fiber surface treatment Nominal
diameter
(μm)

Young's
modulus
(GPa)

Density
(kg/m3)

Surface
oil coating
by mass
(%)

Non-oil-coated (NOC) 41.8 41 1300 0.0
Oil-coated (OC) 44.7 41 1300 1.2
Fig. 3. Table 3 summarizes the experimental program and loading
scheme. Single fiber pullout specimen subject to monotonic pullout
was also tested as the control.

Typical single fiber pullout curve subject to monotonic loading is il-
lustrated in Fig. 1. During the fiber debonding stage, fiber pullout force
increases with fiber end displacement accompanied with tunnel crack
propagation along the fiber-matrix interface until the fiber was fully
debonded frommatrix. A sudden load drop from Pa to Pb indicates com-
pletion of debonding followed by slippage stage with large displace-
ment. The fiber-matrix interface properties, including chemical bond
Gd, frictional bond τ0, and slip-hardening coefficient β, can be derived
from the single fiber pullout curve accordingly [18].

Gd ¼ 2 Pa−Pbð Þ2
π2E f d

3
f

ð1Þ

τ0 ¼ Pb

πdf Le
ð2Þ

β ¼ df

Le
� ΔP=Δu0ju0→0

τ0πdf
þ 1

� �
ð3Þ

where Ef is theYoung'smodulus offiber; df is thefiber diameter; Le is the
fiber embedment length; ΔP/Δu′ is the initial slope of the P versus u′
curve where u′ approaches 0 as in Fig. 1.

For the single fiber fatigue pullout test, three fatigue loading levels,
i.e. Pmax b b Pa, Pmax b Pa, and Pmax N Pa, and awide range of fatigue cycles
up to 500,000 cycles were tested in this study to introduce different
levels of fatigue-induced interface deterioration. At relatively low fa-
tigue loading level (Pmax ~ 0.3 to 0.4 N ≪ Pa), fiber were unlikely to
experience full debonding even at the end of the fatigue cycles. The
results therefore were used to understand the fatigue-induced dete-
rioration in the fiber debonding stage. At the medium fatigue loading
level (Pmax ~ 0.4 to 0.5 N b Pa), the full debonding might occur during
the fatigue cycles, and the results were used to determine the fa-
tigue-induced fiber debonding rate, i.e. the tunnel crack propagation
rate. At relatively high fatigue loading level (Pmax ~ 0.5 to 0.7 N N Pa),
the Pmax was likely to exceed the debonding force Pa, and the fiber
Fig. 3. Loading scheme of the fatigue preloading.



Table 3
Summary of experimental program and loading scheme.

Fiber type Loading type Embedment length,
Le (mm)

Testing procedure

Fatigue preloading (load-control) Monotonic reloading
(displacement-control)

Pmax (N) Load cycles (thousands)

NOC fibers Monotonic (control) 1.5 N.A. 0.03 mm/min
Low level fatigue 1.5 0.35–0.40 10–500
Medium level fatigue 1.5 0.40–0.50 10–500
High level fatigue 1.5 0.50–0.70 1–100

OC fibers Monotonic (control) 1.5 N.A.
Low level fatigue 2.5 0.30–0.40 5–20
High level fatigue 1.5 0.60–0.70 1–10

Fig. 4.Displacement history of single fiber pullout specimen subject to (a) low, Pmax=0.35N b b Pa; (b)medium, Pmax=0.5 N b Pa; and (c) high, Pmax=0.70 N N Pa, fatigue loading levels.
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Fig. 5. (a) Tunnel crack propagation Δa along the fiber-matrix interface as a function of
fatigue cycles and fatigue loading levels, both Y- and X-axes are draw in logarithmic for
illustration; and (b) fatigue-induced fiber debonding rate (Δa/N) as a function of fatigue
load (Pmax − Pmin).

