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Abstract High-Performance Fiber-Reinforced Cementitious Composite (HPFRCC) materials exhibit strain
hardening in uniaxial, monotonic tension accompanied by multiple cracking. The durability of HPFRCC
materials under repeated loading makes them potentially suitable for seismic design applications. In this
paper, the strain rate dependence of tensile properties
of two HPFRCC materials in cylindrical specimens is
reported from a larger study on strain rate effects in
tension, compression and cyclic tension–compression
loading. The cylindrical specimens were loaded in
monotonic tension at strain rates ranging from quasistatic to 0.2 s-1. To evaluate the impact of specimen
geometry on tensile response, coupon specimens
loaded in monotonic tension under a quasi-static strain
rate were compared to corresponding cylindrical
specimens made from the same batch of material.
Tensile strength and ductility of the HPFRCC materials were significantly reduced with increasing strain
rate. Multiple cracking, strain hardening, strain capacity, and the shape of the stress–strain response were
found to be dependent on specimen geometry. SEM
images taken of the fracture plane of several specimens
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indicated that pullout and fracture of the fibers
occurred for both HPFRCC materials studied here.
Keywords Fiber-reinforced  Ductile cementitious
composites  Strain rate  Tension testing

1 Introduction
High-Performance Fiber-Reinforced Cementitious
Composite (HPFRCC) materials are a class of fiberreinforced materials that exhibit strain hardening in
uniaxial, monotonic tension accompanied by multiple
cracking [22]. The strain hardening and multiple
cracking behavior of HPFRCC materials leads to
tensile strain capacities of 0.5–5%, depending on the
material and specimen geometry. The primary distinction between HPFRCC and FRC materials is the
ability to strain-harden and exhibit multiple cracking
with a relatively low volume fraction (less than 2%)
of fibers. The large tensile strain capacity of these
materials allows for a relatively large energy absorption capacity. For this reason, HPFRCC materials are
being heavily investigated for their use in seismic
applications (overviews in Billington [1], Li [13],
Parra-Montesinos [24], amongst others).
Simulation methods are needed to predict accurately the impact of using these materials in large
structures subjected to seismic loads. However, it is
not known if current constitutive models for HPFRCC
(e.g., [7]) must be modified to account for elevated
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strain rate response. Limited research has been
conducted on the rate dependence of hybrid and
single-fiber HPFRCCs in monotonic tension as discussed in Sect. 2.
The effect of strain rate on the tensile, compressive, and cyclic properties of HPFRCC materials was
investigated [5] and the results of the strain rate
dependence of tensile properties of two HPFRCC
materials investigated are presented here. Cylindrical
specimens were selected for investigation both
because of their potential ability to represent bulk
properties of HPFRCC cast in large elements and for
consistency with the larger study on compression and
cyclic tension–compression response, where cylindrical specimens were required. To assess the results
relative to the majority of tensile studies of HPFRCC
materials, which are conducted with thin coupon or
dogbone specimens, a small geometry study was also
conducted and is reported herein.

2 Background on HPFRCC materials
investigated
The two HPFRCC materials studied were Engineered
Cementitious Composites (ECC), which uses polymeric fibers (polyvinyl alcohol, PVA) with a coating
specific for ECC in a mortar matrix, and an HPFRCC
material consisting of high-strength, twisted steel
fibers, also in a mortar matrix.
ECC is designed to exhibit steady-state cracking in
uniaxial tension [14], resulting in the formation of
multiple, very fine cracks (less than 100 lm). During
the strain-hardening phase of loading, stress transfer
from the fibers to the matrix is through interfacial
shear alone and the fibers debond from the matrix. If
the fibers cannot debond, then they will rupture,
limiting the strain capacity of the composite. Maalej
et al. [17] investigated uniaxial tensile strain rate
effects in hybrid-fiber ECC (i.e., steel and polyethylene fibers). Tensile strength was reported to double
as the strain rate increased from 2 9 10-6 to
2 9 10-1 s-1, and multiple cracking, strain hardening and strain capacity were not affected. Yang and
Li [34] reported similar tensile strength increases for
ECC using PVA fibers alone and loaded at strain rates
from 10-5 to 10-1 s-1. Tensile strain capacity was
reported to have decreased significantly due to the
fiber interfacial chemical bond strength.

