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Polyvinyl alcohol (PVA) fiber tends to rupture instead of pullout in
a cementitious matrix due to the strong chemical bonding to
cement hydrates and the slip-hardening response during pullout.
In order to achieve strain-hardening behavior at the composite
level, the micromechanical models suggest that the bond should be
lowered to an optimal range. Following this quantitative guidance,
the interface is engineered by applying oil coating to the fiber surface.
The experimental study confirms the effectiveness of this approach.
With an appropriate oiling agent amount, PVA fiber-reinforced
Engineered Cementitious Composites (ECC) with tensile strain
capacity exceeding 4% and with saturated multiple cracking
are demonstrated.

Keywords: chemical bond; slip; strain.

INTRODUCTION
Many infrastructure deterioration problems and failures

can be traced back to the cracking and brittle nature of concrete.
It is no wonder that significant research efforts have gone
into attempts at enhancing the ductility of concrete materials.
To date, the most effective means of imparting ductility into
concrete is by means of fiber reinforcement. Most fiber-
reinforced concrete results in enhanced postpeak tension-soft-
ening behavior under tensile load. This improved toughness is
useful in resisting the propagation of cracks into major frac-
tures by energy absorption in the bridging actions of fibers in
the fracture process zone.1

While the fracture toughness of concrete can increase by
an order of magnitude by fiber reinforcement, the tensile
strain capacity usually remains little changed. In recent
years, efforts to convert this quasibrittle behavior of fiber-
reinforced concrete (FRC) to ductile strain-hardening behavior
resembling ductile metal have met with varying degrees of
success. In most instances, the approach is to increase the
fiber content as much as possible, and processing techniques
are adapted to overcome the resulting workability problem.
Cement-based composites such as slurry infiltrated fiber
concrete (SIFCON) and slurry infiltrated mat concrete
(SIMCON) are good examples of this approach, which utilizes
from 5 to 20% volume content of steel fibers. The drawback
of such an approach is that the range of suitable applications is
limited by the special processing needs. Also, high-fiber
content leads to high material cost that further restricts the
practical applications of such materials.

Starting with the classical work of Aveston, Cooper, and
Kelly on the micromechanics of strain-hardening in cement
composites reinforced with aligned continuous fiber,2 the
last decade has seen rapid development of understanding in
the micromechanics of strain-hardening in cementitious
composites reinforced with short randomly distributed fibers.3,4

The new knowledge has provided an excellent foundation
for the design of strain-hardening cementitious composites

(engineered cementitious composite, or ECC) with tensile
strain capacity in excess of 3%. In comparison, materials like
SIFCON and SIMCON typically have tensile strain capacities
of less than 1.5% when measured by uniaxial tension tests
using dog-bone-shaped specimens with a cross section of
76 x 38 mm (fiber length 30 mm).5 The tensile strain capacity
of a commercial fiber-reinforced cementitious composite
known as DUCTAL has a tensile strain capacity of less
than 0.5%.6

Li reported an ECC reinforced with 2% ultra-high molecular
weight polyethylene fibers having a tensile strain capacity of
6 to 8%.7 Using very large-sized “compact” tension specimens
(585 x 490 x 35 mm), the fracture toughness of this material
was determined to be more than 35 kJ/m2, approaching that
of aluminum alloys.8,9 Significant damage tolerance of this
PE-ECC was demonstrated using a series of uniaxial tension
specimens with different notch lengths.10 Maalej and Li
illustrated the application of such ductile materials in the
form of a concrete cover in a reinforced concrete (R/C)
beam.11 Under 4-point loading, the standard R/C beam expe-
rienced a crack width in the concrete cover of 1.6 mm at peak
load, while the R/C beam with the PE-ECC cover experi-
enced a crack width of 0.2 mm at a similar load level. This
test result suggests the potential use of materials like ECC in
enhancing structural durability. ECC is being investigated
for use in earthquake-resistant structures.12-14

