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Abstract: Results of the experimental study on the axial compressive behavior of steel fiber reinforced concrete
(SFRC) wrapped with fiber reinforced polymer (FRP) have been presented in this paper. A total of 18 concrete
cylinders were tested under axial compression. The effects of steel fiber parameters were investigated which
includes fiber aspect ratio (AR) and fiber volume fraction (VF). The concrete cylinders were divided into groups
of confined and unconfined ones. In accordance with previous study, it was found that, FRP confined cylinders
showed greater axial stress than that of unconfined specimens. Although the presence of steel fiber increases the
peak axial stresses for both confined and unconfined group of specimens, but no significant change of peak
axial stress (and peak strain) has been observed in both confined and unconfined group due to increase of fiber
volume ratio. But with the increase of fiber aspect ratio, the peak axial stresses of both unconfined and FRP-
confined cylinders were found to slightly decrease. It was also observed that, concrete specimens reinforced
with internal steel fiber absorbed much higher energy than that of unreinforced ones.

I.  Introduction

Axially loaded concrete columns demonstrate enhanced strength and ductility when confined with fiber
reinforced polymer (FRP) wrap at hoop direction (FRP wrap restrains lateral dilation) [1]. Due to dilation of
concrete, confinement mechanism is mobilized and the lateral confining pressure develops in FRP wraps. This
confining pressure on FRP arrests further dilation of concrete up to its own tensile strength and enhances the
axial load carrying capacity of concrete columns [2]. The transverse FRP is loaded in tension due to concrete
dilation, thus containing concrete after its internal cracking provides lateral confining pressure. Advanced
composite materials-based systems currently show the greatest potential for cost-effective application in the area
of retrofit and rehabilitation of reinforced concrete structures, especially as related to columnar elements
repaired for either enhanced axial load-carrying capacity or enhanced seismic resistance through the use of FRP
wraps. This follows from the previously known effect of column strengthening through lateral confinement,
which stems from the development of a tri-axial stress state within the concrete, and its ultimate containment
after dilation under load.

A comprehensive review of the literature reported in Refs. [3,4] shows the great number of studies on
FRP-wrapped concrete columns and concrete-filled FRP tubes to investigate the axial compressive behavior of
the members/ specimens. It is now well-understood that the confinement of concrete with fiber-reinforced
polymer (FRP) composites significantly improves both compressive strength and ductility of concrete.
However, due to inherently brittle nature of concrete, even well-confined concrete members exhibit drastic
failure after the peak ultimate stress. This behavior negatively affects the overall performance of FRP confined
concrete members, especially when subjected to dynamic load like earthquake. This fact entices encouragement
to search for new composite structural systems that are able to maintain desirable properties of FRP-confined
concrete, while overcoming its identified shortcomings.

For the past three decades, the behavior of steel fiber reinforced concrete (SFRC) has been widely
studied [5-26]. From these studies it is found that the presence of internal steel fibers in concrete results in
improvement of its strength and ductility. Studies show that, internal steel fibers form bridges across the crack
of concrete and thus become effective in delaying and arresting crack propagation. [7,9,13-19,21-23,25].
Benefitting from this improved properties of concrete, FRP-confined steel fiber reinforced concrete (FRP-
confined SFRC) may form an attractive composite system that is capable of overcoming the aforementioned
shortcoming seen in FRP-confined concrete. However, review of existing literature reveals the fact that not
enough study has been conducted to date on the behavior of FRP-confined SFRC specimens.

The study presented in this paper was aimed at examining the influence of key parameters for FRP-
confined steel fiber reinforced concretes under axial load. The paper initially provides a description of the
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experimental program, including specimen properties and the testing procedure. After that, the results of the
experiments are presented. Finally, an in-depth discussion on the results of the experiments is provided.

1. Test program
2.1. Test specimens
A total of 18 circular concrete specimens were manufactured with different volume fraction (VF) of steel fibers
(i.e. VF = 1.5% and 2.0%) and aspect ratio (AR) of steel fibers (i.e. AR = 20, 40, 60 and 80). The specimens
were 101.6 mm in diameter, measured at the concrete core, and 203.2 mm in height. All confined specimens
were wrapped with FRP using a manual wet lay-up procedure.

