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Abstract

Potentially significant mechanical improvements in tension can be achieved by the incorpo-
ration of randomly distributed, short discrete fibers in concrete. The improvements due to the
incorporation fibers significantly influence the composite stress - strain (6—¢) characteristics.
In general incorporating fibers in a plain concrete has relatively small effect on its pre-
cracking behavior. It, however, alters its post-cracking behavior quite significantly, resulting
in greatly improved ductility, crack controls, and energy absorption capacity (or toughness).
Therefore, a thorough understanding the complete tensile stress - strain (c—e) response of
fiber reinforced concrete is necessary for proper analysis while using structural components
made with fiber reinforced concrete.

Direct tensile stress applied to a specimen is in principle the simplest configuration for de-
termining the tensile response of concrete. However, problems associated with testing brittle
materials in tension include (i) the problem related to gripping of the specimen and (ii) the
problem of ensuring centric loading. Routinely, indirect tension tests for plain concrete, flex-
ural and split-cylinder tests, have been used as simpler alternatives to direct uniaxial tension
test. They are assumed to suitable for fiber reinforced concrete since typically such compo-
sites comprise 98% by volume of plain concrete. Clearly since the post-cracking characteris-
tics are significantly influenced by the reinforcing parameters and interface characteristics, it
would be fundamentally incorrect to use indirect tensile tests for determining the tensile prop-
erties of fiber reinforced concrete. The present investigation represents a systematic look at
the failure and toughening mechanisms and macroscopic stress - strain (c—¢) characteristics of
fiber reinforced concrete in the uniaxial tension test. Results from an experimental parametric
study involving used fiber quantity, type, and mechanical properties in the uniaxial tension
test are presented and discussed.
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1. Introduction

Concrete is one of the most commonly used
materials in structural applications. It has ade-
quate compressive strength and stiffness. How-
ever, it has low tensile strength and low ductility
resulting in low energy absorption. Due to its
lack of tensile strength and ductility, concrete is
often reinforced with reinforcing steel bars and
entire tensile forces are assumed to be carried by
the reinforced steel bars. Such applications under
abusive environmental conditions often result in
corrosion of the steel rebars, and consequently
affect the decay of reinforced concrete structures
adversely.

An intrinsic cause of the poor tensile behavior
of concrete is its low toughness and the presence
of defects. Therefore, improving concrete tough-
ness and reducing the size and number of defects
in concrete would lead to better performance. An
effective way to improve the toughness of con-
crete is by adding a small fraction (usually below
2% by volume) of short fibers to the concrete
during mixing. In the fracture process of fiber
reinforced concrete (FRC), fibers bridging the
cracks in the matrix can provide resistance to
crack propagation and crack opening before
being pulled-out or stressed to rupture. After
extensive studies in the last three decades, it is
now beyond doubt that such fiber reinforcement
can improve the tensile properties of concrete!'?.
Orders of magnitude increase in ductility (energy
absorption capacity) over plain concrete is com-
monly observed. Improved fatigue strength and
reduced drying shrinkage are also often ob-
served. Fiber reinforced concrete is currently
being used in many applications including high-
way overlays, bridges, airport runways and
buildings ®*>'?. In load bearing applications it is
generally used along with traditional steel rein-
forcement'®.

Direct tensile stress applied to a specimen is in
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principle the simplest configuration for deter-
mining the tensile response of concrete. However,
problems associated with testing brittle materials
in tension”®' include (i) the problem related to
gripping of the specimen — failure of the speci-
men at or near the grips results from stress con-
centrations at these locations and (ii) the problem
of ensuring centric loading — even if one takes
great care the loading is typically eccentric. Ad-
ditionally once the specimen cracks on one side,
locally, the loading at the critical section is still

" eccentric even if one assures that the external

loading is truly uniaxial. Routinely, indirect ten-
sion tests for plain concrete, flexural and split-
cylinder tests, have been used as simpler alterna-
tives to direct uniaxial tension test. They are
assumed to suitable for FRC since typically such
composites comprise 98% by volume of plain
concrete. Clearly since the post-cracking char-
acteristics are significantly influenced by the
reinforcing parameters and interface characteris-
tics, it would be fundamentally incorrect to use
indirect tensile tests for FRC. The present inves-
tigation represents a systematic look at the fail-
ure and toughening mechanisms and macro-
scopic stress - strain (c—¢) characteristics of FRC
in the uniaxial tension test. Observation on an
experimental study on the amount of fiber quan-
tity, type, and mechanical properties in the uni-
axial tension test are presented and discussed.

