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FLEXURAL STRENGTH AND DUCTILITY OF ULTRA
HIGH-PERFORMANCE CEMENT-BASED COMPOSITES
(UHP-CC)

Lubna Salim Danha, Marawan Mohammed Hamid, Aseel Abdulazeez Abdulridha*,
Zinah Asaad Abdul-Husain

Department of Civil Engineering, University of Technology-ilraq, Baghdad, Iraq

It has been known that concrete is weak in tension, so it requires some additional materials to have ductile behavior
and enhance its tensile response. Thus, steel fibers came into use due to their advantage in controlling cracks and
enhance the tensile behavior of concrete. In this study, the behavior and improvement in flexural tensile strength
and strain capacity of ultra-high-performance cement-based composites (UHP-CC) were investigated. Two main
variables were examined, namely the content of silica fume and steel fibers with percentages of (0%, 10%, 20%
and 30%) and (0%, 1%, 2% and 3%) respectively. The experimental results show that, in the non-fibrous UHP-CC
matrix, after the first crack initiation, the inclusion of steel fibers upgrades the behavior of the matrix from brittle to a
plastic one and the specimen with a 1% steel fibers ratio failed immediately after crack initiation showing no possible
occurrence of strain hardening or multiple cracking. In UHP-CC specimens with steel fibers of more than 1% the ten-
sile failure was more ductile and accompanied by the development of the main crack and many multiple secondary
cracks. it was found that the load increased even after the cracks initiation (strain hardening behavior) and thereafter
showed gradual declination. It is revealed that after the peak point, one of the cracks widens and becomes critical,
which defines the onset of crack localization showing no more development of cracks. Under increased deformation,
the critical crack will open describing the stage of fibers pull-out. It was observed that the increase of the ratio of
steel fibers in the range of (0% - 3%) caused a significant increase in flexural tensile strength by 244%, whereas the

increase in compressive strength was only 12%.
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INTRODUCTION

In the field of concrete science, several technological
developments were amassed to produce an advanced
cementitious composite ultra-high-performance cemen-
titious-composite, UHP-CC. This type of concrete is
considered as a high-strength fiber-reinforced cementi-
tious composite with discontinuous pore structures and
improved durability. It has a remarkably low water-to-ce-
mentitious materials ratio with an improved granular
gradation. UHP-CC has significantly enhanced tensile
strength before cracking initiating and after cracking.
This enhanced tensile strength is attained by the indis-
criminately oriented steel fibers which act as a micro-lev-
el reinforcement that increases tensile strength, energy
absorption, ductility, and crack control characteristic. Af-
ter cracking has occurred, the steel fibers can sustain ex-
tra tensile loading. This feature can remain present until
the fibers are pulled out and the section is severed [1-4].
Laboratory investigations on structural members have
evidently shown that UHP-CC components can demon-
strate tensile properties that exceed those of conven-
tional and fiber-reinforced concretes [5-8]. Numerous re-
searchers have tried developing the strategies of testing
in order to evaluate the tensile strength of fiber reinforced
concrete (FRC). These test strategies consist of both di-
rect and indirect evaluation. Some of these tests were
standardized [1]. As illustrated in the Japanese Concrete
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Institute (JCI), specifically Standard JCI-S-003-2007, the
method adopted by this standard emphasizes only the
curvature curve of bending moment of fiber-reinforced
cementitious composites [9]. The method depends on
the mensuration of the bending moment-curvature and
applied load through flexure testing. The utilized pro-
cedure to acquire the stress—strain relationship of the
examined materials was a simplified inverse analysis.
Figure 1 shows a comparison between the actual stress-
strain behavior and the tensile strength and ultimate ten-
sile strain determined by the above-mentioned method.
JCI Standard JCI-S-003- considered the evaluated ten-
sile strength and strain determined by this technique to
be corresponding to the maximum point tensile stress
and strain determined by uniaxial tension test [9]. The
inverse analysis is based on the strain measurement
method, which was developed by Baby et al., and based
on the applied load and the strain Measured in the mid-
dle of the bottom flange throughout a flexure test, the
stress— strain law of the tested material can be obtained.
Based on the equilibrium of forces and moments in a
section analysis for each value of mid-span strain and
equivalent bending moment, the experimental bending
moment and mid-span strain curve is transformed to a
tensile stress—strain curve [11].
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Figure 1: Tensile stress—strain curves
(real and evaluated) [10]

AIM OF RESEARCH

The improved tensile strength and high toughness of
UHP-CC can be pointed out as its most advantageous
features. To enable the material to be fully exploited, ten-
sile behavior must be taken into consideration in the de-
sign. This means that the resistance models for ordinary
concrete (OC), high strength concrete (HSC) or fiber
reinforced concrete (FRC) elements cannot be applied
directly. The present research is devoted to determining
the fundamental tensile behavior of UHP-CC which is a
fundamental aspect of a structural design. The results
of this research will assist to clarify and add useful infor-
mation about tensile behavior and ductility of UHP-CC,
which is essential in modeling, analysis, and design of
UHP-CC structures.