The second material investigated was a steel-fiber
HPFRCC, wherein strain hardening and ductility are
achieved by increasing the bond strength through
frictional resistance and mechanical anchorage of the
steel fibers during pullout. The steel fibers used have
a polygonal cross section and are twisted along their
longitudinal axis to give the fiber a helical shape.
During pullout, which generally occurs after first
cracking, the fibers tend to straighten, creating
additional resistance to pullout at relatively large
loads for slips as high as 70–80% of the initial
embedded length [20, 28]. While adhesion between
the fibers and the matrix is typically small, it has been
shown during dynamic pullout tests that bond
strength and bond stiffness both increase with crack
displacement rate for flat-ended steel fibers [21]. The
rate-sensitivity of high-strength, steel-fiber HPFRCC
materials in tension was examined by Kim et al. [11]
using strain rates of 10-4 to 10-1 s-1. Dynamic
increase factors up to 2.0 and 1.7 were observed for
the first-cracking strength and post-cracking strength,
respectively, depending on fiber type, fiber volume
fraction, and matrix strength. Strain capacity
remained largely unaffected by strain rate. The rate
sensitivity of twisted steel fibers during pullout tests
was attributed to radial and longitudinal cracking at
the fiber-matrix interface that occurs as the fibers
untwist during pullout. This rate sensitivity in fiber
pullout, however, did not lead to increased rate
dependence in composites with higher volume
fractions.
Previous research on rate-dependence in ECC
materials under uniaxial tension has been conducted
on thin (e.g., 12–25 mm) coupon specimens. Likewise for twisted, steel fiber HPFRCC studies, testing
has been carried out on thin (e.g., 25 mm) dogbone
specimens. The previously studied, thin specimens
are generally cast horizontally, which facilitates fiber
alignment in the direction of loading, and this
alignment may not be present in the materials when
cast in bulk for structural applications. Here, cylindrical specimens, cast vertically and having a diameter of 50 mm (1.6–4 times the length of the fibers
used) are investigated. In addition to the cylindrical
shape potentially being more representative of bulk
HPFRCC properties, it also facilitated consistent
specimen geometry in the larger testing program
involving compression and cyclic tension–compression testing [4, 5].
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3 Experimental program
In this research, HPFRCC materials and one mortar
were tested in monotonic tension at four strain rates
ranging from quasi-static to seismic-level (total of 32
specimens). The rate sensitivity of these materials in
tension was evaluated in terms of their first cracking
strength, post-cracking strength, and strain capacity.
Specific interest was paid to the strain capacity since
it is this property of HPFRCC materials that permits
energy absorption and makes them attractive to
seismic applications. In addition, a geometry study
was conducted in collaboration with researchers at
the University of Michigan (total of eight specimens)
to investigate the effects of specimen geometry on
strain capacity, and to observe differences in response
when the HPFRCC material was manufactured in
different laboratories.
3.1 Materials and fabrication
Three HPFRCC mix designs (Table 1) and one
reference mortar mix were evaluated to study the
effects of strain rate on the tensile response of
HPFRCC materials. Two HPFRCC mixtures were
ECC materials with a 2% volume fraction of short,
randomly distributed, high-modulus PVA fibers
(Table 2). The ECC mix contains fine silica sand
with an average particle diameter less than 0.2 mm.
The ECC mix design used for the strain rate
experiments, HP-E1, was repeated twice to test
reproducibility, with the first set of experiments
labeled as HP-E1A and the second set as HP-E1B.
The ECC mix design used for the specimen geometry
study is referred to as HP-E2. Note that the mix
designs for HP-E1 and HP-E2 differ significantly in
the amount of fly ash, w/cm ratio, and superplasticizer content. Additionally, HP-E1 contains methylcellulose which helps prevent the fibers from settling
during mixing and casting. No direct comparisons
across HP-E1 and HP-E2 will be made.

Table 1 HPFRCC mix
proportions by weight

The steel-fiber HPFRCC mix, HP-T1, was reinforced with a 2% volume fraction of 30-mm long steel
fibers (Tables 1 and 2). The fibers have a triangular
cross section (equivalent diameter of 0.3 mm) and are
twisted along their longitudinal axis. Flint silica sand
with a maximum particle diameter of 0.6 mm was
used. In addition to the HPFRCC mixes, a mortar mix
was also tested. The mix design for the mortar was
identical to the HP-E1 except without the fibers, and is
referred to as HP-EM herein. This mortar was studied
as a control for identifying the role that the PVA fibers
play in resisting tension in ECC at high strain rates.
Mixing was performed in a three-speed tabletop
mixer consisting of a vertical rotating paddle. The
paddle rotated both around the mixing bowl and on its
axis. The entire mixing process lasted approximately
35 min for HP-E1 and over an hour for HP-T1, due to
the difficulty in mixing a 2% volume fraction of steel
fibers in the tabletop mixer. Cylindrical specimens
(Fig. 1) were cast vertically in three lifts with tamping
and less than 10 s of vibration at each lift. All
specimens remained in their molds for 24 h with the
exception of HP-E1A, which remained in the molds
for 48 h. After demolding, specimens were wet-cured
at room temperature for 15 days and then placed in a
50% relative humidity environment for 12 days until
being tested at 28–29 days.
For the study of the effects of specimen geometry
on strain capacity, coupon specimens (30.5 cm 9
7.6 cm 9 1.3 cm) and cylinders (Fig. 1) of HP-E2
were cast from the same batch at the University of
Michigan. The cylinders were tested at Stanford
University concurrently with the coupons at The
University of Michigan at an age of 35 days. To the
best of the authors’ knowledge, cylindrical specimens
have not been previously used for examining the
effects of strain rate in HPFRCC materials. It is more
common to use coupon specimens or dogbones.
Cylindrical specimens in this work were used to stay
consistent with previous as well as subsequent work on
the rate-sensitivity of these HPFRCC materials in