Fig. 7. Fiber stiffness as a function of fatigue cycle.
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fully debonded from the matrix during the fatigue ramping stage.
The results therefore were used to understand the fatigue-induced
deterioration in the fiber slippage stage.

3. Results and discussion

Section 3.1 reports the results of single fiber fatigue pullout test on
non-oil-coated (NOC) fibers to characterize the fatigue-induced fiber-
Fig. 6. Change of tensile stiffness in the cyclic phase of the fatigue test (Pmax = 0.35 N).
matrix interface deterioration. Test results on OC fibers reported in sec-
tion 3.2 evaluates the effect of fiber surface treatment on the interface
deterioration under fatigue load.

3.1. Fatigue-induced fiber-matrix interface deterioration

Fig. 4 shows the displacement history as a function of applied load in
the ramping phase and as a function of fatigue cycles in the cyclic phase
at the three fatigue loading levels (low,medium, and high). At relatively
low fatigue loading level, fiber displacement increases linearly with ap-
plied load in the ramping phase. After that, fiber displacement increases
slowly with fatigue cycles (Fig. 4a) indicating slow degradation of the
fiber-matrix interface, which is likely due to debonding of the fiber
from thematrix under fatigue. This suggests the fatigue-induced tunnel
crack propagation was very slow and fiber displacement was very lim-
ited at relatively low fatigue loading level, and the full-debonding did
not take place even at the end of the fatigue test. This was used to
study the effect of fatigue on fiber-matrix interface before full
debonding where limited fiber displacement was expected.
Fig. 8. Typical fiber pullout load-displacement (P-u) relation of control specimen and
specimen that has experienced relatively low-level fatigue load (Pmax ≤ 0.40 N).
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At the medium fatigue loading level (Fig. 4b), sudden displacement
leap was observed during fatigue cycling. In the displacement-con-
trolled single fiber monotonic pullout test, the event of complete
debonding was noticed with a sudden load drop as shown in Fig. 1. In
the load-controlled single fiber fatigue pullout test; however, full
debonding should be accompanied with a sudden displacement leap
as shown in Fig. 4b. Current study demonstrates that fatigue loads are
indeed able to initiate tunnel crack propagation and eventually cause
complete debonding of fiber from the surrounding matrix. Such fa-
tigue-induced fiber debonding was observed and reported for the first
time. This can be used to quantitatively determine the fatigue-induced
fiber debonding rate.

At relatively high fatigue loading level (Fig. 4c), sudden displace-
ment leap occurred during the ramping phase, which indicates the full
debonding of the fiber from the matrix happened even before the first
cycle of fatigue load. This implies fiber experienced relatively large slip-
page during fatigue cycles. This was then used to study the effect of fa-
tigue on fiber-matrix interface after full debonding where relatively
large fiber displacement results.
Fig. 9. Effects of fatigue cycle N and fatigue loading level Pmax on chemical bond Gd (a and b), fricti
3.1.1. Fatigue-induced fiber debonding
As shown in Fig. 4b, a sudden displacement leap in the load-con-

trolled single fiber fatigue pullout test indicates complete debonding
of fiber during the fatigue test. To quantify fatigue-induced fiber
debonding rate, three medium fatigue loading levels (0.40 N, 0.45 N,
and 0.50 N) were tested. Fig. 5a plots the relation between fatigue-in-
duced tunnel crack propagation length Δa along fiber-matrix interface
and number of cycles N to full debonding under the three medium fa-
tigue loading levels. Δa was calculated based on the Eq. (4).

Δa ¼ Le−a0 ð4Þ

where Le is the fiber embedment length, and a0 is the debonding length
at the end of the ramping phase (Fig. 3), which can be determined
through Eq. (5).

a0 ¼
Pmax−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π2GdE f 1þ ηð Þd3f =2

q
πτ0 1þ ηð Þdf

ð5Þ
onal bond τ0 (c and d) and slip-hardening coefficient β (e and f) subject to low-level fatigue.