Practical applications of ECC, however, are limited by the
high cost of ultra-high molecular weight polyethylene fibers.
In search of a replacement, polyvinyl alcohol (PVA) fiber
has emerged as the most promising alternative. Other low-
cost fibers, such as Nylon, low-density polyethylene fiber,
and polypropylene fiber, are less suitable due to low tensile
strength and low modulus of elasticity. A number of attempts
at applying off-the-shelf PVA fiber, however, have resulted
in composites with significantly lower tensile strain capacities
on the order of 0.5 to 1.0% even if as much as 4% fiber volume
fraction is used.15,16 The present paper describes a systematic
approach at developing a PVA-ECC with a tensile strain
capacity of 4 to 5%. The special PVA fiber used is a result
of applying micromechanical models to tailor the fiber
geometric and mechanical properties conducted at the
University of Michigan and the fiber spinning and heat
treatment technology developed at Kuraray Corp. Devel-
opment of a ductile composite requires tailoring the fiber,
matrix, and interface. Information on fiber tailoring can be
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found in Wu.17 An initial study on matrix tailoring using fine
sand was reported in Li, Wang, and Wu.18 In this paper,
focus is placed on the tailoring of the fiber/matrix interface
to create the extremely ductile PVA-ECC composite.

The challenge of using PVA fibers in cementitious matrix
reinforcement is that PVA fibers tend to develop very strong
chemical bonding with cement due to the presence of the
hydroxyl group in its molecular chains. This high chemical
bonding leads to a tendency of fiber rupture and limits the
tensile strain capacity of the resulting composite.16 Further-
more, Redon et al.19 observed a strong slip-hardening response
during fiber pullout that can lead to a shear-delamination
failure of the PVA fiber. The objective of interface tailoring
for PVA fibers is to control the interface bond and the slip-
hardening behavior. In this paper, a fiber coating in the form
of an oiling agent is adopted as the means of interface
properties control.

In the following, the micromechanics theoretical basis of
interface tailoring is first reviewed. The interface properties
test and composite properties test, as well as the materials
used in the experimental program, are then summarized.
Results on the influence of different oiling content on the
interface properties and composite properties are then reported
and discussed. Conclusions are drawn on the effectiveness of

this micromechanics-based interface tailoring approach for
tensile strain-hardening of PVA-ECC.

RESEARCH SIGNIFICANCE
This paper presents the development of the PVA-ECC in

the context of material design under the guidance of micro-
mechanical tools. Specifically, this study illustrates how the
fiber/matrix interface may be engineered to accommodate
the requirements imposed by the micromechanical models
thus highlighting the importance of interface tailoring on the
composite performance. This micromechanics-based material
design approach is broadly applicable to achieving high-
performance composites with low fiber content for cost-
effective structural applications.

THEORETICAL GUIDELINES FOR
INTERFACE TAILORING

The micromechanics of tensile strain-hardening for cemen-
titious composites reinforced with randomly oriented short
fibers have been extensively studied. These studies focus on
two aspects: the requirement of bridging properties of fibers
in the form of stress-crack opening σ−δ relationship, or simply
σ(δ) for steady-state crack propagation20, 21 necessary for
composite strain-hardening behavior, and the influence of
interface and fiber properties on the σ−δ relationship.3 When
combined, these analyses lead to guidelines for the tailoring
of fiber, matrix, and interface to attain strain-hardening with
the minimum amount of fibers.7 In this section, the require-
ments on interface properties of PVA fibers for creating
strain-hardening PVA-ECC is highlighted. This serves as the
theoretical background for the experimental investigation on
interface and composite characterization studies to be presented
in the following.

Steady-state crack propagation means that a crack increases
in length at constant ambient tensile stress σss while maintaining
a constant crack opening δss (a flat crack, with the exception
of a small region near the crack tip). Marshall and Cox
showed that this phenomenon prevails (over that of the typical
Griffith type crack) when the condition1

(1)

is satisfied. In Eq. (1), Jtip approaches the matrix toughness
Km

2/Em at small fiber content, appropriate for ECC because less
than 3% fiber by volume is used. (The matrix fracture toughness
Km and Young’s Modulus Em are sensitive to the details of
mixture design, such as water-cementitious material ratio [w/c]
and sand size and content.) The right-hand side of Eq. (1)
may be interpreted as the energy supplied by external
work less that dissipated by the deformation of the “inelastic
springs” at the crack tip process zone opening from 0 to
δss. The inelastic springs concept is a convenient means of
capturing the inelastic processes of fiber deformation/
breakage and interface debonding/slippage of those fibers
bridging across the crack faces in the process zone. Hence,
Eq. (1) expresses the energy balance (energy demanded and
supplied to crack tip) per unit crack advance during
steady-state crack propagation. 