Fig. 1. lllustration of steel fibers Fig. 2. Confined and Unconfined Concrete Cylinders

2.2. Materials

A mix ratio of 1:2:4 and a w/c ratio of 0.55 were used in manufacturing the concrete specimens. All the
fibers used in this study were hooked end. In this experiment, stone aggregate were used as coarse aggregate.
The FRP wrap used in this study was Nitowrap EP (CF200). The fibers were of unidirectional, weight of the
wrap was 200 gsm, thickness was 0.11 mm and width of the fiber sheet was 508 mm. Specimens were tested
until failure occurred and the ultimate strength was recorded. The mixed material of Nitowrap 30 epoxy primer
was used in this experiment. There were two agents, i.e. base and hardener. The mix ratio was 2:1. The epoxy
adhesive was prepared by mixing epoxy resin and hardener in 2:1 ratio in accordance with the manufacturer’s
recommendation.

2.3. Specimen designation
The 18 specimens were labeled as follows:

Each label started with the letter S which stands for stone aggregate. For specimens (a total of 16)
which were manufactured with internal steel fibers, S was followed by the term SF which stands for “Steel
Fiber”. Two specimens were manufactured without any internal steel fiber and for those specimens, S was
followed by the term CON which stands for “Control”. In specimens that contained steel fibers, the first part of
the designation SSF was followed by the volume fraction of steel fibers (either 1.5 or 2.0), then a dash was used,
and the dash was followed by aspect ratio of steel fiber (20, 40, 60 or 80). Finally, for FRP-confined specimens,
the letter C was used to indicate confinement of concrete. For example, the term SSF1.5-60C indicates one of
the specimens which contained steel fibers (SF) in it with 1.5% volume fraction of steel fibers and with steel
fibers aspect ratio of 60. The last letter C indicates that the specimen was wrapped with FRP.

2.4. Instrumentation, testing and data acquisition

All specimens were tested using a displacement controlled digital universal testing machine (Tinius
Olsen Testing Machine Company, Horsham, Pennsylvania, capacity: 1000kN) by applying displacements. The
load and deflection events of the experimental testing of specimens were recorded using high definition (HD)
video camera with a speed of 30 frames/ sec. These videos were finally analyzed by post-processing of the HD
images extracted from it employing DICT (Digital image correlation technique) using MATLAB R2013b.
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Fig. 3. lllustration of experimental setup  Fig. 4. Capturing experiment events with HD video camera

I11. Test Results And Discussion

Table 1

Specimen Fiber volume fraction | Fiber aspect ratio | Confinement Peak Axial Stress | Axial Strain at
designation (VF) (AR) (MPa) Peak
SCON - - Unconfined 21.2 0.0006
SCONC - - Confined 33.2 0.0013
SSF1.5-20 1.5% 20 Unconfined 26.7 0.0009
SSF1.5-40 1.5% 40 Unconfined 23.4 0.0009
SSF1.5-60 1.5% 60 Unconfined 18.8 0.0011
SSF1.5-80 1.5% 80 Unconfined 19.7 0.0012
SSF2-20 2.0% 20 Unconfined 26.8 0.0009
SSF2-40 2.0% 40 Unconfined 19.0 0.0010
SSF2-60 2.0% 60 Unconfined 20.7 0.0015
SSF2-80 2.0% 80 Unconfined 18.7 0.0013
SSF1.5-20C 1.5% 20 Confined 47.6 0.0015
SSF1.5-40C 1.5% 40 Confined 41.1 0.0012
SSF1.5-60C 1.5% 60 Confined 47.0 0.0020
SSF1.5-80C 1.5% 80 Confined 41.6 0.0017
SSF2-20C 2.0% 20 Confined 47.4 0.0015
SSF2-40C 2.0% 40 Confined 39.8 0.0015
SSF2-60C 2.0% 60 Confined 49.0 0.0019
SSF2-80C 2.0% 80 Confined 39.0 0.0017

Table 1 presents the summary of results for all the 18 specimens that were tested. Peak axial stresses and axial
strains at peak are shown in the rightmost two columns of the table. These results allow several significant
observations be made on different aspects of the experimental study. In the following sections, these
observations are presented under different titles.

