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Experimental Determination of Tensile Behavior of Fiber

Reinforced Concrete

‘.

With reported improvements in tensile behavior of concrete due to
fiber reinforcement, considerable interest has been generated in ten-
sile testing techniques for cementitious composites. Such methods are
reviewed and a novel method for direct tensile tests on fiber rein-
Jorced concrete (FRC) is described. The method reguires only a sim-
ple loading fixture yet gives satisfactory test results. The resuits of
tensile measurements are reported for various synthetic FRC with
mortar matrix. It is expected that direct tensile test of FRC can be
widely performed by using this method.

Keywords: fiber reinforced concretes; measurement; splitting tensile strength;
stiffness; synthetic fibers; tensile properties; tensile strength; tension tests.

Fiber reinforced concrete (FRC) has superior tensile
properties, particularly ductility, over plain concrete.
Studies have indicated that the tensile stress-crack sep-
aration (o-6) curve is the best alternative to characterize
the tensile behavior of FRC."? In principle, the re-
sponse of an FRC structure can be predicted from the
g-8 curve which describes the material constitutive re-
lation along the matrix cracks in the structure, together
with the stress-strain (o-¢) relationship which applies
elsewhere in the structure. Although the stress state in
the structure may be biaxial or triaxial, it is generally
assumed that the ¢-6 curve can be determined from a
uniaxial tensile test. This assumption is considered jus-
tifiable since concrete is a nonyielding material and the
difference between plane stress and plane strain is in-
significant for concrete.’ However, experimental verifi-
cation of this assumption is still needed.

In this study, an improved method was developed for
direct tensile testing of FRC. This method is relatively
simple and gives satisfactory results. The tensile prop-
erties of mortar matrix FRC containing aramid, poly-
ethylene, polypropylene, and a combination of aramid
and polyethylene fibers were studied using this direct
tensile test. The test results will be briefly described.

RESEARCH SIGNIFICANCE
Tensile behavior is a fundamental property of FRC.
It is important for FRC structural design and useful for
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optimization of FRC with respect to reinforcement
parameters. Methods of direct tensile tests currently
available are generally limited due to their requirement
of complicated equipment. The method introduced here
is performed on widely available machines with a sim-
ple loading fixture. It can be broadly adopted in FRC
studies.

REVIEW OF DIRECT TENSILE TEST METHODS

Because of the brittle nature of concrete, valid direct
tensile testing of concrete and FRC is always difficult to
carry out, for the accuracy of the direct tensile test is
strongly dependent on test conditions. Presently, no
standard methods are available for the direct tensile
test. Due to the importance of the tensile behavior of
FRC and concrete, many direct tensile tests of these
materials have been attempted, using different designs
of loading grips.*"* Indirect methods of measuring the
g-6 curves have also been attempted using other more
stable test configurations.'s?

To insure a stable uniaixal tensile test, the testing
equipment should satisfy the following basic require-
ments:

1. The testing fixture, including the testing machine,
loading grips, and junctions between them, must be
stiff enough to avoid unstable unloading after the spec-
imen peak load is reached.

2. Misalignment of the specimen should not be in-
troduced by the loading grips to avoid imposition of an
unknown initial stress field on the specimen;

3. The testing fixture should have high rotational ri-
gidity to prevent bending strains in the specimen and
thus to insure a uniform strain across the specimen.

These requirements are discussed in the following
sections.
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placement as the feedback signal to control the ma-
chine actuator, this equipment, in principle, can main-
tain a constant rate of specimen crack opening;
therefore, all of the loading equipment and portions of
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opening displacement gage with a gage length of 12.7
mm to provide the feedback signal (specimen dimen-
sion and loading fixture to be described in a later sec-
tion). Because of insufficient sensitivity of the displace-
ment sensor and/or insufficient accuracy in actuator
movement, all such tests performed were unstable.