Fig. 10. Typical fiber pullout load-displacement (P-u) relation of control specimen and
specimen that has experienced relatively high-level fatigue load (Pmax ≥ 0.50 N).
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whereGd and τ0 are the chemical bond and frictional bond, respectively,
which can be determined from Eqs. (1) and (2) through the single fiber
monotonic pullout test [22]; η equals to EfVf / Em(1 − Vf), where Em is
the Young's modulus of cement matrix and Vf is fiber fraction by vol-
ume. Eq. (5) is derived from the fracture mechanics-based fiber
debonding criterion and the force equilibrium when a fiber is being
pulled out from matrix. Detailed derivation of Eq. (5) can be found in
[30].

As can be seen in Fig. 5, fatigue-induced fiber debonding length Δa
increases with fatigue cycles N as well as fatigue loading levels Pmax.
The fatigue-induced fiber debonding rate, i.e. the slope of the Δa-N
curve, as shown in Fig. 5b increases with the increase of load amplitude
Fig. 11. Effects of fatigue cycle N and fatigue loading level Pmax on frictional bond τ0
Pmax − Pmin, which can be described by a power function similar to the
form of the Paris' Law [31] as Eq. (6).

Δa=N ¼ C � Pmax−Pminð ÞM ð6Þ

where C andM are material related constants. Paris' Law was originally
developed to capture crack propagation in bulkmetallicmaterials under
cyclic loads and to predict its fatigue life. Current study for the first time
extends the concept of Paris' Law into a Type II fracture at the interface
between flexible micro-fiber and hard cement matrix. It unveils the re-
lation between the tunnel crack propagation rate and the fatigue ampli-
tude of interfacial shear stress (or load) which enables prediction of
fiber debonding in fiber composites subject to fatigue load.

3.1.2. Fatigue-induced fiber-matrix interface deterioration of debonding
stage

At relatively low fatigue loading level, full debonding of fiber did not
take place even at the end of the fatigue preloading. The effect of fatigue
load on the fiber-matrix interface properties of the debonding stage is
presented here. During the fatigue preloading phase, tensile stiffness
of the single fiber pullout test was monitored and plotted as a func-
tion of fatigue cycles (Fig. 6). As can be seen, the stiffness increases
with fatigue cycles up to about 10,000 cycles and remains steady
afterwards. Since the tensile stiffness of the single fiber pullout test
is governed by the tensile stiffness of the fiber and the fiber-matrix
interface, tensile stiffness of fiber subject to fatigue was also mea-
sured by the single fiber fatigue test and plotted as a function of
load cycles (Fig. 7). As can be seen, fiber stiffness continues to de-
crease with fatigue loads and therefore the increase of tensile stiff-
ness of the single fiber pullout sample is attributed to changes of
fiber-matrix interface properties during fatigue. At high fatigue
cycle, fiber softens and mitigates continuous increase of tensile stiff-
ness of the single fiber pullout sample as shown in Fig. 6.

To quantify fatigue-induced deterioration of fiber-matrix interface
properties, monotonic reloading on the single fiber pullout specimen
(a and b) and slip-hardening coefficient β (c and d) subject to high-level fatigue.
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was carried out after the fatigue preloading. Fig. 8 shows a typical single
fiber pullout load versus fiber end displacement curve after low level fa-
tigue preloading. The typical single fiber pullout curve of the control
specimen, i.e. without fatigue preloading, was also plotted in the same
figure. As can be seen, a sudden load drop from Pa to Pb can still be ob-
served for samples with low level fatigue preloading. This is because
the fiber was not completely debonded from the matrix during the fa-
tigue preloading stage. In the debonding stage, the pullout load up to
Pa is resisted by the chemical adhesion Gd of the undebonded interface,
as well as the frictional bond τ0 of the debonded fiber-matrix interface.
Upon full debonding, the pullout force Pb is resisted by friction only [18].
Gd, τ0, and β can therefore be determined based on the Eqs. (1) to (3)
[18].