HPFRCC

Portland
cement

Silica
sand

Class
F fly ash

Water

Methylcellulose

Superplasticizer

HP-E1

1.00

0.71

0.43

0.56

0.0027

0.003

HP-E2

1.00

0.80

1.20

0.53

0.0

0.03

HP-T1

1.00

1.00

0.15

0.40

0.0

0.0
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Table 2 Properties of fibers used
Fiber material

Diameter
(mm)

Length
(mm)

Density
(g/cm3)

Tensile strength
(MPa)

PVA

0.04

12

1.3

1600

40

Steel

0.3

30

7.9

2470

200

Fig. 1 Test set-up

compression and reversed-cyclic loading [4, 10]. As
will be later discussed, the geometry of the tensile
specimen chosen significantly affects the tensile
response of these materials and is a non-trivial
parameter.
3.2 Loading and test-set ups
In general, strain rates in reinforced concrete structures may be as high as 0.05–0.1 s-1 during an
earthquake [18, 25]. Therefore, to be consistent with
these rates, four strain rates were considered for this
test series: a quasi-static rate of 2 9 10-5 s-1, a
transitional rate of 2 9 10-4 s-1, and ‘‘seismic’’ rates
of 0.02 and 0.2 s-1. The two largest strain rates are
intended to bracket the rates that the HPFRCC might
experience in an earthquake.
For each strain rate, the HPFRCC specimens were
subjected to monotonic tension using the setup shown
in Fig. 1. Aluminum end caps were attached to the
specimens with high strength epoxy and connected
to a 250-kN, closed-loop servo-controlled MTS
machine with threaded rods, approximating fixedend boundary conditions (in reality, the actuator has
some flexibility and is not rigidly fixed against lateral
displacements). Three LVDTs were attached to the

Modulus of
elasticity (GPa)

end caps to measure the displacement along the full
length of the cylinders. Tests were conducted using
displacement control, where the control variable was
the average displacement of the three LVDTs. The
exception to this was the specimens of HP-E1A, in
which the displacement of the actuator was used as the
control variable. The gage length for these specimens
was the entire length of the cylinders, 10.2 cm.
For the study on specimen geometry, the HP-E2
cylinders were tested at Stanford in monotonic
tension at a quasi-static strain rate using the test
set-up of Fig. 1. The coupon specimens were tested at
The University of Michigan under the same loading
conditions as the cylinders, but using the test setup
described by Li et al. [15].

4 Experimental results
Results from monotonic tension tests of the mortar,
HP-E1, and HP-T1 mixes at elevated strain rates are
presented here. The phrase seismic rate corresponds
to the two highest strain rates, and DIF stands for
dynamic increase factor. Strain capacity is defined as
the strain at the onset of softening, and the hardeningphase strength is the average stress of a line fit
through the strain hardening region. Additional
details are given in Douglas [4].
4.1 Strain rate effect in mortar
The tensile response of the control mortar specimens at
various strain rates in terms of peak strength, strain,
and stiffness is given in Table 3. Mortar tensile
strength increased by 75 and 85%, respectively, from
the quasi-static value at the two highest (i.e., seismic)
strain rates. These results are consistent with the rate
dependence of concrete in tension, which has displayed increases of up to 100% in monotonic tension
under similar strain rates [2, 6, 12, 19]. The modulus of
elasticity of the mortar increased by 11–17%, although
the increase was not consistent with increasing strain
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Table 3 Performance of
mortar under increasing
monotonic tension strain
rates

Strain rate
(sec-1)

Peak strength
(MPa)

DIF for
peak strength

Strain at peak
strength (%)

Modulus of
elasticity (GPa)

Quasi-static

1.82

1.00

0.013

14.5

0.0002

2.30

1.26

0.014

17.0

0.02
0.2

3.19
3.36

1.75
1.85

0.021
0.022

16.4
16.1

rate. The magnitude of the increase in tensile modulus
agrees with that reported in the literature for the
modulus of concrete in tension [12]. It is noted that
similar increases in modulus have been reported
in compression as well as the trend of the increase in
modulus being less significant than the increase in
strength with increasing strain rate [3, 25–27, 31, 33].
4.2 Strain rate effect in HP-E1A and HP-E1B
Figure 2 shows the rate dependence of HP-E1A and
HP-E1B for a representative sample at each strain
rate. Average values for strength and strain capacity
of the three specimens tested at each strain rate are
presented in Table 4. In addition, the monotonic
tension response of all three HP-E1 specimens at the
extreme strain rates is presented in Fig. 3, giving an
indication of the variability in the test results. In
general, specimen-to-specimen variability within
each strain rate was relatively low, with a slightly
greater variability occurring at the two fastest strain
rates. The initial spike in the curves in Fig. 2 is
related to the specimen geometry, and represents the
formation of the first crack, which in these