Specimen alignment and equipment rotational
stiffness

Specimen misalignment introduces unknown initial
stresses in the specimen, which may affect the accuracy
of test results significantly. Eccentric mounting of
specimens induces bending stresses, which can be effec-
tively reduced by use of hinge joints that allow free
bending in different directions. Almost all testing fix-
tures used for direct tensile tests have such joints. The
fixture developed at the Delft University of Technol-
ogy, however, has no flexible joints, and specimen-end
rotations are prevented by a guiding system (Fig. 1).
Misalignment problems in the Delft system are presum-
ably solved by gluing the specimen to the loading plat-
ens.

Although the use of hinge joints can reduce the ini-
tial bending stress, it also allows the free rotation of
specimen ends and therefore allows the development of
bending strains in the specimen during testing. The
failure process of a uniform (unnotched) FRC or
concrete specimen in direct tension usually involves, in
sequence, uniform linear elastic deformation, micro-
cracking over the specimen, concentration of micro-
cracks near a plane, formation of a macrocrack in the
plane, crack propagation to the whole plane, and pull-
out of aggregates and/or fibers bridging the crack. It is
unlikely that the macrocrack will always start from the
center of the cross section and propagates axisymmetr-
ically over the plane. Particularly in notched specimens
commonly used for direct tensile tests, the crack is
more likely to start from the existing notches. The
stress field across the specimen during tensile testing is
therefore nonuniform. For this reason and in view of
the fact that all specimens contain inhomogeneities,
bending strains could be introduced if no restrictions on
specimen end rotation are imposed; therefore, the test
is no longer a true uniaxial tensile test in which, by def-
inition, the strain field in the cross-sectional plane of
interest should be uniform.

Although symmetric deformation in tensile tests of
concrete using hinge joints has been reported by Go-
palaratnam and Shah,' they have also noted unsym-
metrical crack formations which make it necessary to
use the average displacement across the two notches in
opposite sides of the specimen as the feedback signal.
Nonuniform deformation has also been observed by
others' and is believed to be a more general mode of
deformation for tests conducted with such loading fix-
tures. It is therefore desirable that test results associ-
ated with high deformational nonuniformity be so in-
dicated.

Deformational nonuniformity can be significantly
reduced if the loading fixture has very high stiffness
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Fig. 2 — Setup of the direct tensile test: (a) on a com-
puter-controlled Instron machine; (b) on a manually
controlled Instron machine

against specimen end rotations. However, even with the
Delft fixture that includes the guiding system, such
nonuniformity has been reported for long specimens of
lightweight concrete, and found to be related to
“bumps’’ (sudden load drops) in the stress-displace-
ment curves.'? The nonuniformity is expected to be less
for normal weight concrete, and it decreases with the
decrease of specimen length used in the test.

EXPERIMENTAL PROCEDURES FOR THE
DIRECT TENSILE TEST

Setup and description

In this study, a modified method of FRC direct ten-
sile testing has been developed. The test setup is shown
in Fig. 2. The test has been performed on two testing
machines, both servo-hydraulic Instron machines of
100 kN tension/compression capacity, one computer
controlled and the other manually controlled. The
loading fixture consists of a pair of heavy steel plates
25.4 mm thick, tightly connected to the testing ma-
chine, with one plate bolted to the load cell and the
other to the actuator piston (Fig. 3). The test specimen
is glued to the loading plates with fast-curing epoxy ad-
hesive. By eliminating ‘‘soft’’ connections between the
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Fig. 3 — Details of the loading fixture. (a) schematic
illustration; (b) photograph (dimensions are in mm)

specimen and the machine, this setup takes full advan-
tage of the stiffness of the machine frame to minimize
the release of strain energy in the testing fixture and to
restrain the end rotations of the specimen. In addition,
the in situ curing of the adhesive excludes nonuniform
initial strains in the specimen.,
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Fig. 4 — Dimensions, mm, of direct tensile test speci-
mens

This test fixture is very versatile — as it can readily
use specimens with different geometries and dimen-
sions. In this study, all the tests were done with speci-
mens of the same size, as shown in Fig. 4.