EXPERIMENTAL PROGRAM
Designation of Specimens

Eight UHP-CC mixes were used in the present research
to investigate the tensile stress-strain response of UHP-
CC. The two variables considered in the preparation of
these eight mixes were the volumetric percentages of
the steel fiber (0, 1, 2, and 3%) and silica fume content
(0, 10, 20, and 30%). Accordingly, two different groups of
mixes were designed as listed in Table 1;

Group 1: MFO, MF1, MF2, MF3

M: mix.

F: fibers volumetric ratio (as a ratio of the mix volume)
In this group, the silica fume content was 25%.

Group 2: MS0, MS10, MS20, MS30

M: mix.

S: silica fume content (as partial replacement of cement
weight)

In this group, the steel fibers volumetric ratio was 2%.

132

Table 1: Mix proportions for the specimens produced in

this study
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, | M810 | 900 | 1000 [ 10% | 100 | 2% | 156 | 0.2
MS20 | 800 | 1000 [20% | 200 [ 2% | 156 | 0.2
MS30 | 700 | 1000 [ 30% | 300 [ 2% | 156 | 0.2

Materials Used

Eight batches were prepared in this study using sulfate
resisting Portland cement (Type-V), natural very fine
sand (maximum particle size is 600um), densified sili-
ca-fume, polycarboxylate superplasticiser (PC 200), pro-
duced and supplied by PAC Technologies Company, and
hooked steel fibers as shown in Figure 2. The steel fibers
properties are presented in Table 2.

Figure 2: The steel fibers used in the present study
Table 2: Steel fibers properties
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Mixing, Casting, and Curing Procedures

A rotary mixer of 0.1 m3 was utilized to produce all UHP-
CC. The time consumed for preparing one batch, calcu-
lated from the time of adding water to the mix until ade-
quate flowability is achieved, was in the range of 10-15
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minutes. UHP-CC specimens were cast in layers, and
each layer was compacted using a table vibrator. Then,
the top surface of each specimen was levelled. After that,
all specimens were covered by polythene sheets to pre-
vent moisture loss.

Testing of specimens

* Cylindrical specimens (100x200) mm were used for
the purpose of calculating the compressive strength (f'c)
complying with ASTM-C39 [12]. A testing machine of
2000 kN capacity was used to perform this test. For each
mix, the value of the average of each three specimens
was considered.

* Prismatic specimens (100x100x400) mm were used
for the flexural tensile (ft) and the tensile stress-strain
curves testing. Each specimen was examined as a sim-
ple beam with a span length of 300 mm under third-point
loading according to ASTM-C78 [13]. A testing machine
of 2000 kN capacity was also used to perform this test.
At each value of the applied load (P), the corresponding
tensile strain was measured using electrical resistance
strain gauge attached in the middle of the specimen bot-
tom flange over a gauge length of 30 mm, as shown in
Figure 3.

Figure 3: Electrical resistance strain gage attached
at the mid-section of the specimen

The load from the load cell and the strain from the strain
gauge have been used to establish the tensile tress—
strain response for each specimen at age 28 days. The
electrical resistance strain gage and the strain gage indi-
cator used in this study are shown in Figure 4.

-

begin with a steep ascending part up to the first cracking
point followed by a strain hardening portion (an increase
in strain under increasing load) where multiple cracking
develops. At the end of the strain hardening part (the
peak point), one of the cracks widens and becomes crit-
ical, which defines the start of crack localization. There-
after the tensile resistance decreases showing no more
development of cracks. Under increased deformation,
the critical crack will be open describing the fibers pull-
out stage. Figures (5a, 5b) show that for the UHP-CC
specimen with 0% and 1% steel fibers the ascending
portion of the stress-strain curve has a slope similar to
that of specimens with 2% and 3% steel fibers, but it ter-
minates at the first cracking point showing no possible
occurrence of strain hardening or multiple cracking. The
descending part of the tensile stress-strain curve was
seen to vanish in a non-fibrous specimen while it showed
a small tail in the specimen with 1% steel fibers. After
failure, it turns out that there is one big crack accom-
panying fibers, which play a significant role in bridging
the crack faces. Due to the fibers bridging mechanism,
UHP-CC can provide superior performance compared to
nonfibrous UHP-CC, especially under tension. Figure 6
presents a typical crack pattern after the flexural test.