experiments generally corresponds to the peak tensile
strength. By observation, the first crack propagated
throughout most of the cross section of the specimen,
which is in keeping with Li and Leung’s [14]
definition of first cracking. The initial spike is further
discussed in Sect. 5.1.
There was a consistent increase in first cracking
strength with strain rate for both HP-E1A and HPE1B, with a maximum increase of 81 and 69% at a
strain rate of 0.2 s-1, respectively. This increase in
first cracking strength is comparable to that of the
mortar, which was 75 and 85% for strain rates of 0.02
and 0.2 s-1, respectively. The first cracking strength
of the HP-E1 specimens is significantly greater than
that of the mortar alone, which has been attributed to
fiber bridging once cracking initiates, but prior to the
crack propagating through the entire cross-section of
the specimen [14].
The trend in the hardening-phase strength (which
often occurred at strengths lower than the first crack)
was significantly different between the HP-E1 mixes.
The hardening-phase strength of HP-E1A increased
by 120% when the strain rate was increased from a
quasi-static rate to a rate of 0.2 s-1. In contrast,

Fig. 2 Rate dependence of a HP-E1A and b HP-E1B in monotonic tension
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Table 4 Average response characteristics of cylindrical HPFRCC material specimens
Strain rate (sec-1)

HP-E1A
1st Crack
strength
(MPa)

HP-E1B
Hardening
strength
(MPa)

Strain
capacity
(%)

HP-T1

1st Crack
strength
(MPa)

Hardening
strength
(MPa)

Strain
capacity
(%)

1st Crack
strength
(MPa)

Hardening
strength
(MPa)

Strain
capacity
(%)

Quasi-static

2.51

1.73

0.51

2.91

2.30

0.44

2.76

2.08

0.51

0.0002

2.75

2.22

0.56

3.22

2.17

0.51

3.04

2.32

0.29

0.02

3.10

2.27

0.37

4.51

2.88

0.20

4.56

2.51

0.39

0.2

4.55

3.81

0.23

4.91

2.61

0.21

4.98

3.68

0.23

Fig. 3 Monotonic tension response of a HP-E1A and b HP-E1B at outermost strain rates

HP-E1B exhibited an increase of 25% at a rate of
0.02 s-1 and a smaller increase of 13% at a rate of
0.2 s-1. In fact, there was some overlap in the tensile
response of the quasi-static and 0.2 s-1 specimens for
HP-E1B (Fig. 3). The inconsistency between the HPE1A and HP-E1B specimens with respect to the rate
sensitivity of the hardening-phase strength appears to
be mostly due to experimental variability. The two
sets only differed in the control variable used in the
displacement control loading, and HP-E1A cured
24 h longer in the molds before demolding. Neither
of these differences is expected to have led to such
significant differences in the hardening phase
strength. Furthermore, both sets had very similar
increases in hardening-phase strength at the lower
seismic rate of 0.02 s-1. Therefore, it was only at the
upper seismic rate that the rate sensitivity of the two
sets deviated from each other. Finally, subsequent
experiments on the behavior of identical specimens

during reversed cyclic loading [4] have shown
strengths in the tension regime at a rate of 0.2 s-1
that fall between the strengths of HP-E1A and HPE1B. Thus, there was a high degree of batch-to-batch
variability with respect to the strengths achieved
during strain hardening. Note that the ability of the
HPFRCC specimens to strain harden will depend on
many factors, including matrix toughness and fiber
alignment. Fiber alignment (further discussed in Sect.
5.2) is influenced by specimen geometry, casting
direction, and casting method, all of which were
consistent in the specimens tested here.
The average tensile strain capacity for both sets of
HP-E1 specimens decreased by roughly 50% when
the strain rate was increased from a quasi-static strain
rate to 0.2 s-1 (Table 4, Fig. 3). Multiple cracking
was observed in the HP-E1 specimens (e.g., Fig. 4)
for the quasi-static strain rate, but was essentially not
present for the two fastest strain rates (further
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Fig. 4 Cracking in a
HP-E1B specimen

discussed in Sect. 5.2). Crack localization and
subsequent strain softening occurred where the first
crack had formed in all of the specimens, which is not
necessarily the case for ECC materials in general.
4.3 Strain rate effect in HP-T1
The rate dependence of HP-T1 is shown in Fig. 5,
and average values for the strength and strain
capacity at each strain rate are given in Table 4. In
many cases, the initial cracking behavior of the HPT1 specimens differed from that of the HP-E1 mix.
The spike at first cracking was less sharp and distinct
for HP-T1 than HP-E1 specimens. After the initial
strain hardening region post first cracking, the stress
decreases sharply and is then typically followed by a