Two LVDTs (linear variable differential transform-
ers), both with a displacement range of 5.08 mm, were
used to monitor the crack-opening displacement. The
LVDTs were mounted on two opposite sides of the
specimen with aluminum holders glued to the specimen
surface. The nominal measuring gage length was 12.7
mm. Signs of load, crack openings of the two sides,
and the machine piston displacement were recorded by
a microcomputer.

The test was performed at constant speeds of ma-
chine piston movement. The method of loading was
found satisfactory to provide a stable loading condi-
tion for most FRC tests. Fig. 5 shows time-domain sig-
nals of load, crack openings of the two sides, and the
machine piston displacement for a test of FRC con-
taining 1 percent 12.7 mm high-strength polyethylene
fibers and 1 percent of 12.7 mm aramid fibers (Mix
H1), from which it can be seen that the test was stable,
with no sudden load drops experienced as the crack
opened. Comparison between the crack openings meas-
ured by the two LVDTs also indicated no noticeable
bending effect in the specimen.

However, due to insufficient machine accuracy, the
tests of plain mortar specimens were found to be un-
stable. Because of the brittleness of mortar specimens,
the machine must be able to position the actuator pis-
ton with an accuracy of about 1 um to obtain a stable
unloading part of the 0-6 curve. The Instron machines
used for the test, designed for dynamic testing rather
than accurate static testing, did not have such accu-
racy. Clearly, a more accurate testing machine is re-
quired for plain mortars and would be desirable as well
for tensile tests of FRC.

The direct control of machine displacement is easier
to perform than the feedback control of crack opening,
although the latter may be more desirable. Direct con-
trol eliminates the need of high-sensitivity displacement
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transducers and permits stable tests with a less accurate
machine.

The simplicity of the loading fixture required by this
method could make the direct tensile test of FRC a
widely performed laboratory test. However, to insure a
high success rate, precautions are needed to avoid fail-
ure of the specimen, or failure of the adhesive during
its curing prior to testing. By following the established
test procedures, premature specimen failure basically
has been eliminated in this study. The test procedures
are detailed in the next section.

Specimen preparation

A mortar matrix, composed of Type III cement,
mortar sand, and water (weight ratio = 1:1:0.5) and
reinforced with various synthetic fibers, including two
aramids, high-strength polyethylene, and undrawn
polypropylene. Fiber length L,, diameter d,, and vol-
ume fraction ¥, will be given later with the test results.
Details on materials, mixing, and curing of FRC speci-
mens can be found elsewhere.?"?

Specimens for the direct tensile tests were cast in
plexiglass molds with inner dimensions of 76.2 x 76.2 x
279.4 mm. Between 5 and 10 days after casting, the
specimens were removed from the curing tank for sur-
face grinding and notch-cutting. Each specimen was cut
into two parts, a longer one with a length (about 155
mm long) for the direct-tensile test, and a shorter one
(about 120 mm) for the splitting-tensile test. The free
surface of the cast direct-tensile test specimen was
ground to smoothness with a water-cooled grinding
machine to insure precise notch-cutting. The specimen
cast end, opposite to the cut end, was also ground to
remove the 3 mm thick top layer. It is necessary to re-
move the weak surface layer for the specimen to be
firmly glued to the loading plate. Notches 12.7 mm
deep were cut in all four sides of the specimen in the
middle cross section with a 1.6 mm thick diamond saw.
After grinding and notch-cutting, the specimens were
returned to the curing tank. All the tests were per-
formed at a specimen age of 14 + 1 days. The speci-
mens were removed from the water tank the day before
testing, and left to air-dry in the laboratory.

Nominal dimensions of the tensile specimens are
shown in Fig. 4. Actual areas of the net specimen cross
sections were measured after the tests and used to cal-
culate stresses.