Figure 4: Electrical resistance strain gage and strain
gage indicator

TEST RESULTS

The experimental test results for UHP-CC mixes are
presented in Table 3, and the typical tensile stress-strain
response in the flexural test is plotted in Figure 5. The
results show that the curves of tensile stress-strain of
UHP-CC specimens with steel fibers more than 1%

Table 3: Test results

Group dSeziegcrllrantiegn Steeol/oflber ffr':g;, ft (MPa) The mfi:r;zase in tp* fc (MPa) The |?'zrs/:zse in
MFO 0% 25% 10.43 0 0.000137 | 127.7 0
1 MF1 1% 25% 17.24 65 0.000149 | 134.5 5
MF2 2% 25% 26.81 157 0.002951 140.7 10
MF3 3% 25% 35.89 245 0.003918 | 1424 12
MSO0 2% 0% 23.84 0 0.002814 | 1101 0
5 MS10 2% 10% 24.39 2 0.002846 | 129.6 18
MS20 2% 20% 25.84 8 0.003014 | 138.5 26
MS30 2% 30% 27.41 15 0.002920 | 148.7 35
* etp: The strain at peak flexural tensile strength (ft)
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Figure 5: UHP-CC flexural tensile response

Tensile response of UHP-CC with different steel
fibers volume fractions (Vf)

The experimentally obtained tensile response in flexure
for UHP-CC with different fiber volume fractions is shown
in Figure 7. Results indicated that the non-fibrous UHP-
CC specimen (MFO0) and the specimen with 1% steel
fibers ratio (MF1) failed immediately after crack initia-
tion and the load was found to decrease rapidly, While
Figure 6: Typical crack pattern after the flexural test UHP-CC specimens with 2% and 3% steel fibers showed
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different tensile behavior. In these specimens, the tensile
failure was more ductile and accompanied by the devel-
opment of the main crack and many multiple second-
ary cracks. The load was found to increase even after
crack initiation (strain hardening behavior) and thereaf-
ter showed gradual declination. This behavior can be
attributed to the ability of steel fibers to arrest and slow
down the process of micro-cracks propagation.
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Figure 7: Flexural tensile response with respect to fiber
volumetric ratio

It can be observed from table 3 and figure 7 that by in-
creasing the steel fibers volumetric ratio from 0% to 3%,
the area under the stress—strain curves significantly in-
creased, and also caused a considerable increase in both
the flexural tensile strength from 10.43 to 35.89 MPa and
its strain from 0.000137 to 0.003918. This behavior can
be attributed to the ability of steel fibers to bridge matrix
crack and higher energy is needed for crack propaga-
tion. Generally, hooked steel fibers significantly increase
the tensile strength as the geometry of the hooked fibers
affects the development of the bond between the fibers
and the matrix and requires more energy to extract the
fiber from the matrix [14].

Tensile response of UHP-CC with different silica
fume content

Table 3 and Figure 8 presents a comparison of UHP-CC
tensile response with different silica fume content. It is
revealed that the influence of silica fume content on the
flexural tensile strength is lower than that on the com-
pressive strength. Increasing the silica fume content from
0% to 30% led to an increase in flexural tensile strength
(ft) of 15%, while the percentage of increase in compres-
sive strength (f'c) was 35%. These beneficial effects of
silica fume can be attributed to the pozzolanic reaction
of the particles of silica fume and their physical effect re-
sulting from the improved particle packing. This behavior
improves the microstructure of the UHP-CC [15].
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Figure 8: Flexural tensile response with respect to silica
fume content

CONCLUSION

Many conclusions were drawn based on the experimen-
tal results obtained by the present study. These conclu-
sions are listed as the following:

1. After the first crack forming, the steel fibers utilization
changes the nature of the non-fibrous UHP-CC from
brittle to a composite mass with a plastic behavior.
Besides, the presence of steel fibers provided an
extended plastic range for the tensile stress-strain
curve with higher peak strength and larger ductility.

2. Results indicated that the non-fibrous UHP-CC spec-
imen and the specimen with 1% steel fibers ratio
failed immediately after crack initiation and the load
was found to decrease rapidly showing no possible
occurrence of strain hardening or multiple cracking.

3. UHP-CC specimens with steel fibers more than 1%
showed different tensile behavior. In these speci-
mens, the tensile failure was more ductile and ac-
companied by the development of the main crack
and many multiple secondary cracks. The load was
found to increase even after crack initiation (strain
hardening behavior) and thereafter showed gradual
declination.

4. After the end of the strain hardening portion (the
peak point), one of the cracks widens up and be-
comes critical defining the onset of crack localiza-
tion showing no more development of cracks. The
critical crack will open under increased deformation
describing the stage of fibers pull-out.

5. The most noteworthy result for increasing the steel
fibers ratio from 0% to the three selected values
(1%, 2%, and 3%) was the enhancement in both the
flexural tensile strength and its corresponding strain.
This was observed by the percentage of increment in
flexural tensile strength compared to the non-fibrous
specimens were 65%, 157%, and 244% respective-
ly. While the percentages of increment in the com-
pressive strength (f'c) compared to the non-fibrous
specimens were 5%, 10%, and 12% respectively.
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It is revealed that the influence of silica fume content
on flexural tensile strength is less pronounced than
that on compressive strength. Increasing silica fume
content from 0% to 30% resulted in an increase in
flexural tensile strength (ft) by 15%, whereas the per-
centage of the compressive strength (f'c) increase
was 35%.

The results of this research can be used to study the
direct shear behavior of UHP-CC reinforced elements
using a pre-selected shear plane in concrete members
named push-off specimens that needed to study the be-
havior of reinforced UHP-CC members subjected to in-
plane loadings such as corbels, wall to foundation con-
nections, and panels.
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