Fig. 5 Rate dependence in monotonic tension of HP-T1 at
quasi-static and seismic strain rates

second region of strain hardening leading to localization (further discussed in Sect. 5.1).
Both the first-cracking strength and the average
hardening-phase strength of the HP-T1 specimens
increased monotonically with strain rate. The average
hardening-phase strength showed an increase of 77%
at the fastest seismic rate of 0.2 s-1 relative to the
quasi-static rate, and the first cracking strength
increased by 165%. The HP-T1 specimens exhibited
some residual strength that was not present in the HPE1 specimens. This residual strength appears to be
independent of strain rate, ranging from 0.7 to
1.0 MPa on average at 2% strain, and 0.4 to
0.65 MPa at 3% strain. Similar to HP-E1, increasing
the strain rate led to decreases in peak strain capacity
of the HP-T1 specimens. When loaded at a rate of
0.2 s-1, the strain capacity decreased by 55% compared to its value at a quasi-static rate. There was
very little multiple cracking observed for the HP-T1
specimens (e.g., 2–3 cracks in two locations along the
specimen height). Crack localization and strain
softening occurred where the first crack formed.
The variability between specimens for the quasistatic and 0.2 s-1 strain rate groups can be seen in
Fig. 6. HP-T1 specimens generally had a higher
variability than HP-E1. The main reason for this
higher variability was difficulty in achieving good
fiber dispersion at volume fractions above 1%. The
fibers had a tendency to interlock and clump together
during placement of the mix in the molds, and by
observation, some specimens had a larger volume
fraction of fibers than others.

Fig. 6 Monotonic tension response of HP-T1 at outermost
strain rates
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4.4 Effect of specimen geometry: HP-E2

Table 5 Average quasi-static response characteristics of HPE2

The monotonic tension response for HP-E2 coupon
and cylinder specimens is presented in Fig. 7.
Strength and strain capacity values for both specimen
types are summarized in Table 5. The first cracking
strength for the two specimen types is essentially
identical, which would be expected. The strain
capacity, however, is over five times greater for the
coupon specimens than for the cylinders.
Figure 8 shows the extent of multiple cracking in
the cylindrical specimens. It should be noted that the
degree of multiple cracking shown in Fig. 9 is among
the best observed for the cylindrical specimens.
However, it is still much less than the observed
multiple cracking in coupon and dogbone specimens
(e.g., [11], [16]).

Geometry 1st Crack
strength (MPa)

Hardening
strength (MPa)

Strain
capacity (%)

Coupon

3.35

3.56

3.35

Cylinder

3.46

2.38

0.63

(a)

5

Stress (MPa)

4

The strain capacity for the cylinders of HP-E2 was
25–50% greater than for HP-E1, while the hardening
phase strength was roughly 40% greater than HPE1A and essentially equal to HP-E1B. There were
two differences between these two mixes: (1) HP-E2
was tested at 35 days as opposed to 28 days for HPE1, and (2) HP-E2 uses a much higher fly ash content
and a much lower w/cm ratio (Table 1). It is expected
that the slight change in the age at testing will be
much less significant than the effects due to mix
design. As discussed in Wang and Li [32], a low
w/cm ratio facilitates fiber distribution, while a high fly
ash content reduces the interfacial bond of the fibers
and the matrix toughness, both of which improve
potential strain hardening and multiple cracking.

3

2

5 Further discussion and analysis of results

1

5.1 Stress–strain response characteristics
and multiple cracking

0

0

1

2

3

4

5

4

5

Strain (%)

(b)

5

Stress (MPa)

4

3

2

1

0
0

1

2

3

Strain (%)

Fig. 7 Monotonic tension response of HP-E2 using a coupon
specimens and b cylindrical specimens (coupon results
courtesy of E. Yang and V.C. Li of the University of Michigan)

In the HP-T1 specimens, two strain hardening
regions, at different strengths, were typically
observed (e.g., Fig. 5). The second, lower strength,
strain hardening region is attributed to a redistribution of stress from fibers aligned more in the direction
of loading that have fractured or pulled out, to fibers
aligned at an angle relative to the direction of
loading. Fibers aligned at an angle are less efficient
in resisting stress and therefore have a lower fiber
bridging stress. However, the stiff, steel fibers at an
angle provide some shear resistance, allowing for a
second, lower strength, level of strain hardening.
For the HP-E1 and HP-E2 mix designs (i.e., ECC),
a stress–strain response similar to that in Fig. 9 was
observed. In this case there is no strain hardening to
loads above the first cracking strength (as there was
observed in the HP-T1 specimens) but rather a drop
in strength and a single, lower-than-cracking-strength
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Fig. 8 Multiple cracking of cylindrical HP-E2 specimens