Test procedures

Machine command setting — The machine for the
tensile test was set at position control (also called stroke
control). The command signal for controlling the pis-
ton movement is shown in Fig. 6. Stage I sets the start-
ing position of the piston by following a ramp signal.
After the full stop of the ramp is reached, the machine
is held in that position for specimen-mounting and
glue-curing (Stage II), which takes about 1 hr. The ac-
tual test is performed in Stages III and IV. The speed
in Stage III is very low, so that details of ascending and
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Fig. 5 — Time domain signals of load, crack openings
of the two sides measured by LVDTs, and the machine
piston displacement for a test of FRC containing 1%
12.7 mm high-strength polypropylene fibers and 1%
12.7 mm aramid B fibers (mix HI)
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Fig. 6 — Command signal versus time for the direct
tensile test

initial descending parts of the ¢-8 curve can be cap-
tured. Once the crack is opened to a certain width, the
test is less sensitive to loading speed; therefore, a fast
speed is used in Stage IV to complete the test. The time
durations used in this study for these stages are indi-
cated in Fig. 6. The speed and stroke for Stage III were
v, = 0.005 mm/sec and S, = 1 mm, completed in 200
sec. The stroke distance for Stage IV was selected based
on fiber length and/or experience, so that the specimen
could be separated. The speed for this stage was chosen
to complete the test stage in about 200 sec.

It is important to note that the command signal is a
continuous function of time. Any interruption will al-
most certainly cause the specimen to fail prematurely.
In the computer-controlled Instron machine, the com-
mand signal was programmed, using the general pro-
gram, into three blocks: one block for Stages I and II,
and one block each for Stages III and IV. Manual
transfer was selected to start Stage III, the actual test-
ing. In the manually controlled Instron machine, a
double ramp control was used, by first moving the pis-
ton up (Stage I), holding it there (no action required,
Stage II), then reversing the ramp for testing (Stages III

465



Fig. 7 — Setup for the splitting tensile test

and IV). Two hundred sec after actual testing started,
the speed was raised by increasing the frequency of the
function generator. Only the total stroke distance S, +
S, needed to be set for this machine.

Cyclic loadings in the direct tensile test can also be
done by modifying the command signal shown in Fig.
6. In such a test, reloading can be easily achieved by a
manual transfer, triggered by the operator when the
load has dropped to near zero.

Machine parameter setting — It is important to set
the machine parameters (controller gain, time constant,
etc.) properly so that machine piston drift is minimized
and the actual machine movement can follow the com-
mand signal closely. Unfortunately, the optimal section
of these parameters depends on the individual ma-
chine, or less desirably, on the stiffness of the speci-
men, which varies during testing for FRC. A rule of
thumb is to choose the parameters with the highest gain
that give a “‘stiff’’ machine response but without exces-
sive overshoot when no specimen is mounted on the
machine, then to decrease the gain by about 5 to 10
percent to avoid machine oscillation.

The parameters used for this study were, for the
computer-controlled machine using its general pro-
gram: gain = 50, time constant = 14, and mass com-
pensation = 10. For the manually controlled machine:
gain = 9 and integration = 9 (for the stroke control-
ler).

Specimen mounting — The specimen was glued to
the loading plates with a fast-curing epoxy adhesive
that developed full strength in about 1 hr after mixing
at room temperature. The epoxy and the hardener must
be mixed thoroughly and uniformly to insure rapid
hardening and high strength.

