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Effect of Fiber Volume Fraction on the Off-Crack-Plane Fracture
Energy in Strain-Hardening Engineered Cementitious Composites

In this paper, the results of an experimental study on the
effect of fiber volume fraction on the off-crack-plane frac-
ture energy in a strain-hardening engineered cementitious
composite (ECC) are presented. Unlike the well-known
quasi-brittle behavior of fiber-reinforced concrete, ECC
exhibits quasi-ductile response by developing a large dam-
age zone prior to fracture localization. In the damage zone,
the material is microcracked but continues to strain-harden
locally. The areal dimension of the damage zone has been
observed to be on the order of 1000 cm? in double cantilever
beam specimens. The energy absorption of the off-crack-
plane inelastic deformation process has been measured to
be more than 50% of the total fracture energy of up to 34
kJ/m’. This magnitude of fracture energy is the highest ever
reported for a fiber cementitious composite.

I. Introduction

HREE types of fracture modes have been observed in cemen-

titious materials (see Fig. 1 for a schematic illustration):
brittle, quasi-brittle, and ductile. Brittle fracture mode can be
observed in hardened cement paste material. It is characterized
by a very small microcrack zone at the crack tip (Fig. 1(a))
typically of submillimeter scale, low fracture energy of the
order of 0.01 kJ/m?, and a linear load versus load point displace-
ment (P-A) curve from a fracture test. Quasi-brittle fracture
mode can be observed in concrete and in most fiber-reinforced
cement or concrete (FRC). It is characterized by a bridging
process zone in addition to the small microcrack zone at the
crack tip (Fig. 1(b)). The bridging action provides additional
energy absorption through aggregate and/or ligament bridging
in concrete, and through fiber bridging in FRC, in the wake of
the crack front. For quasi-brittle materials, the fracture energy
extends over a large range, from 0.1 kJ/m? in concrete to several
kJ/m® in the case of FRC. Correspondingly, the process zone
size extends from millimeter scale to centimeter scale. The P-A
curve from a fracture test may involve a small non-
linear region near the peak load with a significant postpeak
tension-softening behavior. Ductile fracture mode has been
recorded recently by Li and Hashida' in double cantilever beam
(DCB) fracture specimens fabricated from a cement paste
matrix reinforced with 2% by volume of polyethylene fibers.
The recorded fracture behavior was characterized by the devel-
opment of an off-crack-plane microcracked zone (as shown
schematically in Fig. 1(c)) in addition to the bridging process
zone observed in quasi-brittle fracture mode. The areal dimen-
sion of this inelastic damage zone was observed to be more than

A. G. Evans—contributing editor

Manuscript No. 193785. Received February 28, 1994; approved September 30,
1994,

Supported in part by Grant No. BCS 9202097 from the National Science Foundation
to the University of Michigan. A U-M Rackham Predoctoral Fellowship Award sup-
ported the Ph.D. study of M. Maalej.

"Member, American Ceramic Society.

Mohamed Maalej, Toshiyuki Hashida,” and Victor C. Li

Advanced Civil Engineering Materials Research Laboratory, Department of Civil and Environmental Engineering,

3369

University of Michigan, Ann Arbor, Michigan 48109-2125

500 cm? leading to an extensive off-crack-plane inelastic
energy absorption. The total fracture energy consumed in the
fiber bridging fracture process zone, and in the inelastically
deformed material off the crack plane, was measured to be 24
kJ/m*. The recorded P-A curve from the fracture test revealed
an extended nonlinear region before reaching the peak load and
a significant postpeak tension-softening behavior.

The ductile fracture phenomenon observed in the 2% poly-
ethylene fiber composite was made possible by the strain-
hardening behavior of the composite material. Compared to
quasi-brittle materials, pseudo-strain-hardening materials are
characterized by their ability to sustain higher levels of loading
while undergoing large deformation under uniaxial tensile load-
ing. When cementitious materials are properly reinforced with
fibers, they can be made to exhibit pseudo-strain-hardening
behavior accompanied by multiple parallel cracking. Pseudo-
strain-hardening behavior has been demonstrated in continuous
aligned*® and discontinuous randomly distributed"*’ fiber-
reinforced cement materials. The conditions for pseudo-strain-
hardening in the latter materials have recently been worked
out based on micromechanics principles.*® The resulting
analytical tools have been used as guidelines for designing a
number of strain-hardening engineered cementitious compos-
ites (ECCs).*?