Fig. 9 Expected stress–strain response of ECC with a first
crack strength, rfc, greater than the maximum bridging
strength, r0 (adapted from Li and Leung [14]

strain-hardening region. This response represents the
response of ECC when the internal flaw size is small
(which applies to the fine mortar matrix of HP-E1 and
HP-E2) and the first cracking strength is greater than
the maximum bridging stress of the fibers. As a result,
the fibers are not able to sustain the load shed by the
matrix after the first crack forms. In this case the
strength criterion for multiple cracking and associated strain hardening to occur is not met (criterion are
summarized in Li [13]) and the fibers will completely
pull out or fracture. Evidence of both fiber fracture

and pull-out were observed (see Sect. 5.2). Strain
hardening and the associated strain capacity of the
material was therefore hindered.
There are two possible causes identified for this
stress–strain behavior in the HP-E1 and HP-E2
specimens studied here that, unlike the causes
reviewed above, are material (constituent) independent. They are: (1) specimen geometry (and casting
direction), and (2) testing boundary conditions.
Comparing the results from coupon (Fig. 8a) and
cylinder (Fig. 8b) specimens from the same batch of
material, HP-E2, the coupon specimens had five
times the strain capacity, and a smoother transition
from first cracking to strain hardening (i.e., there is no
spike in the stress–strain response at first cracking as
diagrammed in Fig. 9). Furthermore, the coupon
specimens had a higher degree of multiple cracking.
The coupon and cylinder specimens of HP-E2 were
both made from the same batch of ECC, both tested
in approximately fixed–fixed conditions, and both
tested at the same strain rate, implying that specimen
geometry is likely responsible for the significantly
different tensile response between the cylinder and
coupon specimens. Cylindrical specimens allow for a
random, three-dimensional nature of fiber alignment.
Such alignment leads to less efficient fiber bridging
than an alignment more predominantly oriented in the
direction of loading (as also suggested by Kanakubo
et al. [8]) and likely lowers the maximum fiber
bridging stress to a value below the first cracking
strength, giving a response similar to that in Fig. 9. In
thin coupon specimens, more fibers are aligned in the
direction of loading, and therefore the fiber-bridging
stress is adequate to promote multiple cracking
without the large drop in stress after first-cracking.
Differences in cylinder and coupon specimen
response have also been observed and reported by
others [8, 10]. The response described in Fig. 9 was
observed in the cylinders at all strain rates herein.
Testing boundary conditions could also play a role
in the stress–strain response. In Kesner et al. [10],
cylindrical specimens tested in a pin-fixed configuration showed a drop in stress at first cracking that
was roughly 20–30% of the first crack strength. These
specimens showed more multiple cracking than the
results presented here and they also had an ultimate
stress in all cases but one that exceeded the first
cracking strength. It is possible that the pin connection helped alleviate secondary moments that are

Materials and Structures

typical in tension tests using fixed–fixed boundaries,
which lead to a slight increase in tensile strength and
higher fracture energy [29, 30]. However, Kanakubo
et al. [8] report results of two sets of cylinders, one
with pin-fixed end conditions and the second with
fixed–fixed end conditions. For the pin-fixed set, a
25–35% drop in stress was observed followed by
minimal strain hardening and the fixed–fixed specimens exhibited a smaller drop in stress after first
cracking. More research is needed to understand the
impact of boundary conditions and geometry on the
uniaxial tensile stress versus strain response of
HPFRCC materials.
Finally, it should be noted that the absence of
multiple cracking has an impact on the interpretation
of ‘‘strain’’ in the stress–strain curves presented in
this work. For thinner HPFRCC specimens, which
experience considerable multiple cracking, the calculated strain across the gage length acts as a more
realistic material strain (i.e., the strain is independent
of the gage length chosen). For the cylindrical
specimens in this work that experienced very moderate multiple cracking, the strain, calculated as the
deformation of the cylinder divided by the cylinder
length is dependent on gage length. This method of
quantifying the deformation of the cylinders using
LVDTs over the entire cylinder length was chosen to
be consistent with subsequent measurements in the
compression and reversed cyclic tests at elevated
strain rates [4].

5.2 Fiber behavior
As discussed previously, strain hardening and multiple cracking of HPFRCC materials are accompanied
by fiber pullout, which also includes untwisting in the
case of the steel fiber mix. To verify the presence of
fiber pullout in this research, scanning electron
microscope images were taken of the failure planes
for the cylindrical specimens of HP-E1B, HP-E2, and
HP-T1. Monotonic tension specimens from both the
quasi-static and 0.2 s-1 seismic rate tests were
observed for the HP-E1B and HP-T1 mixes. The
same mechanisms were observed for the specimens at
each of the strain rates, and only photos for the quasistatic specimens are presented here. For HP-E2
specimens, only quasi-static specimens were tested
and observed.