2. Experimental Program

The focus of this study was to investigate the
effects of the type of fiber, geometry of the fiber,
and fiber volume content on the overall tensile
behavior of FRC. Of particular interest was the
influence of these parameters on its tensile
strength and energy absorption capacity in uni-
axial tension test. Based on the type of fiber,
fiber geometry, and fiber volume content of in-
terest, the experimental program included eight



mixes. Two types of steel fibers (volume frac-
tions of 0.5% and 1.0%) and two types of fibril-
lated polypropylene fibers (volume fractions of
0.1% and 0.5%) were used.

2.1 Specimen Preparation

The eight matrix mixes used for this investiga-
tion were designed for approximate 28 day com-
pressive strengths of 350 to 420 kgf/cm’. Type I
Ordinary Portland Cement was used. Washed
river sand was used as fine aggregates and
crushed limestone having maximum size of
19mm was used as coarse aggregates. All aggre-
gates used met ASTM C33 specifications. Su-
perplasticizer was used to achieve the required
level of workability. On the recommendation of
polypropylene 2 type fiber manufacturer, super-
plasticizer was not added. In order to achieve
equivalent levels of workability the water-
cement ratio and the sand-coarse aggregate ratio
were increased in these mixes. Air entraining
agent was used to produce air contents of be-
tween 5 to 7%. Details of the mix proportions are
presented in Table 1.

A large slab (15.2cm deep, 5.29m x 1.22m)
was cast for each of the eight mixes. The con-
crete truck placed the mix directly into the slab.
A large slab was chosen so that specimens fabri-
cated for future studies could be used. The slabs
were left in the outdoor casting bed covered with
polyethylene sheet for four days. After that, they
were sawn into smaller sized slabs in order to

facilitate further handling: 0.53m x 0.47m. The
smaller slabs were stored in a curing room (ap-
proximately 98% R.H. and 24°C) until they were
ready to be sawed into testing specimens. Then,
the uniaxial tension specimens were sawed using
a water-cooled masonry saw that was equipped
with a 45.7cm diamond tipped circular blade
with 3.2mm thickness. Notches were sawed us-
ing the same saw. Detailed specimen size is
shown in Fig. 1. Slumps of all eight matrix mixes
in the 8.9 to 14.0cm range were obtained.
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Table 1 Typical mix proportion used

Constituent All Mixes except Polypropylene 2 Mixes Polypropylene 2 Mixes Content per
Content per cubic meter of concrete (m’) cubic meter of concrete (m®)

Cement 277 kg 277 kg

Fine aggregate 644 kg 736 kg

Coarse aggregate 644 kg 510 kg

Water 138 kg 160 kg
Superplasticizer 532 ¢cc

Air-entraining agent 127 cc 127 cc
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The steel fiber mixes had an average unit weight
of 2.22 t/m® and the polypropylene fiber mixes
had an average unit weight of 2.21 t/m’.

2.2 Fibers

Two types of steel fibers and two types of fi-
brillated polypropylene fibers were used in this
investigation. Steel fibers are typically used be-
cause of their high modulus of elasticity (2.0x10°
kgf/cm®) and polypropylene fibers are typically
used because of their high ultimate elongation
capacity (25%) and high tensile strength (4,900 -
5,600 kgf/cmz) in spite of their low modulus of
elasticity (49,000 - 81,200 kgf/cm?). The hooked-
end steel fibers were available in collated bun-
dles. The fibers separate due to the mechanical
action during mixing and due to the solubility of
the glue. They were nominally 51mm long and
had an effective aspect ratio of 100. The crimped
steel fibers were also nominally 51mm long.
They had a crescent-shaped cross-section and an
equivalent aspect ratio of 50. Hooked-end steel
fibers and crimped steel fibers were used in this
investigation because of their improved resistan-
ce to pull-out compared to smooth straight fibers.
Two polypropylene fibers used were of the fi-
brillated variety. During the mixing process, the
fibrillated fibers typically break-up into indi-
vidual fibrils. Since polypropylene fibers used
were of the fibrillated type and not of the mono-
filament type it is inappropriate to compute and
report equivalent diameters. Both the polypro-
pylene fibers were also nominally 51mm long.
The mechanical properties of the fibers used are
listed in Table 2.