Fig. 9 plots fatigue-induced changes on interface properties at low
level fatigue as functions of fatigue cycles N and fatigue loading levels
Pmax. As can be seen, Gd and β are barely affected by fatigue loads
while τ0 gets stronger with the increase of fatigue cycles as well as
Fig. 12. Effect of fiber surface oil-treatment on the fatigue-induced interface deterioration of deb
Gd (a and b), frictional bond τ0 (c and d), and slip-hardening coefficient β (e and f) for NOC an
fatigue loading levels. The phenomenon of fatigue-induced friction en-
hancement at low level fatigue during fiber debonding stage is referred
as fatigue debonding hardening in current study. This may be attributed
to the damage of soft polymeric fiber caused by the reciprocated move-
ment of debonded fiber portion against hard cement matrix subject to
low level fatigue. A jamming effect can take place inside the matrix
due to fiber or interface debris accumulation along the tunnel crack be-
tween the fiber-matrix interfaces. This leads to an increasing load
resisting fiber pullout. Similar mechanisms have been suggested in
soft fiber and hard matrix system subject to monotonic pullout force,
which is referred as slip-hardening during fiber slippage stage after
full debonding [28]. Such slip-hardening subject to monotonic pullout
force was believed to be caused by damage of soft fiber and debris jam-
mingduring large sliding offiber against hardmatrix [18]. Current study
reported for thefirst time suchhardening can also occur during thefiber
debonding stage when fiber-matrix interface is subject to low level fa-
tigue. It is also noticed that there was residual displacement after the
onding stage: influence of fatigue cycleN and fatigue loading level Pmax on chemical bond
d OC fibers.
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fatigue preloading as shown in Fig. 8. This may be caused by the jam-
ming of interface which prevent relaxation of fiber to its original posi-
tion upon unloading.
3.1.3. Fatigue-induced fiber-matrix interface deterioration of slippage stage
At relatively high fatigue loading level, full debonding took place dur-

ing the ramping phase of the fatigue preloading. The effect of fatigue load
on thefiber-matrix interface properties of the slippage stage is presented
here. Typical single fiber pullout load versus fiber end displacement after
high level fatigue preloading is plotted together with that of the control
specimen, i.e. without fatigue preloading, as Fig. 10. As the fiber is fully
debonded during the ramping stage, the reloading pullout curve exhibits
a bi-linear P-u behaviorwith no sudden loaddrop, i.e. Pa= Pb andGd=0,
which is distinct from the control specimen. As such, only τ0 and βwere
calculated based on the Eqs. (2) and (3) [18].

Fig. 11 plots fatigue-induced changes on interface properties at high
level fatigue as functions of fatigue cycles N and fatigue loading levels
Pmax. It can be seen that while τ0 is sensitive to fatigue load and increase
with loading cyclesN and loading level Pmax,β is not dependent on fatigue
loads. The phenomenon of fatigue-induced τ0 enhancement at high level
fatigue during fiber slippage stage is referred as fatigue slippage hardening
in current study. This phenomenon may also be attributed to the jam-
ming effect due to large reciprocated movement between debonded
fiber and hard cementmatrix subject to high level fatigue. The insensitiv-
ity of β to both low and high fatigue loading levels indicates that slip-
hardening effect is independent from the fatigue deterioration.

It should be noticed that both fatigue debonding hardening and fa-
tigue slippage hardening, though increasing the friction between fiber
andmatrix, may be detrimental to some fiber composites where ductil-
ity and energy dissipation are required as increased interfacial bond can
cause premature fiber rupture and prevents slippage of fibers. The fol-
lowing section will discuss using surface oil-treatment to mitigate
such fatigue-induced hardening effects.
Fig. 13.Effect offiber surface oil-treatment on the fatigue-induced interface deterioration of slipp
and b) and slip-hardening coefficient β (c and d) for NOC and OC fibers.
3.2. Effect of fiber surface oil-treatment

