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Abstract

Based on an extensive experimental program, this paper studies the behavior of high strength concrete and steel fiber reinforced high strength
concrete under uniaxial and triaxial compression. Triaxial stress—strain relations and failure criteria are used to evaluate the effect of steel fiber
reinforcement on the mechanical properties of high strength concrete in triaxial compression, which is found to be insignificant.
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1. Introduction

High strength concrete has been widely used in the
construction practice around the world despite the fact that it
has a relatively low tensile strength and weak deformation
capability, also known as brittleness. It is generally accepted
that the ductility of high strength concrete can be improved by
introducing various types of fibers, especially steel fibers, into
the concrete mix. However, just like the steel bars in the
reinforced concrete, the steel fibers can only contain the
development of the cracks, but cannot totally eliminate the
concrete cracking. Therefore, in the case where the cracking of
concrete is restrained by the other sources, such as the confining
stress under triaxial compression, the effect of adding steel fiber
reinforcement to the concrete mix is questionable.

Although a lot of research has been performed on the
multiaxial behavior of both high strength concrete [1-3] and
steel fiber reinforced high strength concrete [4,5], the
comparison between the nonlinear stress—strain relations of
those two materials and the difference between their ultimate
failure criteria haven’t been well addressed. Therefore, focusing
on those two aspects, the purpose of this paper is to evaluate the
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effect of steel fiber reinforcement on the behavior of high
strength concrete under triaxial compression.

2. Experimental program
2.1. Mix proportions

Two types of concrete were used in this study, high strength
concrete and fiber reinforced high strength concrete with 1.0%
volume ratio of steel fiber (hereinafter designated as HSC and
SFHSC, respectively). The concrete mix proportions are listed
in Table 1. Type I cement, 10 mm crushed gravel satisfying
ASTM C33 gradation requirement, and ASTM No. 2 grade
river sand were employed for all the mixes. Hook-ended
30-mm-long steel fibers with a diameter of 0.5 mm were
used. To achieve good workability, highly effective super-
plasticizer was introduced to each of the fresh mixes. At the age
of 21 days, the specimens were taken out of the curing room and
carefully ground on both ends to provide the flat and smooth
bearing areas for the loading platens, and then they were taken
back to the curing room until the testing age.

2.2. Lubricated loading platen

As indicated by many researchers [6—8], the end constraint
induced by the friction between the rigid loading platen and the
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Table 1
Mix proportions of HSC and SFHSC

Water— Water Cement Sand  Coarse  Superplasticizer Slump
cement (kg/m’) (kg/m’) (kg/m’) aggregate (L/m?) (mm)
ratio (kg/m®)
HSC 033 170 520 760 1000 43 235
SFHSC 0.33 170 520 760 1000 43 100

specimen has a significant influence on the mechanical
properties of concrete under uniaxial compression. In an
attempt to minimize this effect for this study, the rigid loading
platen was lubricated with a combination of two 0.125-mm-
thick teflon sheets on top of one layer of 0.015 mm thick
aluminum foil. The aluminum foil was put directly on the
specimen end to prevent the possible reverse end condition [7,8]
caused by the bearing grease applied between the teflon sheet
and the foil. Under uniaxial compression, reference [9]
indicated that this lubricated platen could produce the same
compressive strength for 100-mm-diameter cylinders with
different A/d ratios of 1/1, 1.5/1 and 2/1, and that the concrete
cylinder showed a splitting tensile failure pattern (Fig. 1). This
pattern was shown by Mindess et al. [8] to be the theoretical
failure mode of a true uniaxial compression, rather than the
typical cone failure. It was also found that under this lubricated
loading platen, the 100 mm x 150 mm cylinder was more likely
to exhibit a uniform lateral expansion along the entire cylinder
height, a good indication of true uniaxial compression. There-
fore, this setup was adopted for the uniaxial compression test.

2.3. Triaxial compression test setup

The triaxial compression tests were performed by the MTS
810 material testing system (Fig. 2), a rigid frame MTS servo-
hydraulic closed loop testing machine with a frame stiffness
rated at 11.0 x 10° N/m. It has a 4450 kN load capacity and the
triaxial cell is able to apply up to 84 MPa confining pressure.

A confining pressure intensifier is used to fill and pressurize
the triaxial cell with the confining fluid, and the confining
pressure o3 is directly measured by a pressure transducer inside
the intensifier. The axial load is applied by the axial actuator and

Fig. 1. Splitting tensile failure under lubricated loading platen in uniaxial
compression.

Fig. 2. Triaxial compression test setup.

an in-vessel load cell records the axial deviatoric load F. The
actual axial stress o acting on the concrete can then be obtained
as Fo/A,+o3, where A is the cross-sectional area of the
concrete cylinder. The axial actuator and the confining pressure
intensifier can be programmed together to provide the desired
load paths.