Figure 1 schematically illustrates this energy balance concept
on a σ(δ) plot. The right-hand side of Eq. (1) is shown as the
dark shaded area and is often referred to as the complementary

Jt ip σssδss σ δ( ) δd

0

δss

∫–=
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Fig. 1—Typical σ(δ) curve for strain-hardening material.
(Shaded area represents right-hand side of Eq. (1);
hatched area represents maximum complementary
energy Jb′ of composite.)
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energy. Since the maximum value (light shaded area) of this
complementary energy Jb′ occurs when the shaded area
extends to the peak stress σ0 and crack opening δ0, it implies
an upper limit on the matrix toughness for steady-state crack
propagation mode:

(2)

It is clear from Eq. (2) that the successful design of an ECC
requires the tailoring of matrix, fiber, and interface properties.
Specifically, the fiber and interface properties control the
shape of the σ(δ) curve and are therefore the dominant factors
governing Jb′. The composite design for strain-hardening
requires the tailoring of the fiber/matrix interface to maximize
the value of Jb′. This paper examines the effectiveness of
achieving high ductility via high values of Jb′ by surface
coating of PVA fiber using an oiling agent.

The shape of the σ(δ) curve and especially the rising
branch associated with Jb′ shown in Fig. 1 is related to a
number of fiber/matrix interaction mechanisms. In the simplest
case when fibers and matrix are in frictional contact only, the
slope of the rising branch of the σ(δ) curve, or the stiffness
of the bridges, is mainly governed by the fiber content Vf , the
fiber diameter df, fiber length Lf and stiffness Ef, and the inter-
face frictional bond τ0. In the case when chemical bond Gd is
present, the starting point of the σ(δ) is not at the origin of
the plot but is shifted upwards. This reflects the need of a
certain amount of load on the fibers and interface before the
interfacial chemical bond can be broken. Dedonding is needed
to allow for deformation of the debonded fiber segment to
produce crack opening δ. Thus, the presence of Gd typically
diminishes the complementary energy Jb′. 

The peak value of the σ(δ) curve is mainly governed by Vf ,
df , Lf , τ0 in the case of simple friction pullout. An analytic
expression of σ0 can be found in Li.21 In the presence of Gd,
the higher load on the fiber can lead to fiber rupture. Thus,
for given fiber strength σf , the complementary energy Jb′
again decreases with Gd.

The above discussions suggest that high Gd value can
invalidate the inequality expressed in Eq. (2) for strain-
hardening. Figure 2(a) confirms this negative influence of
Gd on σ(δ) curves computed using the micromechanical
model of Lin, Kanda, and Li.22 This micromechanical model
accounts for the mechanical interactions between fiber and
matrix at the interface and is due to inclined fiber bridging,
as well as the random distribution nature of fiber location
(relative to the crack plane) and orientation. Most importantly,
the tendency of fiber rupture as the crack opens is included
in the model. An almost linear decay of Jb′ with increasing
Gd is found (Wu 2001, Fig. 2(b)). A 54% drop in Jb′ is observed
when Gd increases from 1 to 5 J/m2. Because of the presence
of the hydroxyl (OH) group in PVA, the chemical bond is high.
A single-fiber pullout test by Lin, Kanda, and Li. indicated a
typical value in the range of 3 to 5 J/m2. In comparison, the
commonly used polypropylene (PP) fiber typically has no chem-
ical bond (Gd = 0) in a cementitious matrix. 

Redon, Li, and Wu discovered that rupture of PVA fiber is
still possible even after the fiber has completely debonded.19

Typical single PVA fiber pullout curves are shown in Fig. 3.
The breaking of the chemical bond is clearly reflected in the
first load drop. Subsequently, the load increases again with

Km
2

Em

--------- σoδo≤ σ δ( ) δd

0

δo

∫– Jb′≡

fiber pullout. This increase is interrupted by a final sudden
load-drop. On examining the pullout segment, the fiber is
found to be severely damaged, often resulting in a pencil-
sharpened shape of the fiber end. The slip-hardening process,

Fig. 2—(a) Effect of interfacial fracture toughness Gd on
computed σ(δ) curve; and (b) effect of Gd on computed
complementary energy Jb′ and pseudo strain hardening
(PSH) index Jb′/Jtip,25 where Jtip = 5 J/m2 is assumed.

Fig. 3—Typical pullout behavior of PVA fiber from cementitious
matrix. Fiber embedded lengths are 0.56 to 0.71 mm.
Incomplete pullout occurs due to fiber rupture during
slip-hardening.