3. Test Procedure

The uniaxial tension test FRC specimens were
203mm long, 64mm wide, and 51mm thick.
Symmetrical double edge notches were sawed
for all the specimens (9.5mm deep and 3.2mm
wide). The notches ensured both a predetermined
crack location as well as stability in the “strain-
controlled” test on MTS closed-loop testing ma-
chine. Specimen ends were glued to steel plates
(127mm x 127mm x 25mm) using a room-
temperature curing epoxy. Aluminum studs
(15.9mm x 19.1 mm x 12.7mm) were glued ac-
ross the notches to mount extensometers on the
left and right faces of the specimen. Details of
specimen loading and displacement measuring
fixtures are illustrated in Fig. 1. The uniaxial
tension test was conducted under specimen dis-
placement controlled, strain-controlled, condi-
tions (average of notch mouth opening displace-
ment as measured using the two extensometers).
All specimens were tested monotonically using
an average notch mouth opening displacement
rate of 0.013mm/sec (1 pstrain/sec). Each test
lasted approximately 50 minutes. Load, average
notch mouth opening displacement (12.7mm
gage-length using two extensometers, specimen
displacements measured over a longer gage-
length (127mm gage-length) using two LVDTs,
command signal, ram displacement and time
(from the start of the test) were the parameters
monitored during. the test. A detailed schematic
expression is shown in Fig. 2. A PC-based auto-
mated test control and data acquisition system
was used for controlling the test as well as for
acquiring data from the test.

Table 2 Mechanical properties of the fibers used

Fiber type Tensile strength (o, kgf/cm?)  Modulus of elasticity (E, kgf/cm?) Specific gravity (p)
Hooked-end steel 11,900 2.0x10° 1.85
Crimped steel 11,550 2.0x10° 7.85
Polypropylene 1 4,900 49,000 0.91
Polypropylene 2 5,600 81,200 0.90
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Fig. 2 Block diagram highlighting details of the closed-loop test scheme and
associated instrumentation used for uniaxial tension test

4. Test Results and Discussions

Uniaxial tension tests typically provide the
most direct and fundamental response from a
fracture mechanics point of view because of (i)
their relatively simple state of stress (uniform
and uniaxial) and (ii) failures in most applica-
tions primarily initiate due to Mode I type of
fracture. However, the presence of notches is
expected to introduce stress concentrations in the
vicinity of the notch tips. The two edge notches
were provided primarily to assure stable fracture.
Average material properties obtained from the
experiments are summarized in Tables 3 and 4.

Values reported in Table 3 include the stress at
first crack and the corresponding strain (f,, €),
the ultimate stress and the corresponding strain
(f,, &), and the initial tangent modulus (E). It is

noted that the stress values reported are calculat-
ed based on net area. Corresponding strain values
reported are based on displacement measure-
ments over the long gage length using LVDT
(8,=127mm). The initial tangent modulus (E,) is
obtained from regression analysis of the slope of
the stress-strain response up to load levels that
approximately 50% of the composite strength.

Table 4 presents data on energy absorption ca-
pacities of the various mixes. Energy absorption
is computed as the area under the stress - strain
diagram. These values have been computed up to
(i) the first ¢crack strain €, A,, (ii) 3 times of the
first crack strain ¢, A,, (iii) 5.5 times of the first
crack strain g, A, and (iv) 10.5 times of the first
crack strain &,, A, According to the ASTM
C1018 toughness definitions for flexural test the
above strain limits were chosen.
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Table 3 Summary of experimental results — strength, strain, and modulus