Clip gages (axial and circumferential extensometers, Fig. 2)
were used to measure the deformation since they have an
advantage over electrical strain gages in capturing the average
deformation for a much larger portion of concrete. This is
especially desirable in obtaining the total circumferential
deformation along the whole perimeter of the cylinder, which
is then used to derive the average lateral strain &5 of concrete.

To prevent penetration of the pressurized oil through the
concrete, a PVC transparent heat-shrink tubing with an initial
inside diameter of 102 mm and a thickness of 1.85 mm was
adopted as the isolation sleeve for concrete cylinders in the
triaxial chamber. The tensile capacity of the tubing is well above

127 o, (MPa)
(1) With PVC

sleeve {10 1

Difference (2) Without

between PVC sleeve

1)and (2

IS £,(x107)
-400 -200 0 200 400
Contraction Dilation

Fig. 3. Lateral strain caused by the thickness change of the PVC sleeve under
different confining pressures.
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Fig. 4. Triaxial compression of 100x200 mm cylinder under rigid loading
platen. (Left: after test, Right: before test).

50% and the ultimate tensile strength is around 50 MPa. For
only 5 min under 150 °C, this tube can shrink and tightly wrap
around the side surface of the cylinder. The thickness change of
the tubing under different confining pressures must be taken
into account in calculating the lateral strains of the concrete
cylinder from the measurements of the circumferential extens-
ometer. This was done by performing two separate triaxial
compression tests on a specimen-size solid steel rod, with and
without the PVC sleeve, using the same loading scheme. The
result is shown in Fig. 3. The first and second curves represent
the lateral strains of the rod with and without the PVC tubing
under the same loading condition, respectively, and therefore
the difference between them is the lateral strains caused by the
thickness decrease of the tubing under confining pressures,
which should be added to the reading of the circumferential
extensometer to get the true lateral strains of the concrete
cylinder under triaxial compression.

As in the case of the uniaxial compression, the
100 mm x 150 mm cylinder with the lubricated loading platen
was also adopted in the triaxial compression test to minimize the
considerable end effect induced by a much higher axial load.
Additionally, triaxial compression tests for 100 mm X200 mm
standard concrete cylinders under rigid loading platen were also

Fig. 5. Triaxial compression of 100 x 150 mm cylinder under lubricated loading
platen. (Left: after test, Right: before test).
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Fig. 6. Load path T-1 and T-2 in triaxial compression.

conducted to compare the results. In the latter case, an apparent
swelling occurred around the mid-height of the cylinder (Fig. 4)
while both ends remained almost unchanged, indicating the big
end constraint imposed by the rigid platen. As expected, the
lubricated platen provided a fairly uniform lateral expansion of
the cylinder (Fig. 5). Ref. [9] showed that the ultimate axial
strength 0. and stress—strain relations under triaxial compres-
sion for those two cases were essentially the same, which might
be attributed to the high lateral confining pressure which
counterbalanced the end constraint effect. In both cases, shear
type failure manifested by inclined concrete cracks can be
clearly seen on the concrete surface.

2.4. Loading schemes

Under uniaxial compression, a displacement control with a
rate of 0.005 mm/s was employed to obtain the entire stress—
strain curve (including the descending branch). Under triaxial
compression, two different load paths, T-1 and T-2, were
employed (Fig. 6). The difference between T-1 and T-2 is the
o5/0 ratio before the target confining pressure o5 is reached,
where g is the axial stress and o3 is the confining pressure.
This ratio is 1:2 for T-1 and 1:6 for T-2, respectively. In both
paths, load control was employed before the target confining
pressure was obtained with an increasing rate of o3 of 7 MPa/
min and 3—4 MPa/min for T-1 and T-2, respectively. After the
target o3 was reached, both paths adopted displacement control
with a rate from 0.005 mm/s to 0.006 mm/s all the way until the
failure (including strain softening) of the specimen. Load path

A
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Fig. 7. Load path T-2’ in triaxial compression.
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Table 2
Triaxial compression results of HSC
Load path Confining Peak axial Peak lateral Peak axial
pressure o3 stress o strain &3¢ strain €
(MPa) (MPa) (x10°°) (X107
Uniaxial 0 67 —1000 2514
T-1 3.5 84.9 —2168 4660
T-1 7 99 -3609 7759
T-1 14 130.7 —5209 12,373
T-2 14 132.7 —4649 12,515
T-2 14 134.9 —5846 13,454
T-2 14 135.5 —5440 13,728
T-1 21 154 —=5739 16,609
T-2 21 157.1 —6547 18,257
T-2 21 161.2 —7782 19,429
T-1 28 180.2 -8679 25,007
T-2 28 179.9 —8865 24,089
T-1 42 229.1 —11,084 32,130
T-1 56 276 -12,376 40,582

T-2" was derived from T-2 for the application of high target
confining pressures from 42 MPa to 70 MPa (Fig. 7). In load
path T-3, the axial stress o; was first increased to 40% of the
uniaxial compressive strength without any confining pressure,
and then o and o;were increased simultaneously at the same
rate until the target confining pressure was reached. Right after
this point, displacement control was adopted. For the cyclic
loading, the unloading took the load control mode with a
decreasing rate of axial stress o of 40 MPa/min and a constant
confining pressure 3. After axial stress was reduced to the
target value, the control mode was switched back to the
previous displacement control again all the way up to the next
load cycle.