(a)

(b)
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associated with surface fibrillation and jamming of the fiber,
is beneficial to enhancing Jb′. Excessive slip-hardening,
however, can lead to premature fiber rupture and reduction
in Jb′.

A complete analytic model of the σ(δ) curve that includes
both chemical bond Gd and slip-hardening coefficient β can
be found in Lin, Kanda, and Li.22 This model was used by
Wu17 to determine targets of interface property tailoring. She
found that for the PVA fiber described in the section Experi-
mental Program, the optimal ranges of interfacial properties
are: Gd < 2.2 J/m2; τ0 = 1.0 − 2.1 MPa; and β < 1.5. These
parametric values were calculated based on an assumed value
of Jtip = 5 J/m2, typical for the type of cementitious matrix
used in this study.

EXPERIMENTAL PROGRAM
Two sets of experiments are conducted to investigate the

effectiveness of interface tailoring: single-fiber pullout test
at interface level and uniaxial tension test at composite level.
The major parameter investigated here is the effect of the oiling
agent amount on the interfacial bond properties. From the
single-fiber pullout test, the bond properties including τ0,
Gd, and β can be quantified.19 The amount of oiling agent
can then be adjusted to tailor the bond properties to the optimal
ranges previously described. A uniaxial tension test, which
characterizes the strain-hardening behavior, is then conducted
to verify the micromechanics model prediction.

Materials
The specific PVA fiber used in the present study has

mechanical and geometrical properties described in Table 1.
For the single-fiber pullout test, continuous fiber is used. The
apparent strength denotes the reduced fiber strength when the

fiber is embedded in cementitious matrix. The fibers are
coated with various amounts of a proprietary oiling agent that
reduces the hydrophilicity of the fiber surface. Five levels of
coating are applied: 0, 0.3, 0.5, 0.8, and 1.2%. These percent-
ages represent the ratio of the weight of oil coating to the
weight of the fiber. According to the manufacturer, the thick-
ness of the applied coating layer is about 100 nm and has
strong adhesion to the fiber surface; therefore, the loss of oil
coating during mixing is expected to be small.

The main components of the dry mixture consist of Type I
portland cement, along with fine sand (F110, 50 to 150 µm).
The chemical additives used are a dry viscosity agent (methyl
cellulose), a dry defoamer that reduces the air bubbles generated
by the viscosity agent, and a high-range water-reducing
admixture to adjust the workability. The complete matrix
composition, which is used in both the interface test and
composite test, is shown in Table 2. The fiber volume fraction in
composite is 2%.

Specimen configuration and preparation—
interface test

The specimen configuration and dimensions are shown in
Fig. 4. The specimens were prepared using a technique
described in detail in Reference 23. Continuous fibers were
taped to a plastic mold for alignment control. The matrix was
prepared and poured into the mold. Vibration was applied for
less than 2 min. A plexiglass plate was then placed over the
rectangular specimen to compact the material, and a wet
cloth was placed over the plate. This is to ensure a moist
environment and to avoid shrinkage cracks from forming.
The specimens were demolded after 48 h to secure a hardened
state. After demolding, the specimens were wrapped in wet
cloths until testing. Fifty to 60% humidity was maintained
and the wet cloths were periodically moistened to avoid drying.
After 21 days, the specimens were tested. The day before
testing, the specimens were cut with a diamond saw under
running water to the desired thickness, which was also the
fiber embedment length. The specimens were then laid out
to dry for 1 day. The curing conditions were chosen to
simulate that of the composite tests, where the specimens
were wet cured and then dried for 1 day before testing.

Specimen configuration and preparation—
composite test

The specimen measured 304.8 x 76.2 x 12.7 mm (L x W x
H) in the shape of a rectangular coupon. The gage length of
the specimen was approximately 185 mm. Typically three or
four specimens were tested for each material composition.

In a small mixer with a planetary rotating blade, the cement,
sand, and defoamer were dry mixed for approximately 1 to
2 min at low speed. During this time, the methyl cellulose

Fig. 4—Pullout specimen configuration: (a) Cast specimen
with multiple fibers; and (b) cut specimen with single fiber.