Mix Designation f, f, « . E,
Fiber Type V(%) (kgflem?) (kgflem?) ( strain) ( strain) (x10° kgflem?)
Hooked-end 05 315 36.7 1017 1268 0313
Hooked-end 10 350 399 99.7 1309 0.342
Crimped 05 313 359 942 116.6 0.333
Crimped 10 335 38.1 105.2 1268 0319
Polypropylene | 0.1 284 332 86.4 1014 0329
Polypropylene 1 0.5 298 35.1 925 1164 0323
Polypropylene 2 0.1 211 322 88.5 1083 0.301
Polypropylene 2 0.5 282 335 920 110.3 0319
Table 4 Summary of experimental results —~absorbed energy
Mix Designation A; A,
Fiber Type V(%) (x10% kgflem?) (x10° kgflem?) (x10° kgflcm?) (x10° kgflem?)
Hooked-end 0.5 160 634 999 1712
Hooked-end 10 232 113 1212 2162
Crimped 05 174 588 899 1470
Crimped 10 194 567 967 1813
Polypropylene 1 0.1 149 413 562 738
Polypropylene 1 05 137 513 756 1113
Polypropylene 2 0.1 133 404 575 816
Polypropylene 2 05 128 506 302 1266

It can be observed that the initial regime of
stress-strain (c-g¢) response of FRC is elastic.
Beyond loads that correspond to approximately
85% of the strength of the composite, preexisting
microcracks that are distributed uniformly
throughout the specimen begin to grow. This
results in macroscopic nonlinear response. The
growth of the microcracks may be accompanied
by limited partial debonding along the fiber-
matrix interfaces. Further loading produces coa-
lescence of microcracks. In the vicinity of the
composite peak one group of microcracks that
have coalesced into a major crack becomes
dominant and critical. It is speculated that this
leads to localization of strain and resultant mac-
roscopically observed phenomenon of softening.
All other microcrack based crack systems gradu-
ally unload, as the critical section softens. This
makes the strain measurement gage length de-
pendent. The values of &, and &,,, in Fig. 3
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measured using an average from the two exten-
someters having 12.7mm gage length and from
the two LVDTs having 127mm gage length, re-
spectively. At small deformations obtained strain
is independent of gage length. At very large dis-
placements (beyond the peak after displacements
are localized), opening crack width in the
notched region dominates strain measurement.
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Fig. 3 Stress-strain response for polypropylene 1
reinforced mix with fiber volume fraction=0.1%



This effect can be observed in Fig. 3, which the
stress—strain (o-€) responses obtained using two
different gage lengths for fiber volume fraction
of 0.1% polypropylenel fiber reinforced mix.

Fig. 4 shows a comparison of the stress-strain
response from mixes using different fiber types.
Fiber volume fraction of 0.5% has been used for
all the four plots. It can be observed that tensile
strengths of the four mixes are somewhat differ-
ent. The polypropylene mixes typically gave
lower strengths even when the matrix used in
each case was approximately the same strength.
Moreover, the stress transferred in the post-crack
regime is higher for the steel fibers. After the
composite peak stress, the load-carrying capacity
abruptly drops to a certain stress level termed by
Naaman, et al."® as the postcracking strength.
The mix containing hooked-end steel fiber ab-
sorbs the most energy. This followed by the mix
containing crimped steel, polypropylene 2, and
polypropylene 1. Although from Fig. 4 it appears
that the postcracking response of all the four
mixes are horizontal all of them indeed have a
shallow negative slope. Frictional pull-out of
fibers is perhaps largely responsible for this type
of a response. The postcracking strength is fiber
type dependent and varies between 70 to 140
kgf/cm’® for the various FRC mixes used. They
are approximately 20% to 40% of the composite
strength.
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Fig. 4 Comparison of the typical stress-strain
response for all the four fiber reinforced
concrete mixes(fiber volume fraction = 0.5%)

Prior to cracking, the modulus of elasticity, E,,
of FRC composite can be obtained from the law
of mixture, if there is perfect bond between the
matrix and the fibers,

E =o,0,EV:+E_V_

where E; and E, | are moduli of elasticity of fiber
and matrix, respectively; V; and V_ are the fiber
and matrix volume fractions, respectively; o, and
a, are efficiency factors for fiber orientation and
for fiber length, respectively. It is obvious that a,
is equal to 1 for fibers aligned in the direction of
applied load. For randomly distributed fibers
numerous articles reported a value of o;, which
depends on assumptions made in their analysis.
According to Cox®, a, can be estimated as 1/3
and 1/6 for two- and three-dimensional distribu-
tions, respectively. For continuous fibers a, is
equal to 1. As the length of the fiber decreases
within the matrix, its efficiency in carrying stress
decreases since the fiber does not carry the same
stress near its ends as its central portion does.
Krenchel'' has derived o, as 3/8 for randomly
distributed  discontinuous fibers in two-
dimensional arrangement. Aveston et al.®) have
used a value of 1/2.