In the presence of a notch, some ECCs apparently have the
ability to transfer the stress away from the notch tip and give
rise to the development of microcrack damage. This process of
strain delocalization gives the composite a macroscopically
ductile fracture behavior, resulting in a highly damage-tolerant
material. For such materials, the total energy J, absorbed during
fracture is, therefore, composed of two components. The first
comes from the fiber pull-out process (bridging fracture energy
J,) on the main fracture plane, and the second comes from
the microcracking process (off-crack-plane fracture energy J,,).
The off-crack-plane fracture energy measured by Li and
Hashida' for the 2% polyethylene fiber composite was about
50% of the total fracture energy. In this paper, the results of an
experimental study on the effect of fiber volume fraction on the
off-crack-plane fracture energy are presented. The experimental

(a) Crack-tip
microcracking
(b)
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Fig. 1. Fracture process zone in (a) brittle cement, (b) quasi-brittle
concrete and FRC, and (¢) ductile ECC.
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program includes testing of uniaxial tension specimens to deter-
mine J, and DCB specimens to determine J,. The total fracture
energy is determined by means of the J-based technique,’ using
a set of DCB specimens with different notch lengths. The
off-crack-plane energy J,, is then deduced from the difference
between J, and J,.

II. Brief Description of the J-Based Technique

This section provides the principle of the J-based technique.
According to Rice,'® the path-independent integral defined as

ou;
J= J(W dy — T‘E ds) )

T

where W is the elastic strain energy density, T; is the traction
vector, u; is the displacement vector, T is a closed contour
followed counterclockwise in a stressed solid, and ds is an
element of I (see Fig. 2(a)), may be interpreted as the change
in potential energy for a virtual crack extension:

aUu
J 5a 2)
where U is the potential energy and a is the crack length. U can
be obtained from a global load deformation curve; therefore, by
the use of Eq. (2), J can be determined. As an example, consider
a DCB specimen loaded with a load level P, and a load point
displacement A (see Fig. 2(b)). Equation (2) implies

1 (%P
J) =3 j (£> dA’ 3)

However, since crack tip positions are difficult to locate accu-
rately, it would be almost impossible to directly evaluate Eq. (3)
by propagating a crack in a single specimen. An alternative and
approximate procedure is to use two identical DCB specimens
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>y

Bridging
process zone

Microcrack
damage zone

| Thickness: B
)

(b)

Fig.2. (a) J-integral contours around crack tip, (b) DCB fracture
specimen.
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with different notch lengths a, and a,. In this case, the integral
in Eq. (3) may be interpreted as the area between the P-A
curves for each of the two specimens divided by the difference
in notch length, i.e.,

1 Area(A
J(A) = 1 Areald)

Ba, — a

“

It is expected that J(A) increases from zero and asymptotically
approaches a steady-state value J.. When J, is reached in a
quasi-brittle material, a bridging process zone would have fully
developed. When J, is reached in an ECC material, a bridging
process zone and an off-crack-plane damage zone would have
fully developed. Further crack propagation can then be viewed
as a simple translation of these inelastic process zones along the
plane of the crack. In terms of an R-curve behavior, J. would
correspond to the plateau value of the R—Aa curve.

III. Experimental Program

(1) Materials and Specimen Configurations

The material selected for testing was a polyethylene-fiber-
reinforced cement. The constituent materials used and their mix
proportions are given in Table I. Type I portland cement was
used to form the matrix of the composite. The fiber length and
diameter were 12.7 mm and 38 wm, respectively. To study the
effect of fiber volume fraction on the off-crack-plane fracture
energy, uniaxial tension (UT), and fracture (DCB), specimens
with different fiber contents, ranging from 0.2% to 4%, were
prepared. The configurations and dimensions of the prepared
specimens are shown in Fig. 3 and Table 1I, respectively. It
should be noted here that as steady-state crack growth was not
observed by Li and Hashida' on the 2% polyethylene fiber
composite using the medium size DCB specimen, larger size
DCB specimens were used in this program to measure the
steady-state total fracture energy J. for composites where the
fiber volume fraction is equal to 2%, 3%, and 4%.