The specimen was first glued to one plate on a table.
To control the glue thickness, four wire segments of 0.5
mm diameter x 2 mm length were first glued to the
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plate with instant glue (the one often used for foil
strain-gage mounting), then the epoxy mix was applied
to the plate. After removing the air bubbles in the ep-
oxy, the specimen was placed at the center of the plate,
sitting on the wire segments. When the glue hardened in
about 15 min, the loading plate with specimen was
tightened to the machine load cell, and the other plate
was tightened to the actuator piston. After the machine
was turned on and Stage II of the loading sequence
(Fig. 6) was reached, the epoxy mixture was applied to
the lower loading plate attached to the piston to close
the gap between the specimen bottom and the plate
with epoxy to about 0.5 to 1 mm. This was achieved on
the computer-controlled machine by moving the ma-
chine top-crosshead down and locking it in position,
and in the manually controlled machine by raising the
piston with the zero-suppression control. An hour later,
the actual testing (Stages III and IV) was performed.

After testing, the loading plates with broken speci-
mens were heated on an electric stove and cleaned when
the epoxy became soft. For health reasons, this opera-
tion should be done under a ventilation hood to pre-
vent inhalation of the burning fumes.

To test multiple specimens continuously, at least two
pairs of the loading plates are needed.

Data acquisition

Voltage signals of load, crack openings of the two
sides measured by LVDTs, and the machine piston dis-
placement were recorded by a portable personal com-
puter via an analog/digital conversion board installed
in the computer. Unkel Scope, a software program de-
veloped at the Massachusetts Institute of Technology,
was used to control the data sampling. The sampling
interval per channel was 0.2 sec at 5 Hz, and the num-
ber of samples taken were 2048 per channel with a total
sampling time of 410 sec.

Splitting tensile test

Splitting tensile tests were also performed to measure
the cracking strength of FRC. The specimens, which
measured 76.2 X 76.2 X 120 mm, were prepared with
the direct tensile specimens. The test setup is shown in
Fig. 7. The specimen was loaded with a pair of hexag-
onally cross-sectioned rods, the side width of which was
5 mm. The test speed was 0.005 mm/sec. The load at
matrix cracking P, identified from the load-displace-
ment plot, was used to calculate the splitting tensile
stress o, from

3

e 1)

O

where A is the area of the specimen cross section be-
tween the loading rods.

TEST RESULTS
FRC mixes listed in Table 1 were tested in direct ten-
sion and splitting tension. For each mix, six specimens
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Table 1—Tensile strength and fracture energy of FRC

Direct tensile Splitting tensile Fracture energy
Coefficient Coefficient Coefficient
Mix Vi L, | d of variation, of variation, of variation,
Fiber no. | percent | mm | um| MPa percent MPa percent kJ/m? percent
None 0 0 — — 1.85 8.6
Aramid A K1 2 6.35 | 12 | 3.96 11.9 3.65 9.3 1.31 13.4
Aramid B Tl 1 6.35 | 12| 3.31 5.0 3.26 T 1.42 10
i 2 6.35 (12| 3.11 6.3 3.58 8.0 1.28 134
T3 3 6.35 | 12 | 3.65 122 4.15 12.1 1.87 18.2
T4 1 127 (12| 3.49 10.9 3.66 4.1 213 309
TS 2 12.7 12 | 4.17 4.1 3.96 1.3 4.36 11.0
High-strength
polyethylene S1 1 12.7 38 | 2.39 8.2 2.84 T2 5.98 10.3
S2 2 127 |38 | 2.70 1.9 2.82 9.1 5.62 16.1
Undrawn ;
polypropylene | Pl 2 5 221 2.21 9.5 2.58 9.6 1.44 8.8
P2 2 10 22 2.14 13.3 2.02 7.8 4.58 12.4
Aramid B 1 123 112
and H1 3.40 77 3.60 5.1 3.80 9.0
high-strength 12.7 | 38
polypropylene 1
5.8 T T T T T T T T I T T T T | T I 1 T
B T5 Mix Fiber 7 17 d; |
— designation % mm pm 2
4.8 K1 Aramid A 2 6.35 12 e
T1 Aramid B 1 6.35 12 %
T2 Aramid B 2 6.35 12 2
: q T3 Aramid B 3 6.35 12 =
= 3.8) T4 Aramid B 1 12.7 i) T
T Ts Aramid B 2 12.7 12 a
St 81 High-strength polyethylene 1 12.7 38 -
: 52 1 82 High-strength polyethylene 2 3 [ 38 =
o 2.8 P1 Undrawn polypropylens 2 5 22 S
.p" ki P2 Undrawn polypropylene 2 10 22 2
“ p1 H1 Aramid B/high-strength)f] 12.7&12.7 12&38 |
p2 polyethylene 2
1.8 —ud
]
8.8
4.8 6.8