3. Results and analyses

In this section, the compressive strain is designated as
positive.

Table 3
Triaxial compression results of SFHSC
Load path Confining Peak axial Peak lateral Peak axial
pressure o3 stress o strain &3¢ strain &
(MPa) (MPa) (x107%) (x107%)
Uniaxial 0 69.0 —1361 2777
T-2 7 105.2 —3472 7082
T-2 14 136.8 —5440 12,711
T-2 14 139.0 —4625 12,090
T-2 21 164.1 —6750 16,973
T-2 21 162.3 —8011 20,195
T-2 28 186.5 -9165 25,722
T-2/ 28 189.6 —13,145% 27,439°
T-1 28 191.6 —9858 24,379
T-3 28 191.8 —9866 24,053
T-2 28 189.6 —9748 25,230
T2/ 42 239.0 —12,313 33,259
T2/ 56 282.2 —13,867 42,168
T2/ 63 308.2 —15,497 45,089
T2/ 70 324.1 17,338 48,203

% Abnormal strain values.
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Fig. 8. Stress—strain curves of HSC and SFHSC in uniaxial compression.

3.1. Uniaxial compression

With the introduction of the steel fiber reinforcement, the
uniaxial compressive strength (under Ilubricated loading
platen) of HSC was increased from 67.0 MPa to
69.0 MPa, and the axial and lateral strains at peak stress
(¢1c and &3.) were also increased (see Tables 2 and 3).
Although the stress—strain curves followed the same trend on
the ascending branch, the SFHSC was more ductile than
HSC on the descending branch (Fig. 8). The HSC
experienced a brittle splitting tensile failure (Fig. 1) when
the lateral deformation exceeded its tensile capacity, while
the SFHSC exhibited more ductility without a sudden
breakage of the cylinder, which could be attributed to the
improved tensile capacity of HSC with the steel fiber
reinforcement.

3.2. Triaxial compression

The triaxial compression test results for HSC and SFHSC
under different confining pressures and load paths are listed in
Tables 2 and 3.
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Fig. 9. Mohr-Coulomb failure criterion for HSC and SFHSC.
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Fig. 10. Comparison of compressive meridians of HSC from different studies.

3.2.1. Mohr-Coulomb failure criterion
The Mohr-Coulomb failure criterion can be expressed as

Eq. (1):
Lok (1)

where o, denotes the axial stress; o3 denotes the confining
pressure; f¢ denotes the uniaxial compressive strength; k =
llf;‘:g) and ¢ represents the internal-friction angle of concrete.

The k values for concrete with various strength grades from
previous research are highly scattered from 2.6 to 5.3 [1-—
4,11,12]. In this study, it was found that k is 4.0 and 3.95 for
HSC and SFHSC, respectively, and it can be seen from Fig. 9
that there is no obvious difference in terms of the failure envelop
between HSC and SFHSC. The internal-friction angle ¢ of both
HSC and SFHSC can be adopted as 37°, indicating a trivial
effect of the steel fiber reinforcement on this parameter.

3.2.2. Willam-Warnke failure criterion

The 5-parameter model of the Willam-Warnke failure
criterion [10] is now widely used in the concrete model
analysis. It has been adopted by the popular finite element
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Fig. 11. Comparison of compressive meridians of SFHSC from different studies.

1.24 @

« SFHSC
0.8 s ¥ A HSC
0.64
0.4- R
0.2

0 T T T T 1
0 0.5 1 1.5 2 2.5

Fig. 12. Comparison of compressive meridians of HSC and SFHSC.

analysis software ANSYS. The meridian equation takes the
following form:

2
Tm Om Om

Fewrafra(p) &
where in Eq. (2) the average normal stress o,=1;/3=(c;+
0,+03)/3; the mean shear stress 7, = \/Ll—s[(ol —02)2+(62—

63)2 + (o3 — 01)2]1/2; and o, 0, and o3 denote the stresses
in the three principal directions.

From this study, the compressive meridian of HSC can be
expressed as Eq. (3):

2
j%}": 0.165 +0.638%‘;‘—0.055 (%) (3)

Fig. 10 shows the comparison of the compressive meridians
of different HSCs with comparable compressive strengths from
this study (f=67.0 MPa) and previous research including Xie et
al. [1] (f£=60.2 MPa), Imran and Pantazopoulou [3] (fl=
73.4 MPa) and Ansari and Li [2] (fZ=72.2 MPa).