The fracture surface of an HP-T1 specimen is
shown in Figs. 10 and 11 and indicates that a variety
of mechanisms occurred during specimen cracking.
Pullout channels and intact fiber ends in Fig. 10
provide evidence of fiber pullout, while fractured
fibers with their sharp, angled failure planes can be
seen in Fig. 11a. These angled failure planes likely
formed as a result of the combination of untwisting
and direct tension acting on the fibers during pullout.
The untwisting action of the fibers during pullout
straightens the initially helical fibers, as shown in
Fig. 11b. Note the gap between the fiber and the
matrix as well as radial cracking around the fiber in
Fig. 11b, indicating debonding and pullout for this
fiber. Again, similar response was seen in the higher
strain rate specimens viewed.
The fracture surface of HP-E1B and HP-E2
specimens is shown in Figs. 12 and 13, respectively.
In general, the HP-E1B specimens exhibited a mix of
fiber pullout and fracture (Fig. 12a) and the HP-E2
cylindrical specimens showed both pullout (Fig. 13)
and delamination (Fig. 12b) behavior. Fiber fracture
limits the potential strain capacity of the material,
which is reflected in the lower strain capacity of HPE1B compared with cylinders from HP-E2. The
delamination of the outer layers of the PVA fibers in
Fig. 12b is caused by abrasion from the matrix during
pullout and has been observed in cases where the
PVA fibers have a high chemical and frictional bond
with the matrix [13]. In contrast to the fractures
observed for HP-E1B, Fig. 13a shows channels on
the surface of HP-E2 specimens where fibers have
pulled out of the matrix. Intact fibers for HP-E2 after
pullout can be seen in Fig. 13b.
Although pullout and fracture were observed for
HP-E1B at both quasi-static and seismic strain rates
through the SEM images, it is believed that fracture
was more prevalent at the seismic rates due to
increased toughness of the matrix with strain rate as
seen in the measured stress–strain response of the
mortar, and increased chemical bond strength
between the fiber and matrix at high strain rates [34].
5.3 Response relative to previously reported
research
In this work, the first cracking strength of HP-E1
increased by 81 and 69% for the A and B sets, and the
hardening-phase strength increased by 120 and 25%
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Fig. 10 a Pullout channel
and b intact fiber end after
pullout in HP-T1 specimens

Fig. 11 a Fiber fracture,
and b untwisting of the
helical fibers in HP-T1
specimens

Fig. 12 a Fiber fracture
and delamination in an HPE1B specimen and b fiber
delamination observed in an
HP-E2 specimen

Fig. 13 Evidence of
pullout with a channels and
b in tact fibers in HP-E2
specimens
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for the A and B sets, respectively, at seismic strain
rates. The corresponding strain capacity decreased by
50% for both sets of HP-E1. Yang and Li [34]
reported a strength enhancement of 150% and a strain
capacity reduction of 80% in thin coupon specimens,
while Maalej et al. [17] showed strength enhancements of 100% and no change in ductility due the
lack of chemical bond between the polyethylene
fibers and cement matrix, also in thin coupon
specimens. Given the nature of the fiber alignment
of the thin coupon specimens, the rate sensitivity of
strength and strain capacity is expected to be greater
than in specimens with less efficient fiber bridging,
such as cylindrical specimens of HP-E1, as is
confirmed here.
For the steel fiber HP-T1 specimens, the first
cracking strength increased by 165%, hardeningphase strength increased by 77%, and strain capacity
decreased by 50% at the seismic strain rates. Kim
et al. [11] reported increases with strain rate in first
cracking strength and post-cracking strength up to
100 and 73%, respectively, depending on matrix
strength and fiber volume fraction. The high strength
of the composite at higher strain rates was hypothesized to be from fiber fracture occurring rather than
pulling out. From the SEM images observed by the
authors, it was found that indeed some fibers
fractured, and pullout (untwisting with radial and
longitudinal cracking) was also observed. Kim et al.
observed more multiple cracking at all strain rates
than were observed here, and it is proposed that this is
due to specimen geometry. Kim et al.’s specimens
were dogbone-shaped with a 25 mm cross section,
cast horizontally, and so a tendency for fiber alignment in the direction of loading would be expected.
While a consistent decrease in strain capacity was
observed here in the cylindrical specimens, Kim et al.
found no clear trends for strain capacity, which
showed decreases of up to 40% and in some cases
increases of up to 32% at higher strain rates.