Table 1—Properties of PVA fiber
Nominal 
strength, 

MPa

Apparent 
strength, 

MPa
Diameter, 

µm
Length, 

mm

Young’s 
modulus, 

GPa
Elongation, 

%

1620 1092 39 12 42.8 6.0

Table 2—Matrix composition

w/c s/c SP, %
Viscosity 

agent Defoamer, %

0.45 0.6 2.0 0.15 0.05

(a)

(b)
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was fully dissolved in a portion of the measured water to
form a liquid solution. After the dry contents were fully
mixed, the remaining water was added and mixed for another
2 min at low speed. Shortly after, the methyl cellulose solution
was added and mixed for approximately 10 min to completely
activate the absorption of the methyl cellulose onto the cementi-
tious particles. Then the high-range water-reducing admixture
was added and mixed at a higher speed for approximately
1 to 2 min. Finally, the fibers were manually added in
small amounts until all fibers were dispersed into the
cementitious matrix.

After the mixture was completed, the material was poured
into greased plexiglass molds. The specimens were then
vibrated for approximately 3 to 4 min while the specimen
surface was smoothed over with a spatula. The smoothness
of the specimen surface was important to prevent failure at
the grips since aluminum plates for tension gripping would
be glued onto both sides at each end of the specimen. In
addition, large air bubbles can be entrapped underneath the
paper towels placed over the surface after casting. Variability
in air bubbles can alter the crack pattern because flaw size
distribution governs the first crack strength and the matrix
cracking thereafter. After casting, the specimens were hardened
for 24 h and then demolded. The specimens were then cured
in a water tank at room temperature for approximately 14 days.
It had been found that after 7 days, the tensile properties of
ECC composites did not change much; therefore, 14 days
curing was chosen for testing.24 One day before testing, the
specimens were taken out of the water tank to glue onto the
aluminum plates. 

Single-fiber pullout test setup
The pullout tests were conducted on a load frame with the

specimen configuration shown in Fig 5. A 10 N load cell was
used with 1.97 N range to measure the pullout load of the
fibers with a displacement rate of 0.02 mm/s. The displacement
shown on the pullout curve in Fig. 3 was measured as the
actuator (± 10 mm stroke) movement. Fiber-free length was
kept at a maximum of 1 mm. The displacement pertaining to
peak debonding load Pa was approximately 0.1 mm. This
value was subtracted from the slippage distance for the calculation
of β. The bottom of the specimen was glued onto the metal
plate that was screwed into the small load cell. The fiber-free

end was then glued to an aluminum plate and then secured
with tape. A microscope was used to ensure that the fiber was
properly aligned normal to the matrix.

Uniaxial tension test setup
Tensile coupon specimens were tested in a load frame with

a 25 kN capacity with fixed hydraulic grips. The displacement
rate used was 0.0025 mm s–1 throughout the test for both
elastic and inelastic portions of the tensile response. The test
setup is shown in Fig. 6. Two linear variable displacement
transducers (LVDTs) were placed on each side of a specimen
to measure the uniaxial strain with an approximate gage
length of 185 mm. Aluminum plates were glued (with epoxy)
on both ends for adequate gripping conditions. Special attention
was given to ensure proper alignment of the specimens with
the hydraulic grips. The load frame machine works in
conjunction with computer software for data collection. The
load and actuator displacement data were recorded. Crack
openings were measured with an optical microscope with a
video output utilizing a 200X magnification after testing,
where the width of the final failure crack was not counted. The
experimental crack spacing was measured by counting the
number of cracks under the microscope within a constant
specified length. In this case, a constant length of 150 mm in
the middle of the specimen was used. Typically, this procedure
involved more than 60 cracks for a multiple-crack saturated
specimen. The length was then divided by the number of
cracks to determine the crack spacing xd.

EXPERIMENTAL RESULTS
Oiling effect on interface properties

Figure 7(a) to (c) show the effect of oiling quantity on
τ0, Gd, and β . Complete data on these interface properties
are tabulated in Table 3. The model and method of extracting
these parameters from single-fiber pullout curves have
been documented in detail in Reference 22. The targeted

Fig. 5—Test setup of single fiber pullout test.

Fig. 6—Test setup for uniaxial tensile test (note: all
dimensions in mm).
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ranges indicated in Fig. 7 are the optimal ranges men-
tioned in the earlier section on Theoretical Guidelines for
Interface Tailoring.