SFHSC
HSC £,(x10™)
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ray
T T T A%

T
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Fig. 13. Triaxial stress—strain curves of HSC and SFHSC under load path T-2

and confining pressure g3=21 MPa.
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Fig. 14. Octahedral shear stress—strain curves of HSC and SFHSC under load
path T-2 and confining pressure o3=21 MPa.

The compressive meridian of SFHSC takes the following
form:

2
% —0.160 + 0.653% ~0.055 (%) (4)

C C

Fig. 11 shows the comparison of the compressive meridians
of the concrete with steel fiber reinforcement from Eq. (4) of
this study (7=69.0 MPa) and studies of Chern et al. [4] (fi=
25 MPa) and Ishikawa et al. [S] (f.=81 MPa). Although the
strengths are quite different, the compressive meridian of each
of the fiber reinforced concrete essentially falls within the same
envelope.

If all the compressive meridian data points of both HSC and
SFHSC obtained in this study are put together (Fig. 12), it can
be found that the difference between them is quite small.
Therefore a uniform compressive meridian can be adopted for
both of them.

3.2.3. Triaxial stress—strain relations

Fig. 13 shows the comparison between the triaxial
stress—strain curves of HSC and SFHSC under load path
T-2 and the confining pressure o3;=21 MPa. Fig. 14
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Fig. 15. Triaxial stress—strain curves of HSC and SFHSC under load path T-2

and confining pressure o3=14 MPa.
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Fig. 16. Octahedral shear stress—strain curves of HSC and SFHSC under load
path T-2 and confining pressure o3 =14 MPa.

shows the octahedral shear stress—strain curves under the
same condition, where the octahedral shear stress g =
1\/(61 = 52)’+(62 — 03)* (03 — 01)>_and the engineering octa-
hedral shear strain v = 21/(e1 —e2) +(e2 — &3) +(es — 1)’
Figs. 15 and 16 are the corresponding curves for the same
load path and the confining pressure o;=14 MPa. It can be
found from those figures that HSC and SFHSC behave with a
similar nonlinear stress—strain relationship under triaxial
compression. Unlike the uniaxial compression, the introduction
of steel fiber reinforcement has no significant influence on the
triaxial strength and the ductility of HSC.

Fig. 17 shows the relationship between the ratio iﬁ, where
&1c and g, represent the axial strain at peak stress in triaxial
and uniaxial compression, respectively, and the lateral
confinement level ;—: With an increase of the lateral confining
pressure o, the axial strains at peak stress for both HSC and
SFHSC increase remarkably, which can be illustrated by the
following:

Elc 03
HSC: —=1+4+19.21(— 5
Ecu (fc,) ( )
SFHSC: ¢ =1+ 17.33 (7,3) (6)
Scu C
209 £
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Fig. 17. fe 93 relationships for HSC and SFHSC under triaxial compression.
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Fig. 18. Toctp—7octp relations for HSC and SFHSC in triaxial compression.

For HSC, Eq. (5) is quite close to the result of Candappa
et al. [11], where ¢ =1+20(% ), but will provide more
ductility than the ﬁnding of Ansari and Li [2], where
=14 15.15(%).

3.2.4. Peak octahedral shear stress—strain relationship

The results of this study indicate that under triaxial
compression, a strong relationship between 7ocp, and Yocyp
exists for both HSC and SFHSC, where 7, and Y,cq, denote
the octahedral shear stress and the engineering octahedral shear
strain at the peak axial stress o, respectively. This relationship
is shown in Fig. 18 and can be expressed as Eq. (7) for SFHSC
and Eq. (8) for HSC:

SFHSC: o = 1.456 x 10° y, +30.4 (7)

HSC:  Toep = 1.458 x 10° i +29.3 (8)

It can be clearly seen from Fig. 18 that HSC and SFHSC
behave essentially the same in terms of this relationship.

4. Conclusions
From this study, the following conclusions can be drawn:

e Under the uniaxial compression, the steel fiber reinforcement
only slightly increased the uniaxial compressive strength and
the peak axial and lateral strains of HSC, but notably
improved its capability of resisting post peak deformation on
the descending branch of the stress—strain curve.

® Under the triaxial compression, the steel fiber reinforcement
has an insignificant effect on the nonlinear stress—strain
relation of HSC.

® In the triaxial compression, the HSC and SFHSC essentially
fall within the same ultimate strength envelops in terms of
the Mohr-Coulomb and Willam-Warnke failure criteria.

® Under the triaxial compression, a uniform relationship
between the octahedral shear stress and the engineering
octahedral shear strain at peak stress can be adopted for both
HSC and SFHSC.
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