(2) Specimen Preparation

The polyethylene fibers are supplied from the manufacturer
in bundlelike form. Prior to mixing, the fibers were dispersed
using air pressure for approximately 1 min. Then the amount of
fiber needed for the mix was weighed. After measuring the
weight of all mix constituents, the cement was poured into a

Table I. Matrix Mix Proportions (by Weight)

Materials Cement Silica fume Superplasticizer Water
Mix proportions 1.0 0.10 0.01 0.27
L7 by
T . d
A g
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Fig. 3. Specimen configurations used.




December 1995

Table II. Geometry of Fracture and UT Specimens

w H B

Specimen (mm) (mm) (mm)
Small DCB 127 153 35
Medium DCB 310 300 35
Large DCB 490 585 35
uUT 76 207 13

three-speed (Hobart) mixer with a planetary rotating blade.
After starting the mixer, the silica fume was slowly added to the
cement. Then water and superplasticizer were mixed together
and slowly added. When all water and superplasticizer were
added and the cement paste mix became uniform, the dispersed
fibers were slowly added by hand to the mix. The total mixing
time ranged between 15 and 30 min, depending on the batch
size and the amount of fiber used (fiber volume fraction). Note
that the workability of the 3% and 4% (in particular) fiber
composites was not as good as that for the lower fiber volume
fraction composites. When the mix was ready, the specimens
were cast under high-frequency vibration (150 Hz) in already
greased Plexiglass molds. After casting, they were covered with
a polyethylene sheet and allowed to harden at room temperature
for 1 day prior to demolding. After demolding, the specimens
were placed in a water curing tank for 4 weeks. Subsequently
they were removed from water and prepared for testing. A thin
white coating of lime was applied on the specimens prior to
testing to better monitor the development of cracks. The age of
the specimens at testing was 30 to 60 days.

(3) Testing Procedure

The uniaxial tensile specimens were tested under displace-
ment control in a 133.5 kN capacity MTS 810 material-testing
system with hydraulic wedge grips. Aluminum plates were
glued onto the ends of the tension specimens to facilitate
gripping. Care was taken to ensure proper alignment of the
specimens with the machine hydraulic grips. The MTS machine
has a fully digital control panel and Teststar software to auto-
matically run the tests and collect the load and actuator dis-
placement data. In addition, two linear variable differential
transducers (LVDTs) connected to a data acquisition system
were used to measure the relative displacement between the
two points on the specimen surface (see Fig. 3). The gage
length for the measurement was approximately 207 mm. The
data acquisition system consisted of a Schaevitz LVDT signal
conditioner and Labtech Notebook software.

The fracture toughness tests were conducted in the same
MTS testing system as the UT tests. A clevis and pin arrange-
ment (similar to that recommended by ASTM E399-78) was
employed at both the top and bottom of the DCB specimens to
allow rotation as the specimens were loaded. The specimens
were loaded to complete failure with a constant crosshead
speed; the testing time was typically 40 min for each test. The
load-line displacement A was measured using two LVDTs.
Concurrently with the tests, damage evolution on the specimen
surface was recorded, using a camera.

IV. Results and Discussion

The purpose of the small DCB specimens is to measure the
elastic modulus and fracture toughness of the cement matrix.
These are used in predicting the critical fiber volume fraction
needed for the polyethylene fiber composite to exhibit pseudo-
strain-hardening behavior. These specimens yielded an average
matrix elastic modulus and fracture toughness of 13.6 GPa and
0.33 MPa-m'?, respectively. The elastic modulus was deter-
mined by the compliance method, and the K. of the cement
paste was measured following the ASTM E399-78 testing pro-
cedure. The dimensionless specimen compliance formula for
the DCB specimens was taken from Newman’s boundary collo-
cation analysis."' Because of its homogeneity and rather brittle
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behavior, hardened cement paste can be viewed as a model
material concerning the application of linear elastic fracture
mechanics to cementitious materials. This point was experi-
mentally confirmed by Mindess et al.'” Therefore, the K, mea-
surement of the cement paste matrix should be fairly accurate.