The general trend is that the interfacial bond properties
significantly decrease with the increase of oiling quantity.
For example, the average τ0 is reduced from 2.44 MPa for a
nontreated fiber to 1.11 MPa for a 1.2% oiled fiber. The drop
of the chemical bond Gd is more dramatic. For nontreated fibers,
the average chemical bond Gd is 4.71 J/m2, which drops to
1.61 J/m2 at 1.2% oiling content. The oiling agent also reduces
the slip-hardening effects. The slip-hardening coefficient β
for non-oiled fibers reaches as high as 2.9. This drops to
about 1.2 for 1.2% oiled fibers. 

The influence of oiling on the pullout behavior of the
fiber can be appreciated by comparing Fig. 8(a) and (b).
Figure 8(a) shows the ruptured end of a non-oiled PVA

fiber, which shows severe delamination failure. When
0.8% oiling is applied, the delamination effect almost completely
disappeared, allowing the full embedment length to slide out
with little damage. The possible scenario of the delamination
process is illustrated schematically in Fig. 9. Figure 9(a) shows
the progressive damage of the fiber as it is pulled out from the
matrix. The delamination shaves the fiber into a sharp tip
towards the deep embedment end because this end travels the
most distance in contact with the matrix material prior to exiting
the matrix. The four stages of fiber damage illustrated in Fig. 9(a)
correspond to the four loading stages in Fig. 9(b), which repre-
sents a typical single-fiber pullout curve. Shortly after Stage 3,
the fiber completely loses contact with the matrix, with a sudden
load drop and a pullout segment lpo less than the original
embedment length le.

Fig. 7—Effect of oiling content on interfacial properties.

Fig. 8—Effect of oiling agent on delamination of PVA fiber:
(a) Ruptured end of non-oiled fiber; and (b) pulled out end
of oiled fiber.

Table 3—Effect of oiling on interfacial properties 
and micromechanical predictions of 
complementary energy Jb′′*

Oiling 
quantity, 

% τ0, MPa Gd, J/m2 β Jb′, J/m2 Jb′/Jtip

0.0 2.44 ± 0.49 4.71 ± 0.58 2.21 ± 0.71 3.64 − 6.63 0.73 − 1.33

0.3 2.15 ± 0.19 3.16 ± 0.66 2.31 ± 0.19 5.17 − 13.8 1.03 − 2.76

0.5 2.14 ± 0.15 2.96 ± 0.75 1.82 ± 0.23 7.68 − 13.6 1.54 − 2.72

0.8 1.98 ± 0.13 2.18 ± 0.39 1.18 ± 0.34 12.5 − 20.7 2.50 − 4.14

1.2 1.11 ± 0.13 1.61 ± 0.60 1.15 ± 0.17 24.2 − 38.1 4.84 − 7.62
*Jtip ~ 5 J/m2 assumed for Jb′/Jtip calculations.
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Oiling effect on composite properties
The stress-strain curves and the corresponding crack

patterns of all five sets of specimens with 0, 0.3, 0.5, 0.8, and
1.2% oiling content are shown in Fig. 10 to 12 and Table 4.
Because the specimen thickness 12.7 mm is at the same order
of fiber length 12 mm, fiber orientation is expected to slightly
cluster to the plane normal to thickness direction, although a
fiber dispersion very close to 3D random distribution is expected
to be a reasonable assumption. Nonetheless, interpretation of
the presented strain capacity should be restricted to the
specimen configuration adopted in this test.

The nontreated fiber composites barely exhibit multiple
cracking behaviors, with an averaged strain capacity below
1%. Few cracks are observed (Fig. 11(a)), and the crack
spacing ranges from 15 to approximately 40 mm.

The 0.3% oiled fiber composites show a marginally improved
tensile strain capacity of 1.6 ± 0.33%. The crack pattern
(Figure 11(b)) shows relatively uneven crack spacing,
reflecting unsaturated multiple cracking. The averaged
crack spacing is 8 mm. 

For the 0.5% oiled fiber composites, the average tensile
strain capacity increases to 2.7 ± 0.8%. The higher strain
capacity is accompanied by an increase in the number of
multiple cracks and a larger crack opening of 52 µm. One of
the composites reaches a strain level of 3.8%, indicating that
material variation is an important factor in attaining strain-
hardening behavior for this fiber. The average crack spacing
for this set of specimens is 4 mm. The crack pattern of a 0.5%
oiled fiber composite is shown in Fig. 11(c). This particular
specimen has a strain capacity of 2.8%. 

