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ABSTRACT: This paper describes the results of an experimental test program designed to correlate the tensile
and bending response of fiber reinforced cement composites tested under the same conditions. Several objec-
tives were sought: 1) to correlate tensile and bending behavior of specimens having about the same cross sec-
tion; 2) to ascertain that a strain hardening composite in tension leads surely to a deflection hardening compos-
ite in bending; 3) to observe scale effects on bending behavior; and 4) to verify if some theoretical correlation
between post-cracking tensile strength and bending resistance (modulus of rupture) are validated by experi-
ments. The final objective of this study is to provide hard data needed to determine if the tensile stress-strain
response of fiber reinforced cement composites can be predicted from their load-deflection response, as cur-
rently surmised in some test standards and in some finite element studies claiming that tensile response can be
uniquely back-calculated from bending behavior. The test program included several parameters, among
which 2 types of high strength steel fibers (hooked and twisted) with identical volume fractions of fibers (1%),
and three different sizes of cross section for the beams, namely, 5025 mm, 100100 mm, and 150%150 mm.
Key observations are described and conclusions drawn.

1 INSTRUCTIONS

Much research has been conducted to increase the
ductility of cement based composites by adding short
fibers, because cement based matrices have innate
weakness in terms of brittle failure under tensile and
flexural loading. To remedy such weakness, Fiber
Reinforced Concrete (FRC) and High Performance
Fiber Reinforced Cementitious Composites (HPF-
RCC) have been developed. FRC and HPFRCC are
usually first differentiated by their uniaxial tensile re-
sponse. FRC shows strain softening behavior under
uniaxial tensile load while HPFRCC shows strain
hardening behavior. (Naaman & Reinhardt 1996)
Although all fiber reinforced cement composites can
be simply characterized according to their tensile re-
sponse, so far there is no standard tensile test method
for fiber reinforced cement composites. Many re-
searchers are still using different tensile test set-ups
e.g., different boundary conditions, sizes and geome-
tries of specimens, gage length, and measurement
techniques. For example, some researchers have
been using bell shaped tensile specimens with hinge
to hinge boundary conditions while others have been
using coupon type specimens with fixed boundary
conditions. Since there is no standard tensile test
method for FRC and HPFRCC, and since such test-

ing is more difficult to carry out, many researchers
have investigated whether the third point flexural test
can be used, as an alternative test method, to obtain
the tensile response of the composite. Note that the
flexural response can be predicted analytically from
the tensile and compressive behavior of the material.
(Naaman (2003), Soranakom (2007) & Mobasher,
2008)) However, it is questioned whether the ten-
sile response of the composite can be uniquely back-
calculated from its flexural response. An experimen-
tal test program was designed and carried out in or-
der to: 1) correlate the tensile and bending behavior
of FRC specimens with same cross section and to
provide some data to the above question, and 2) to
investigate the scale effect on bending behavior, and
3) to provide data for use by researchers attempting
to predict tensile response from bending response.