Surface oil-treatment of PVA fibers can effectively reduce fiber-ma-
trix interfacial bond [28]. This section presents the influence of surface
oil-treatment of PVA fiber on fatigue-induced deterioration of fiber-ma-
trix interface. Fig. 12 compares the fatigue-induced fiber-matrix inter-
face deteriorations of NOC and OC single fiber pullout specimens in
the debonding stage. As can be seen, oil-treatment significantly
weakens the interfacial bond properties Gd, τ0, and β. This can be attrib-
uted to that the oil mitigates the bond between the hydroxyl function
group on the PVA fiber and the cementious matrix [28]. As described
in the previous section, the chemical bond Gd and slip-hardening coeffi-
cientβ of NOC specimens are not sensitive to fatigue load; as can be seen
in Fig. 12, similar trend was observed for OC specimens. It again con-
firms the fatigue-independency of Gd and β when the loading level is
low. But the frictional bond τ0 increases fatigue loads N and loading
level Pmax for both NOC and OC specimens. As shown by the slope of lin-
ear trend lines, surface oil-treatment significantly mitigates the fatigue
debonding hardening effect.

Fig. 13 compares the fatigue-induced fiber-matrix interface deterio-
rations of NOC and OC single fiber pullout specimens in the slippage
stage. As debonding had been completed before reloading, Gd equals
to zero and therefore is not presented. It can be seen that oil-treatment
significantly weakens the interfacial bond properties τ0 and β. Frictional
bond τ0 continues to increase with fatigue loads N and loading level
Pmax, while the slip-hardening coefficient β remains insensitive to fa-
tigue loading. By comparing the slope of the linear trend lines, it is obvi-
ous that oil-treatment mitigates such fatigue slippage hardening effect.

The reduced fatigue-induced hardening effects could be attributed
to the reduced interfacial bond by oil-treatment, which may mitigate
fiber surface damage and the interface jamming at fiber-matrix during
the reciprocated movement of the soft fiber and hard matrix. Fiber sur-
face-oil treatment can be used as an effective technique to reduce the fa-
tigue-induced fiber-matrix interface deterioration.
age stage: influence of fatigue cycleN and fatigue loading level Pmax on frictional bond τ0 (a



136 J. Qiu et al. / Cement and Concrete Research 90 (2016) 127–136
4. Conclusions

This study experimentally investigated the deteriorationmechanism
of flexible fibers in brittle matrix subject to fatigue load. Specifically, the
effect of fatigue-induced deterioration of interface between micro-PVA
fiber and cement matrix was studied through the single fiber fatigue
pullout test and the micro-structural deterioration mechanism of the
fiber-matrix interface under fatigue load was unveiled.

It was found that fatigue load is able to propagate the tunnel crack
along the fiber-matrix interface, i.e. fatigue-induced fiber debonding,
and an empirical relation between debonding rate and fatigue loading
level similar to the Paris' lawwas suggested. It was observed that inter-
face chemical bond Gd and the slip-hardening coefficient βwere fatigue
independent while τ0 increased with fatigue cycles N and fatigue load-
ing levels Pmax. Such fatigue-induced interface hardening can occur dur-
ing fiber debonding stage, i.e. fatigue debonding hardening, as well as
during fiber slippage stage, i.e. fatigue slippage hardening. Oil-treatment
on surface of PVA fiberwas demonstrated as amean tomitigate such fa-
tigue-induced interface hardening.

Acknowledgement

The authors would like to acknowledge financial supports from the
SinBerBEST program, National Research Foundation Singapore
[NRFCRP8-2011-03] and fromNanyang Technological University, Singa-
pore (COE_SUG/RSS_19MAR10_1/23).

References

[1] J. Bai, Advanced Fibre-reinforced Polymer (FRP) Composites for Structural Applica-
tions, Elsevier, 2013.