For the 0.8% oiled fiber composites, the strain capacity
achieves an average value of 3.8 ± 1.1%. One of the specimens
reached a strain level exceeding 5%, of which the crack pattern

approaches full saturation (Fig. 11(d)), and the average crack
spacing is approximately 2.5 mm.

Further increase of the oiling agent to 1.2% improves the
consistency of the composite behavior, leading to an average
strain of 4.88%. The increase in strain capacity is mainly contrib-
uted by the wider crack opening, which reaches an average value
of 88 µm because the crack spacing does not show further reduc-
tion when compared with the 0.8% oiled composites.

DISCUSSIONS
From the composite test results, it is evident that increasing

the oiling agent (at least within the range of this experimental
investigation) leads to an increase in tensile strain capacity,
accompanied by a larger crack width and reduced crack
spacing. The strain capacity shows an almost linear increase
from 1.5% to approaching 5%. The strain increase of the
0.5% oiled composites over the strain capacity of the 0.3%
oiled composites appears to have derived from the more than
doubling of the number of multiple cracks (crack spacing
reduced from 7.5 to 3.5 mm). This suggests that the 0.3%
oiled composite may be in a transition from quasibrittle to

Fig. 9—(a) Fiber delamination during slip-hardening; and
(b) at various stages of pullout process illustrated on P-u
curve.

Fig. 10—Effect of oiling agent content on tensile stress-
strain curve of composites with: (a) 0%; (b) 0.3%; (c) 0.5%;
(d) 0.8%; and (e) 1.2% oiling content.

Table 4—Effect of oiling agent content on 
experimentally measured tensile properties

Oiling 
quantity, 

%

First crack 
strength σfc, 

MPa

First tensile 
strength σcu, 

MPa

Strain 
capacity εcu, 

%

Crack 
opening xd, 

mm

Crack 
opening, 

µm

0.0 3.11 ± 0.23 4.89 ± 0.07 0.99 ± 0.57 27.00 ± 
12.00 43 ± 20

0.3 2.63 ± 0.43 4.72 ± 0.17 1.55 ± 0.33 7.50 ± 2.80 44 ± 7

0.5 2.35 ± 0.21 4.09 ± 0.22 2.73 ± 0.78 3.50 ± 1.10 52 ± 10

0.8 2.90 ± 0.10 4.62 ± 0.36 3.81 ± 1.14 2.50 ± 0.33 71 ± 9

1.2 2.92 ± 0.06 4.41 ± 0.15 4.88 ± 0.59 2.80 ± 0.52 88 ± 12

(a)

(b)
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strain-hardening behavior, that is, the inequality in Eq. (2) is
barely satisfied. In fact, the measure Jtip for this matrix is
between 4.5 to 7.2 J/m2. In contrast, the further strain increase
of the 0.8% oiled composites over the strain capacity of the
0.5% oiled composites appears to have derived mainly from
the significantly enhanced crack opening (from 52 to 71 µm).
The relatively smaller crack spacing reduction from 3.5 to
2.5 mm suggests that multiple crack saturation is being
approached with the 0.8% oiling content, and this is further

Fig. 11—Effect of oiling agent content on multiple crack
pattern of PVA-ECC: (a) 0% (εcu = 0.9%); (b) 0.3% (εcu =
1.9%); (c) 0.5% (εcu = 2.8%); (d) 0.8% (εcu = 3.6%); and
(e) 1.2% (εcu = 4.7%).

Fig. 12—Influence of oiling content on: (a) tensile strain
capacity; (b) crack spacing; and (c) crack opening.

(a)

(b)

(c)

(d)

(e)
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confirmed by no further reduction in crack spacing of the
1.2% oiled composites. In Reference 25, Kanda and Li
proposed that to achieve saturated strain-hardening cracking,
the index Jb′/Jtip should be larger than 3 to account for the
material constituent variations along the length of the specimen.
Although this criterion was established on the experimental
observation from the polyethylene ECC composites, it is
also consistent with the findings in this study. As shown in
Table 3, the index Jb′/Jtip increases with higher oiling content
and reaches 3 at about 0.8%, which is also the transition
point of cracking saturation. 