2 DEFLECTION HARDENING AND STRAIN
HARDENING

The response of a beam specimen under flexural
loading contains structural effects due to the speci-
men geometry and loading conditions. For instance,
although the tensile behavior of an FRC specimen
may generate a strain softening response, it may also
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generate either a deflection-softening or a deflection-
hardening response due to the structural effect under
flexural load. Naaman (2003) suggested a practical
condition for deflection hardening response, when
the post cracking strength (o) in tension is higher
than the first cracking strength (o, ) multiplied with
a factor, k, smaller than 1, ie., o, >ko,. The
factor k ranges between 1/3 and 1, with 0.4 being a
recommended first approximation. Soranakom &
Mobasher (2007) proposed a closed form solution
for the moment-curvature response of FRC, and the
simulation results, using their model, indicated that
the direct use of uniaxial tensile stress — strain re-
sponse under-predicts the flexural response. They
explained this discrepancy by the difference in the
strain gradient profile and the volume of the stressed
region between the tensile and flexural tests.
Soranakom & Mobasher (2008) also mentioned that
the brittleness and size effect are more pronounced in
the flexural response of brittle materials, while more
accurate predictions are obtained with ductile materi-
als. Therefore, in inverse estimating FRC tensile re-
sponse from their flexural response, the size of flex-
ural specimens should be carefully selected. It is
well known that there is a strong size effect in the
behavior of cementitious composites due to their
brittle behavior (Bazant & Planas (1998), Bazant et
al. (1994)). Ward & Li (1990) investigated the
flexural behavior of fiber reinforced mortar beams of
different sizes and proposed the ratio between flex-
ural strength and tensile strength as a parameter to
describe the brittleness of material. The ratio de-
creases as the brittleness of the material increases.
Bazant et al. (1994), using extensive laboratory re-
sults, also concluded that all types of brittle failures
of concrete structures exhibit a strong size effect.
Lepech & Li (2004) investigated size effect in ECC
structural (plain and reinforced with steel bars)
beams and reported that there is negligible size effect
in ECC compared to brittle concrete. However, the
results were based only on comparing the equivalent
elastic bending strength but did not consider the de-
flection capacity.

In evaluating the tensile behavior of ductile fiber
reinforced cement composites, the strain capacity is a
paramount parameter. Therefore, in this experi-
mental program, the size effect in flexural members is
investigated not only with respect to bending resis-
tance but also to deflection capacity at peak stress.

3 EXPERIMENTAL PROGRAM

Two types of high strength steel fibers (Hooked and
Twisted), showing slip hardening response under
single fiber pull-out testing, were used in a high
strength cementitious matrix (84MPa) with 1% fiber
by volume. Tensile and bending specimens were
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prepared. Direct tensile tests and flexural tests were
carried out using a servo-controlled hydraulic testing
machine (MTS810).  All the tensile test series led
to a strain-hardening behavior. For the flexural tests,
three different geometries of specimens, S (small), M
(medium), and L (large) were prepared to investigate
the size effect on the flexural behavior of HPFRCC.

3.1 Materials and specimen preparation

The matrix mix composition and proportions are
shown in Table 1, and the properties of fibers are
shown in Table 2. A VMA (Viscosity Modifying
Agent) was added to the matrix to increase viscosity
and ensure uniform fiber distribution in the matrix.
The compressive strength of the matrix was meas-
ured from 100%x200 mm cylinders and this matrix was
a self-consolidating mixture developed earlier.

Table 1. Matrix composition by weight ratio and compressive
strength.

Cement (Type III) 0.80
Fly ash 0.20
Sand (Flint) 1.00
Silica fume 0.07
Super-Plasticizer 0.04
VMA 0.012
Water 0.26
fc (MPa) 84

Table 2. Properties of fibers used in this study.

Fiber type Hooked Twisted
Diameter (mm) 0.38 0.30*
Length (mm) 30 30
Density (g/cc) 7.9 7.9
Tensile strength (MPa) 2300 2760%*
Elastic modulus (GPa) 200 200

* Equivalent diameter
**  Tensile strength of the fiber after twisting

The geometry of the tensile test specimens and the
test set-up are shown in Figure 1. Two layers of steel
wire mesh were used to reinforce the bell shaped
ends of the tensile specimens to minimize failure at
the grips and out of the gage length. The gage length
was selected to be 175mm (=7 inch), between two
infrared markers; displacement between the markers
was measured using a non-contacting motion meas-
uring instrument (OPTOTRAK System) placed at
about one meter from the specimen; the measurement
accuracy was 0.001 mm. Beams of three different
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geometries were prepared for the flexural tests (Fig.
2): S (50mmx 25mm= 300mm); M (200mmx 100mmx 300mm);
&, L (150mmx 150mmx450mm).  In addition to M and
L type specimens, which are recommended in ASTM
C1609, the S type beam specimens were intentionally
added in this experimental program in order to have
same cross sectional area as the tensile specimens.

3.2 Test setups and procedure
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Figure 2. Three types of flexural test specimens.