Examination of the pseudo-strain-hardening conditions as
outlined by Li®* indicated that this polyethylene fiber composite
can exhibit pseudo-strain-hardening behavior if the fiber vol-
ume fraction is greater than about 0.6%—0.8%. This estimate is
based on a fiber/matrix interface bond strength of 0.7-0.8 MPa
and a snubbing factor of 2.1 (this factor accounts for a local
frictional effect, called snubbing, resulting from the misalign-
ment between the axis of a fiber bridging a matrix crack and the
loading axis"). The bond strength has been experimentally
measured by a single-fiber pull-out test'* and from inference
from ultimate tensile strength and is known to depend on age,
matrix composition, and even fiber volume fraction. The snub-
bing factor has not been measured for this material system,
although polypropylene and nylon fibers in cementitious sys-
tems show snubbing factors of 1.8 and 2.3, respectively.? The
above discussion means that the 0.2% and 0.4% fiber compos-
ites are expected to exhibit quasi-brittle behavior, while the
0.8%, 1%, 2%, 3%, and 4% fiber composites are expected to
exhibit pseudo-strain-hardening behavior. As it will be shown
later, this was found to be the case.

Figure 4 shows a comparison between two stress—deforma-
tion curves recorded on uniaxial tension specimens. The first,
corresponding to the 2% fiber composite, shows a clear pseudo-
strain-hardening behavior with an average strain at peak stress
approximately equal to 6% (about 600 times the strain capacity
of the unreinforced matrix). For this composite, real-time
observation showed that multiple cracking occurred with many
subparallel cracks across the specimen during strain-hardening.
Beyond peak stress, localized crack extension occurred accom-
panied by fiber bridging. The second, corresponding to the
0.4% fiber composite, shows a behavior similar to that of quasi-
brittle material. After first cracking, the specimen failed by a
decaying bridging stesss. In either case, the fracture energy J,
due to fiber bridging may be computed by integrating the post-
peak stress—displacement relation.

Figures 5 and 6 show an example of stress—deformation and
damage record for a uniaxial tension specimen. As indicated in
these figures, although the specimen is already cracked at stage
(a), the material continues to sustain the applied load. At stage
(b) more cracks have developed in the specimen, but the mate-
rial is still capable of resisting higher levels of loading. As
further deformation is imposed on the specimen, further crack-
ing takes place (stage (c)). At stage (d), a single macrocrack has
already localized in the specimen and the material has started to
soften. The actual macrocrack was not recorded, but it has

5_ T T L T
: —Vf=2%
i ——Vf=0.4%

Stress, MPa

Displacement, mm

Fig. 4. Comparison between the UT stress—deformation response of
a quasi-brittle material and that of a strain-hardening material.
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Fig. 5. UT stress—deformation record.

occurred in a location close to the one shown on the left side
of Fig. 6(d).

Figure 7 shows an example of a load-displacement curve
recorded for a large DCB fracture specimen. It is seen that,
despite the presence of the deep notch, the material produces
significant damage tolerance subsequent to the bendover point.
Figure 8 presents the damage evolution recorded for various
load-line deformation values indicated in Fig. 7. It is particu-
larly noted that an extensive microcrack damage zone spreads
around the notch tip before the localized crack starts to grow.

(c)

Vol. 78, No. 12
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Fig. 7. DCB load—displacement record.

Significant energy absorption is therefore expected from the
off-crack-plane volumetric inelastic process.

In order to illustrate the data analysis procedure of the
J-based technique, used in this paper to determine the total
fracture energy J, of the different materials, a set of experimen-
tal results for the 2% polyethylene fiber composite is presented
first. Figure 9 shows load-displacement records for two DCB
specimens with different notch lengths. The total fracture
energy J. can be evaluated by the use of Eq. (4):

(d)

Fig. 6. UT damage evolution as a function of deformation: (a) 8 = 0.63 mm, (b) 8 = 4.56 mm, (c) & = 8.58 mm, (d)d = 12.11 mm.
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where subscripts 1 and 2 refer to the two different notch
lengths, B is the specimen thickness, A, is the load line dis-
placement at which the two P/B — A curves meet, and S is
the area between P/B — A curves of the two specimens, as
exemplified in Fig. 9. The measured total fracture energy J, can
be interpreted as the total energy flux provided by the applied
load and elastic strain energy release and must therefore be
equal to the sum of the bridging fracture energy J,, and the
off-crack-plane fracture energy J,,.' Thus, the fracture energy
contribution J,, from the off-crack-plane microcracking may be
obtained from the difference between the J. and J, .

(d)

Fig. 8. DCB damage evolution as a function of deformation: (a) A = 3.10 mm, (b) A = 7.32 mm, (¢) A = 19.45 mm, (d) A = 23.16 mm.