The properties trends for the composites (Fig. 12) are con-
sistent with those for the fiber/matrix interface as presented
in Fig. 7. As the oiling content increases, the interface prop-
erties drop, allowing the fibers to slip out with less damage
and rupture, and enhancing the bridging properties and com-
posite tensile strain capacity. Furthermore, the prediction of
optimal chemical bond Gd less than 2.2 J/m2 and frictional
bond τ0 of 1.0 to 2.0 MPa by Wu17 for Jb′ high enough for
saturated multiple cracking appears to be born out by these
experiments. Specifically, the experimental results on interface
properties in Fig. 7 suggest that the oiling content should be
at least 0.8% to achieve the desired Gd and τ0. The exper-
imental results on composite properties in Fig. 11 and 12
confirm that the 1.2% oiled composite possesses the highest
tensile strain capacity with the best multiple-crack saturation
while the 0.8% oiled composite already shows satisfying
strain-hardening and multiple cracking behavior.

The correlation between composite test results and single-
fiber test results can be further studied by examining the
length of protruding fibers from a fracture surface of the
composite by completely separating two halves of a speci-
men. Figure 13 confirms the expectation that more and longer
embedded fibers can be pulled out in the increasingly higher
oiled composite. For example, the highly oiled (1.2%)
composite shows a protruded fiber length averaging approxi-
mately 2 mm, while the non-oiled composite shows the majority
of protruded fiber lengths below 1 mm, indicating a heavier
degree of fiber rupture. This means that in the highly oiled
composites fewer fibers are damaged by the delamination
process depicted in Fig. 8 and 9. However, it should be pointed
out that for complete pullout, the protruded fiber lengths
should vary between 0 and 6 mm, with an average of 3 mm
for random fiber orientation because the fiber length is 12 mm.
Hence, even for the 1.2% oiled fiber, some amount of these
fibers are likely rupturing in the composite, most likely during
the slip-hardening stage.

By reducing the interface properties Gd, τ0, and β, the
higher oiling content also reduces the bridging stiffness or
the slope of the σ(δ) curve of the resulting composites. This
implies that for a given load level during composite strain-
hardening, it may be expected to experience the larger crack
opening δ. This is consistent with the experimentally
monitored crack width (Fig. 12(c)).

CONCLUSIONS AND FURTHER DISCUSSIONS
The following conclusions can be drawn:
1. Unlike many common fiber/matrix composite systems,

the bonding between PVA fiber and a cementitious matrix is
too high and needs to be lowered. The oiling agent is dem-
onstrated via a single-fiber pullout test to be effective in
counteracting the excessive chemical bond and slip-hardening
effect for PVA fibers in cementitious composites;

2. Tensile strain-hardening with strain capacity in excess
of 4% can be achieved with PVA fiber-reinforced ECC
composites provided that the interface is properly tailored to
control the magnitudes of Gd, τ0, and β. The oiling content
of 1.2% gives the best result in this series of tests; and

3. A micromechanical model of tensile strain-hardening in
cementitious composites provides useful guidance for micro-
structure tailoring. In this experimental study, the effective
guidance for interface property tailoring for high Jb′ is revealing.

While this paper focuses on tailoring of the fiber/matrix
interface for strain-hardening in PVA-ECC, it is important to
point out that a holistic approach is necessary for truly optimal
composite design. Tailoring of the fiber, matrix, and fiber/

Fig. 13—Micrographs showing protruded fibers on fracture
surfaces of PVA-ECC specimens with: (a) 0%; (b) 0.5%;
and (c) 1.2% oiling.
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matrix interface should be carried out in an integrative
scheme, as attempted by Wu.17 As an example, Li, Wang,
and Wu. demonstrated that the optimal amount of sand in the
matrix varies with the oiling content of the fiber due to the
matrix fracture toughness and pre-existing flaw distribution.18

This emphasizes the importance of treating ECC as a composite
system in which the three phases interact with one another.
The modification of one phase may necessitate the adjustments
of the other phases for truly optimal composite performance.

Furthermore, it may be expected that the optimal oiling
content could be different for composites manufactured with
different processing routes. For example, if an extrusion
method is applied,15,26 the microstructure of the interphasal
zone can be denser than that in composites formed by a normal
casting technique. For such composites, the oiling content
needed is likely higher to compensate for the increased bond
induced by the stronger compaction process.

Finally, it should be pointed out that the use of oiling is
only one means of tailoring the fiber/matrix interface. Recent
research in PVA-reinforced cementitious composites suggests
that the presence of fly ash in the matrix can influence the
interfacial behavior.19,27 Further investigations in the
combined use of oiling and fly ash are needed for continued
enhancement of composite performance.
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