Photos illustrating test set-ups for the flexural
specimens are shown in Figure 3. Detailed informa-
tion about the flexural test set-up can be found in
Kim et al. (2008). The loading speed for both ten-
sile and flexural tests, i.e. 1.06 MM/min, was origi-
nally determined from the tensile test by assuming
that the static strain rate is 0.0001/sec which is ac-
tually ten times faster than the flexural loading speed
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(c) L type (150mmx150mmx 450mm)
Figure 3. Test set-ups for flexural tests with different specimen
sizes.

Photos illustrating test set-ups for the flexural
specimens are shown in Figure 3. Detailed informa-
tion about the flexural test set-up can be found in
Kim et al. (2008). The loading speed for both ten-
sile and flexural tests, i.e. 1.06mMM/min, was origi-
nally determined from the tensile test by assuming
that the static strain rate is 0.0001/sec which is ac-
tually ten times faster than the flexural loading speed
recommended in ASTM C1609. The intention of
applying same loading speed for both tensile and
flexural tests was to minimize its effect on the ob-
served results.
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3.3 Test results
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Figure 4. Tensile behavior of both Twisted and Hooked fibers
reinforced specimen (Kim et al. 2008).

Table 3. Average experimental results obtained from the ten-
sile tests (Kim et al. 2008).

Fiber type & volume content Iliozoked Twisted 1%
F(iﬁtp(;r)acking strength 4299 4264

Post cracking strength (MPa) 5.207 5.499
Strain capacity (%) 0.301 0.616
Number of cracks (EA) 15 23

Crack spacing (mm) 11.85 7.74
Average crack width (pum) 37 49

Tensile stress-strain curves (strain is valid up to
peak stress only) of the test series with Twisted and
Hooked fiber are shown in Figs. 4a and 4b, respec-
tively. The average values of tensile parameters are
estimated from at least three specimens and summa-
rized in Table 3. These parameters include first
cracking strength, post cracking strength, strain ca-
pacity at post-cracking strength, number of cracks
within the gauge length, and average crack width.
Crack spacing and average crack width were esti-
mated from the total crack length within the gage
length [Kim et al. 2008]. Since the modulus of rup-
ture (MOR) under bending is highly correlated with
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the post cracking tensile strength of FRC, post crack-
ing strength values for both Twisted and Hooked fi-
bers should be noted, i.e., the post cracking strength
with Twisted fibers is about 5.5MPa while that with
Hooked was about 5.2MPa.
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Figure 5. Flexural responses of Twisted and Hooked fiber rein-
forced specimens.
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The flexural responses of test series with Twisted
and Hooked fibers are shown in Figures 5a, 5b, and
5c according to the size of specimens, respectively.
All of the results shown in Figure 5 are averages
from three to six specimens.

Equivalent elastic bending strength is calculated
from the following equation suggested in ASTM
C1609.

PL
"o .

where, f is equivalent bending stress; P is the applied
load; b is the width of the specimen; and h is the
depth of the specimen.

In referring to Figure 5, it is first observed that all
specimens generated deflection hardening behavior
accompanied by multiple cracks which appeared on
the bottom and side surfaces of the specimens. The
deflection hardening behavior was anticipated since
the tensile behavior of these composites using
Twisted and Hooked fibers produced strain harden-
ing response under uniaxial tensile load (Fig. 4).
Generally, the specimens reinforced with Twisted fi-
bers produced higher equivalent bending strength
than the specimens reinforced with Hooked fibers, as
expected from their tensile response (Fig. 4).
Equivalent bending strengths of specimens reinforced
with Twisted fibers are 15.79MPa for S, 16.63MPa
for M, and 12.70MPa for L series, while those with
of Hooked fibers are 14.02MPa for S, 11.45MPa for
M, and 11.56MPa for L series, respectively.

4 EVALUATION OF THE EXPERIMENTAL
RESULTS

Although the flexural response of all test series
shows deflection hardening behavior regardless of
their different geometry, noticeable difference is
observed in maximum equivalent bending strength,
deflection capacity, and energy absorption capac-
ity according to the different geometry.