3.1. Effect of Confinement

It is evident from the results reported in Table 1 that, FRP-confined control specimen SCONC
exhibited higher load than that of unconfined control specimen SCON. Among rest of the 16 specimens which
were reinforced with steel fiber, all confined cylinders exhibited much higher load than that of unconfined
cylinders of same category (i.e. with same volume fraction and aspect ratio of steel fibers). This observation
accords with those reported in many previous studies on FRP-wrapped concrete.

3.2. Effect of aspect ratio (AR) of steel fibers

The results presented in Table 1 revealed the effect of steel fiber aspect ratio (AR) on the behavior of
SFRC specimens. It is evident from Table 1 and Fig. 5 that with the increase of aspect ratio (from 20 ~ 80), the
peak axial stresses of both unconfined and FRP-confined cylinders slightly decrease for both group of
specimens with volume fraction 1.5% and 2.0%. This influence can be explained to the ability of steel fibers
with lower aspect ratios to effectively control the initiation and propagation of initial cracks of SFRC specimens
under increasing axial deformation [7,11]. On the other hand, the fibers with higher aspect ratios have been
reported to be less effective in arresting crack propagation immediately after the formation of initial cracks
[7,11]. In addition, for a given fiber diameter and volume fraction, the number of fiber increase with a decrease
in the fiber aspect ratio, which results in a more scattered distribution leading to an increased likelihood for the
path of cracks to cross through the fibers [12,27]. These properties of the shorter steel fibers make them more
effective in providing internal confinement to concrete, which in turn leads to an improved compressive
behavior of SFRC specimens manufactured with such fibers [28].
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Fig. 5. Influence of fiber aspect ratio on compressive behavior of: (a) unconfined steel fiber reinforced concrete
with VF = 1.5; (b) unconfined steel fiber reinforced concrete with VF = 2.0; (c) confined steel fiber reinforced
concrete with VF = 1.5; (d) confined steel fiber reinforced concrete with VF = 2.0;

3.3. Effect of volume fraction (VF) of steel fibers

Fig. 6 presents the influence of the fiber volume fraction on the axial compressive behavior of the
specimens. It is evident from the experimental data provided in Table 1 and from Fig. 6 that, although the
presence of steel fiber increases the peak axial stresses for both confined and unconfined group of specimens,
but no significant change of peak axial stress (and peak strain) has been observed in both confined and
unconfined group due to increase of fiber volume ratio from 1.5% to 2%.
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Fig. 6. Influence of fiber volume fraction on compressive behavior of: (a) SFRC with AR = 20; (b) SFRC with AR = 40; (c)
SFRC with AR = 60; (d) SFRC with AR = 80;
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3.4. Axial strain and energy absorption capacity

One of the most notable effect due to the presence of the steel fibers is the increase in axial strain at
peak with respect to control specimens (for both confined and unconfined specimen groups) Fig. 5 and Fig. 6. In
addition, Fig. 5 and Fig. 6 exhibit that the presence of fibers ensured a much higher strain before complete
failure of the cylinders (for both confined and unconfined specimen groups). Besides, it is evident that the area
under the stress strain curve for specimens with steel fiber is much larger than that of specimens without steel
fiber. This behavior indicates that, concrete reinforced with internal steel fiber will absorb much higher energy
than that of unreinforced ones.

3.5. Lateral strain
While observing lateral strain of the specimens, no significant patterns of lateral strain were found for

change in volume fraction from 1.5% to 2.0% (for both confined and unconfined specimens).
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Fig. 7. Axial and Lateral Strain for: (a) & (b) Unconfined series; (c) & (d) Confined series

IV. Conclusion

Based on the discussion and results presented in this study, the following conclusions can be drawn:

1) FRP confined cylinders exhibit greater axial stress than that of unconfined specimens.

2) The presence of steel fiber increases the peak axial stresses for both confined and unconfined group of
concrete specimens.

3) No significant change of peak axial stress (and peak strain) occurs due to increase of fiber volume ratio
from 1.5% to 2.0% (for both confined and unconfined groups).

4) With the increase of fiber aspect ratio, the peak axial stresses of both unconfined and FRP-confined
cylinders slightly decrease.

5) Presence of the steel fibers results in increase of axial strain at peak with respect to control specimens (for
both confined and unconfined specimen groups)

6) Concrete specimens reinforced with internal steel fiber absorbed much higher energy than that of
unreinforced ones.
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