[2] C. Bakis, L.C. Bank, V. Brown, E. Cosenza, J. Davalos, J. Lesko, A. Machida, S. Rizkalla, T.
Triantafillou, Fiber-reinforced polymer composites for construction-state-of-the-art
review, J. Compos. Constr. 6 (2002) 73–87.

[3] C. Yang, S. Jeng, J.-M. Yang, Interfacial properties measurement for SiC fiber-rein-
forced titanium alloy composites, Scr. Metall. Mater. 24 (1990) 469–474.

[4] S. Senet, R. Grimes, D. Hunn, K. White, Elevated temperature fracture behavior of a
2-D discontinuous fiber reinforced carbon/carbon composite, Carbon 29 (1991)
1039–1049.

[5] A.M. Brandt, Fibre reinforced cement-based (FRC) composites after over 40 years of
development in building and civil engineering, Compos. Struct. 86 (2008) 3–9.

[6] F. de Andrade Silva, B. Mobasher, R.D. Toledo Filho, Crackingmechanisms in durable
sisal fiber reinforced cement composites, Cem. Concr. Compos. 31 (2009) 721–730.

[7] M. Sun, Q. Liu, Z. Li, Y. Hu, A study of piezoelectric properties of carbon fiber rein-
forced concrete and plain cement paste during dynamic loading, Cem. Concr. Res.
30 (2000) 1593–1595.

[8] P. Song, S. Hwang, Mechanical properties of high-strength steel fiber-reinforced
concrete, Constr. Build. Mater. 18 (2004) 669–673.
[9] P. Song, S. Hwang, B. Sheu, Strength properties of nylon-and polypropylene-fiber-
reinforced concretes, Cem. Concr. Res. 35 (2005) 1546–1550.

[10] V.C. Li, S. Wang, C. Wu, Tensile strain-hardening behavior of polyvinyl alcohol
engineered cementitious composite (PVA-ECC), ACI Mater. J. 98 (2001) 483–492.

[11] Y. Yang, M.D. Lepech, E.-H. Yang, V.C. Li, Autogenous healing of engineered cemen-
titious composites under wet–dry cycles, Cem. Concr. Res. 39 (2009) 382–390.

[12] M. Şahmaran, V.C. Li, Influence of microcracking on water absorption and sorptivity
of ECC, Mater. Struct. 42 (2009) 593–603.

[13] Z. Bayasi, M. Al Dhaheri, Effect of exposure to elevated temperature on polypropyl-
ene fiber-reinforced concrete, ACI Mater. J. 99 (2002) 22–26.

[14] S. Wen, D. Chung, Self-sensing of flexural damage and strain in carbon fiber rein-
forced cement and effect of embedded steel reinforcing bars, Carbon 44 (2006)
1496–1502.

[15] A. Katz, V.C. Li, A. Kazmer, Bond properties of carbon fibers in cementitiousmatrix, J.
Mater. Civ. Eng. 7 (1995) 125–128.

[16] A.E. Naaman, H. Najm, Bond-slip mechanisms of steel fibers in concrete, ACI Mater. J.
88 (1991) 135–145.

[17] T. Kanda, V.C. Li, Interface property and apparent strength of high-strength hydro-
philic fiber in cement matrix, J. Mater. Civ. Eng. 10 (1998) 5–13.

[18] C. Redon, V.C. Li, C. Wu, H. Hoshiro, T. Saito, A. Ogawa, Measuring and modifying in-
terface properties of PVA fibers in ECCmatrix, J. Mater. Civ. Eng. 13 (2001) 399–406.

[19] W. Wang, S. Wu, H. Dai, Fatigue behavior and life prediction of carbon fiber re-
inforced concrete under cyclic flexural loading, Mater. Sci. Eng. A 434 (2006)
347–351.

[20] S. Wei, G. Jianming, Y. Yun, Study of the fatigue performance and damage mecha-
nism of steel fiber reinforced concrete, ACI Mater. J. 93 (1996) 206–212.