Deflection capacity is defined as the deflection

value at maximum equivalent bending stress and
has a strong influence on the energy absorption
capacity in flexure. Since the span length of each
series of specimens is different according to their
geometry (S, M, or L), the deflection values are
normalized by the length of span for comparison as
shown in Figure 6.
In addition, the equivalent bending strength is
normalized by the post cracking tensile strength
since there is difference in tensile strength between
the test series with Twisted or Hooked fibers.

Normalized equivalent bending strength versus
normalized deflection curves are graphically shown in

1383

Equiv. bending stress / Tensile strength

Deflection / Span

3 0 0.005 0.01 0.015 0.02
5 r T T
1 1
; ; —@— 150X150X450
Twisted flbler —l- 100X100X300
3t 50X25X300
1 16
25}
12
2

=
ol

[N

Equiv. bending stress (MPa)

4
0.5 ,
L/150 1L/75
0 1 1 1 0
0 0.005 0.01 0.015 0.02
Deflection / Span
(a) Twisted fibers
Deflection / Span
0 0.005 0.01 0.015 0.02
35 T ) T ] T
Hooked fiber —@-L 150x150x450
3l I —m- 100x100x300 o 16
: —0—:-50x25x300
25} :

12

Equiv. bending stress / Tensile strength

0
0

'L/150

| L/75

0.005

0.01

0.015

0
0.02

Equiv. bending stress (MPa)

Deflection / Span

(b) Hooked fibers
Figure 6. Equivalent bending stress versus normalized deflec-
tion curves.

Figure 6 and the cracking behavior of typical speci-
mens is illustrated in Figure 7.

It can be observed from Figure 6 that both equiva-
lent bending strength and deflection capacity de-
crease as the size of specimen increases. The de-
flection capacity of S type specimens is higher than
L/75, while the deflection capacity of M and L type
specimens is lower than L/150. Moreover, the de-
flection capacity of M type specimens is generally
higher than that of L type specimens although the dif-
ference is small. The maximum equivalent bending
strength also shows strong size dependency. Normal-
ized equivalent bending strength of Twisted fibers re-
inforced specimens are 2.87 for S, 3.02 for M, and
2.31 for L sizes, while that of Hooked fibers rein-
forced specimens are 2.69 for S, 2.20 for M, and
2.22 for L sizes, respectively. The range of normal-
ized equivalent bending strength is 2.20 to 3.02, and
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this range is reasonable according to theoretical pre-
dictions (Naaman, 2003)

o A LT
(f) L type (Hooked)
Figure 7. Cracking behavior of flexural specimens.

Given the above results, it is not clear that the
flexural response can be used in order to predict the
tensile behavior of material, uniquely. This is be-
cause the bending tests produced a strong size de-
pendency not only for their bending strength but also
their deflection capacity and their span length or span
to depth ratio.

5 CONCLUSIONS

This study investigated the correlation between ten-
sile and bending behavior of FRC Composites with
scale effect by using three different geometries.

* Although test series with both Hooked and Twisted
(Torex) fibers show deflection hardening behavior
under flexural load, Twisted (Torex) fiber led gen-
erally to higher equivalent bending strength and de-
flection capacity.

* Maximum equivalent bending strength of S type
specimen, which has same cross-sectional area as
the tensile specimen, was almost three times higher
than the post-cracking tensile strength obtained
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from direct tensile tests. This is very close to ana-
lytically predicted best case conditions (Naaman,
2003).

* As the size of specimen decreases, both the equiva-
lent bending strength and the deflection capacity in-
crease.

* The ratio of equivalent bending strength to direct
tensile strength for all test series ranged from about
2.2 to 3, which is well within the range predicted
analytically (Naaman, 2003)

* This limited investigation suggests that tensile re-
sponse cannot be uniquely predicted from bending
response without consideration to size effect and
span length or span to depth ratio.

It is hoped that additional studies will be carried
out in the future to provide additional data to further
resolve whether the tensile response can be uniquely
predicted from the bending response, and if so, which
parameters are needed.
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