The above procedure is repeated for the other fiber compos-
ites. The results are summarized in Fig. 10, which shows the
total fracture energy J. and the bridging fracture energy J,
plotted against the fiber volume fraction. In this figure, the
numbers in brackets indicate the maximum size of the inelastic
microcracked zone in units of cm?. Figure 10 shows that J, and
J, increase with increasing V;. Initially, the relationship is
almost linear, but then deviates from linearity and shows a
saturation behavior. This behavior is probably related to bond
deterioration at high fiber volume fractions due to fiber interac-
tion. This bond deterioration phenomenon, also observed in
steel fiber composites,’ is currently under investigation at the
University of Michigan. It can be deduced from Fig. 10 that the
off-crack-plane fracture energy increases with increasing fiber
volume fractions, and it is slightly higher than the bridging
fracture energy. Furthermore, we can see that the total fracture
energy, measured on the 4% fiber composite, is about 34 kJ/m>.
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Fig.9. DCB load—displacement records for J-based method.

This high energy absorption was accompanied by the develop-
ment of a microcracked inelastic zone covering an area of more
than 1200 cm? This magnitude of fracture energy is the highest
ever reported for a fiber cementitious composites. As indicated
in Fig. 10, the experiment revealed the existence of a critical
fiber volume fraction (between 0.4% and 0.8%), below which
the composite does not exhibit pseudo-strain-hardening behav-
jor. Overall, there was a consistency between the uniaxial ten-
sion tests and the fracture tests. The 0.8%, 1%, 2%, 3%, and 4%
fiber composites have shown multiple cracking on both the UT
and the DCB specimens. However, no multiple cracking has
been observed on any of the specimens made from the 0.2%
and 0.4% fiber composites. This result is consistent with
Fig. 10, which shows no J,, component for the 0.2% and 0.4%
fiber composites. It is also consistent with the earlier prediction
that the 0.2% and 0.4% fiber composites should exhibit a quasi-
brittle behavior.

It should be noted that, in all DCB specimens, the micro-
cracking zone did not spread up to the dimension of the beam
height. This confirms that steady-state crack growth has been
achieved in all specimens and the measured total fracture
energy reflects steady-state conditions. For the 2% fiber com-
posite, this point is further supported by Fig. 11, which shows
the total fracture energy J, plotted as a function of specimen
size. The ligament length is selected as a representative speci-
men dimension. The data points corresponding to the small and
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Fig. 10. Effect of fiber volume fraction on J, and J,. The estimated
critical fiber volume fraction is indicated by the shaded strip.
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Fig. 11. Effect of specimen size on the total fracture energy J..

medium size DCB specimens are taken from the initial study of
Li and Hashida.'

Engineered cementitious composites which exhibit pseudo-
strain behavior are very useful for applications where crack
width control is very important, such as water-tight structures,
water and sewage pipes, or even bridges where water is a
vehicle for aggressive agents that can attack concrete and/or its
reinforcement. In addition, the strain-hardening behavior gives
ECCs a significant advantage under flexural loading. In a three-
point bending test, Maalej and Li" found the flexural strength
of an ECC to be five times its tensile (first cracking) strength.
Note that the ratio of flexural strength to tensile strength for
quasi-brittle materials, such as regular FRC, has an upper bound
of three.

V. Conclusions

In this paper, an experimental study has been conducted on
the effect of fiber volume fraction on the off-crack-plane frac-
ture energy in a strain-hardening polyethylene-fiber-cement
composite. The fiber volume fraction was varied between 0.2%
and 4%. The experiment showed that the off-crack-plane frac-
ture energy increases with increasing fiber volume fractions in
a logarithmic fashion, and it can exceed the bridging fracture
energy on the main fracture plane. In addition, the total fracture
energy, measured on the 4% fiber composite, was about 34
kJ/mZ This high energy absorption was accompanied by the
development of a microcracked inelastic zone covering an area
of more than 1200 cm?. This magnitude of fracture energy is
the highest that has ever been achieved in fiber cementitious
composites. Moreover, the experiment revealed the existence of
a critical fiber volume fraction (between 0.4% and 0.8%), below
which the composite does not exhibit the damage-tolerant
behavior. Finally, these experiments, together with those of Li
and Hashida,' demonstrate that high damage tolerance can be
built into brittle matrix composites. The experience of the pres-
ent work can be transferred to other fiber and brittle matrix

types.
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