[21] Z. Jun, H. Stang, Fatigue performance in flexure of fiber reinforced concrete, ACI
Mater. J. 95 (1998) 58–67.

[22] P. Jun, V. Mechtcherine, Behaviour of strain-hardening cement-based composites
(SHCC) under monotonic and cyclic tensile loading: part 1-experimental investiga-
tions, Cem. Concr. Compos. 32 (2010) 801–809.

[23] P. Jun, V. Mechtcherine, Behaviour of strain-hardening cement-based composites
(SHCC) under monotonic and cyclic tensile loading: part 2-modeling, Cem. Concr.
Compos. 32 (2010) 810–818.

[24] S. Muller, V. Mechtcherine, M. Zydek, Behaviour of strain-hardening cement-based
composites (SHCC) subject to cyclic loading, in: H.W. Reinhardt (Ed.), 7th Interna-
tional RILEM Workshop on High Performance Fiber Reinforced Cement Composites
(HPFRCC), Stutggart, Germany, 2015.

[25] S. Qian, Influence of Concrete Material Ductility on the Behavior of High Stress Con-
centration Zones(PhD Thesis) University of Michigan, 2007.

[26] P. Suthiwarapirak, T. Matsumoto, T. Kanda, Multiple cracking and fiber bridging
characteristics of engineered cementitious composites under fatigue flexure, J.
Mater. Civ. Eng. 16 (2004) 433–443.

[27] J. Qiu, E.-H. Yang, Study on fatigue failure of polymeric fiber-reinforced strain-
hardening cementitious composites, in: E. Schlangen (Ed.), 3rd International
RELIM Conference on Strain Hardening Cementitious Composites, Netherlands,
Dordrecht, 2014.

[28] V.C. Li, C. Wu, S. Wang, A. Ogawa, T. Saito, Interface tailoring for strain-hardening
polyvinyl alcohol-engineered cementitious composite (PVA-ECC), ACI Mater. J. 99
(2002) 463–472.

[29] A. Katz, V.C. Li, A special technique for determining the bond strength of micro-fi-
bres in cement matrix by pullout test, J. Mater. Sci. Lett. 15 (1996) 1821–1823.

[30] Z. Lin, T. Kanda, V.C. Li, On interface property characterization and performance of
fiber reinforced cementitious composites, Concr. Sci. Eng. 1 (1999) 173–184.

[31] L. Pook, N. Frost, A fatigue crack growth theory, Int. J. Fract. 9 (1973) 53–61.

http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0005
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0005
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0010
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0010
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0010
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0015
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0015
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0020
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0020
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0020
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0025
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0025
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0030
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0030
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0035
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0035
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0035
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0040
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0040
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0045
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0045
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0050
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0050
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0055
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0055
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0060
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0060
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0065
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0065
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0070
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0070
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0070
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0075
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0075
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0080
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0080
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0085
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0085
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0090
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0090
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0095
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0095
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0095
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0100
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0100
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0105
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0105
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0110
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0110
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0110
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0115
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0115
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0115
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0120
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0120
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0120
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0120
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0125
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0125
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0130
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0130
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0130
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0135
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0135
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0135
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0135
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0140
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0140
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0140
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0145
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0145
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0150
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0150
http://refhub.elsevier.com/S0008-8846(16)30048-5/rf0155

	Fatigue-�induced deterioration of the interface between micro-�polyvinyl alcohol (PVA) fiber and cement matrix
	1. Introduction
	2. Experimental program
	2.1. Specimen preparation
	2.2. Single fiber fatigue pullout test

	3. Results and discussion
	3.1. Fatigue-induced fiber-matrix interface deterioration
	3.1.1. Fatigue-induced fiber debonding
	3.1.2. Fatigue-induced fiber-matrix interface deterioration of debonding stage
	3.1.3. Fatigue-induced fiber-matrix interface deterioration of slippage stage

	3.2. Effect of fiber surface oil-treatment

	4. Conclusions
	Acknowledgement
	References