6 Implications for seismic applications
The effect of strain rate on the ductility of HPFRCC
materials as observed in this study may impact the
structural performance of reinforced HPFRCC elements. As an example, cyclic lateral load tests on
reinforced HPFRCC infill panels (using a mix similar

to HP-E1) for seismic retrofitting of steel-framed
buildings have demonstrated that the structural
strength of these panels can increase as much as
35% relative to similarly reinforced panels made of
traditional concrete [9]. Similar results have been
found with steel fiber HPFRCC materials similar to
HP-T1 [23]. The increase in structural strength was
attributed to the tensile, and therefore, shear capacity
and ductility of the HPFRCC material. At increasing
drift levels, the HPFRCC panels maintained their
integrity, leading to a higher structural strength and
more hysteretic energy dissipation than the reinforced
concrete panel. Consequently, decreases in the ductility of the HPFRCC with increased strain rate may
limit the potential increase in strength and hysteretic
energy dissipation possible in applications that combine HPFRCC and steel reinforcement.

7 Conclusions
Two HPFRCC materials were tested in monotonic
tension at strain rates ranging from quasi-static to
seismic-level (0.2 s-1). One material was an ECC
(HP-E specimens) and the other a twisted, high
strength steel fiber HPFRCC (HP-T specimens).
Cylindrical specimens were used to represent bulk
properties in structures and to be consistent with
subsequent work on the cyclic (tension–compression)
and compressive strength response of these materials
at varying strain rates [4]. The effects of specimen
geometry on the monotonic tension response of one
of the HPFRCC materials, ECC, was also examined
by comparing the behavior of cylindrical and coupon
specimens cast from a single batch of material.
Both tensile strength and strain capacity of the
HPFRCC materials are significantly affected by
increasing strain rate. For HP-E1 mixes, the strength
increased from 25 to 120% when moving from quasistatic to seismic strain rates, while the HP-T1 mix
experienced strength enhancement ranging from 77 to
165%. Strength enhancement for both mixes was
evaluated in terms of first cracking strength only and
the average strength over the strain-hardening region
(referred to as hardening-phase strength in this work).
Generally, the first cracking strength exhibited a
greater and more consistent increase in strength than
the hardening-phase strength with increasing strain
rates. Both HPFRCC materials studied here
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experienced a 50–55% decrease in strain capacity
when strain rate was increased to seismic levels.
Little multiple cracking was observed for the cylindrical specimens during quasi-static loading, with
crack localization often occurring at the location of
first cracking. At seismic rates, no multiple cracking
was observed.
SEM images taken of the fracture plane of the
specimens indicate that pullout and fracture of the
fibers occurred for both HPFRCC mixes. In general,
fiber fracture was more prevalent for HP-E1 than for
HP-E2 and was reflected in the lower strain capacity
of HP-E1. The prevalence of fiber pullout in the HPE2 specimens is likely due to the higher fly ash
content and lower w/cm ratio of HP-E2, both of
which have been shown to be favorable to strain
hardening and fiber dispersion [32]. Both fiber
pullout, fiber untwisting, and radial cracking around
the fibers were observed in the HP-T1 mixes.
Due to the low multiple cracking and low tensile
strain capacity of the materials under quasi-static
loading, an additional geometry study for an ECC
mix was conducted in collaboration with researchers
at The University of Michigan at Ann Arbor. Coupon
specimens were observed to have over five times the
strain capacity of cylindrical specimens made from
the same batch of material. A sharp decrease in stress
after first cracking and limited strain hardening was
also observed for the cylindrical specimens and was
not observed in the coupon specimens.
For the ECC mixes, it is believed that the lack of
multiple cracking, the sharp decrease in stress after
first cracking, and the limited strain-hardening
observed in the cylindrical specimens (at all strain
rates) is due to the random, three-dimensional nature
of the fiber alignment in cylinders as well as the
vertical casting direction. The random fiber alignment
leads to fewer fibers aligned in the direction of
loading, producing less efficient fiber bridging, and
therefore lowering the maximum fiber bridging stress
to a value below the first cracking strength. For the
high strength, twisted steel fiber mix, the limited
multiple cracking and strain-hardening response is
attributed to vertical casting as well as the difficulties
of casting the mix into a relatively small mold. As
with the ECC mixes, there was a tendency for the
steel fibers to be oriented perpendicular to the loading
direction when cast vertically. Furthermore, clumping
of the fibers resulted in variable fiber contents in the

specimens, as evidenced by the higher variability in
the HP-T1 results.
Results from this research can be used to estimate the
impact of loading rates on the global response of
structures using HPFRCC materials through ratedependent constitutive models. In addition, information
from these experiments can shed light on material-level
response to allow for new HPFRCC mix designs to be
engineered for improved performance under strain
rates experienced during seismic loading. The research
further illustrates the importance of specimen geometry
to the observed tensile behavior of HPFRCC materials
and the need for test methods that provide a more robust
measure of response that can be used to accurately
predict structural performance. Ongoing work by the
second author is evaluating the response of HPFRCC
mixes in large-scale dogbone specimens to limit the
fiber orientation issues present in small geometries with
specific casting directions. For the high strength, twisted
steel fiber mixes, a larger cylindrical shape should be
used to represent bulk material properties and ensure
better fiber distribution than was achieved in this
research.
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