Crack w id‘i;h

Cmm )

Fig. 8 — Stress versus crack separation curves for FRC

were prepared and tested, and at least five tests were
completed without unexpected specimen failure. For
each test, the maximum stress was calculated from the
maximum load divided by the area of the specimen
cross section, and the fracture energy was computed by
numerical integration of the total area under the stress-
crack opening curve. These results, together with the
splitting tensile strength, are given in Table 1. Average
a-6 curves for these FRC mixes are shown in Fig. 8.
Table 1 illustrates that the tensile strength measured
by the direct tensile tests is generally consistent with
that by the splitting tensile test. With the reinforcement
consisting of 1 to 2 percent low modulus undrawn pol-
ypropylene fibers (Mixes P1 and P2), the specimen
strength is expected to be very close to that of plain
" mortar. The splitting tensile strengths of Mixes P1 and
P2 were found to be somewhat higher than that of
plain mortar, but the differences were within the nor-
mal range of strength variation between batches.

ACI Materials Journal / September-October 1990

Depending on the fiber length and the volume frac-
tion, the strengths of the aramid FRCs (Mixes K1 and
T1-T5) are about 40 to 90 percent higher than that of
FRC with undrawn polypropylene fibers. Fracto-
graphic observation revealed that most fibers in aramid
FRC formed local bundles and that the matrix crack
was deflected around or along these fiber bundles, re-
sulting in a strength increase. However, the stresses de-
crease rapidly with an increase in crack opening, as in-
dicated in Fig. 8.

For the high-strength polyethylene FRCs (Mixes S1
and S2), the strength does not significantly differ from
that of FRC with undrawn polypropylene fibers. How-
ever, its post-peak stress decreases with crack opening
less rapidly in comparison with aramid FRC. Signifi-
cant amounts of high-strength polyethylene fibers in
these composites were observed to be uniformly dis-
tributed in the matrix. Here the major mechanism con-
tributing to the postcracking resistance was fiber pull-
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out. As a result, the fracture energy of high-strength
polyethylene FRC is higher than that of most of the ar-
amid FRC mixes.

The results seem to indicate that higher fracture en-
ergy is associated with longer fiber length. When two
types of fibers (aramid and high-strength polyethylene)
are used together as reinforcement, the performance of
the hybrid FRC (Mix H1) is superior to FRC using only
one of these fibers (Mix S1 or T4), and has relatively
high strength and fracture energy.

Note that even for FRC mixes exhibiting relatively
low fracture energies, these energy absorptions are still
much higher than that of plain mortar, typically 0.01
kJ/m?, and that of concrete containing coarse aggre-
gates, typically 0.1 kJ/m?2.

Further discussions of the test results and fracture
mechanisms observed in these tests can be found else-
where. *

CONCLUSIONS

The direct tensile test is one of the most important
measurements to determine the properties of FRC. It is
also one of the least performed tests because it requires
complicated equipment. This study has developed a
novel method of direct tensile testing that requires very
simple loading fixtures and widely available testing ma-
chines. Details of the testing procedures are provided
and tensile properties, strength, and fracture energy of
various synthetic FRC mixes measured by this direct
tensile test are reported.
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CONVERSION FACTORS
1 mm = 0.03937 in.

I'N = 0.2248 Ibf

1 MPa = 145.03 psi

1 kJ/m* = 5.7103 Ibf/in.
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