For concrete reinforced with steel fibers, the
modulus of composite is expected to be greater
than the modulus of unreinforced concrete, since
modulus of steel is greater than modulus of con-
crete. For polypropylene fiber reinforced con-
crete, the modulus of composite is expected to be
lesser than the modulus of unreinforced concrete,
since modulus of polypropylene is lesser than
modulus of concrete. Since the low fiber volume
fraction (up to V,=1%) was used in this investi-
gation, it can be seen that the stiffness of FRC is
not significantly affected by the fiber inclusion.
This effect is plotted in Fig. 5 that the modulus
of elasticity of the various FRC mixes used is
insensitive to fiber type.
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Both the matrix and the fibers contribute to the
tensile load-carrying capacity of the FRC com-
posite. The ultimate tensile strength of FRC
composite is somewhat sensitive to fiber rein-
forcement, as shown in Fig. 6. When a statisti-
cally significant set of data from other published
sources®® are added, as shown in Fig. 6, a clear
trend of strength ds related to the fiber rein-
forcement parameter (V,1/d for steel fibers) be-
comes apparent. It can be stated that ultimate
tensile strength of FRC is observed to be linearly
related to the fiber reinforcement parameter.

The improvement of the energy absorption ca-
pacity of FRC is one of the primary reasons for
adding fibers to concrete. Energy absorption has
been computed as the area below the stress-strain
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curve. Absorbed energy for the various mixes
tested are reported in Table 4. A comparison of
the energy absorption capacity from mixes using
different fiber types is illustrated in Fig. 7. Fiber
volume fraction of 0.5% has been used for all
four plots. Typically polypropylene reinforced
mixes have a smaller energy absorption capacity
compared to the steel fiber reinforced mixes.
This can be attributed to the superior equivalent
bond and higher stiffness in the latter mixes as
compared to the former mixes. The mixes with
hooked-end steel fibers have the largest energy
absorption capacity. Increased energy absorption
capacity makes the FRC composite attractive for
use in applications where large amounts of ener-
gy absorption are required.
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Fig. 7 Energy absorption capacity for all the
four fiber reinforced concrete mixes
(fiber volume fraction = 0.5%)

5. Conclusions

1. As a result of localization of displacements
that begins to grow just prior to the peak
stress, pre-cracking strain is independent of
gage length. Whereas post-cracking strain is
dependent of gage length since opening crack
width in the notched region dominates strain
measurement.

2. Modulus of elasticity of FRC (up to volume
fraction of 1%) is matrix-dominated proper-
ties. It is not influenced significantly by the



1.

fiber reinforcement parameters (fiber type,
volume fraction, and aspect ratio). Whereas
the ultimate tensile strength of FRC compo-
site is somewhat sensitive to fiber reinforce-
ment. When a statistically significant set of
data from other published sources are added,
a clear trend of strength as related to the fiber
reinforcement parameter (V,1/d for steel fi-
bers) becomes apparent. It can be stated that
ultimate tensile strength of FRC is observed
to be linearly related to the fiber reinforce-
ment parameter.

. After the FRC composite peak stress, the

load-carrying capacity abruptly drops to the
postcracking strength. On further increases in
displacement, the load carrying -capacity
gradually drops with a shallow negative slope.
Frictional pull-out of fibers is perhaps largely
responsible for this type of a response. This
contributes to the improvement of the energy
absorption capacity (or ductility). The post-
cracking strength is fiber type dependent and
varies between 70 to 140 kgf/cm® for the
various FRC mixes used.

The improvement of the energy absorption
capacity (or ductility) of FRC is one of the
primary reasons for adding fibers to concrete.
Polypropylene reinforced mixes have a smaller
energy absorption capacity compared to the steel
fiber reinforced mixes. This can be attributed to
the superior equivalent bond and higher stiffness
in the latter mixes as compared to the former
mixes. Increased energy absorption capacity
makes the FRC composite attractive for use in
applications where large amounts of energy ab-
sorption are required.
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