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ABSTRACT

This paper presents the results of an experimental study of the behavior of high-strength steel
fiber-concrete confined by hoops with round cross-sections subjected to concentric loadings.
Behavior strength and energy absorption capability of confined fibrous concrete was the main
focus of this study. Fibrous concrete test specimens were made by varying concrete’s
compressive strength and characteristics of hoops reinforcement (i.e., volumetric ratio and
spacing). All specimens used longitudinal reinforcement with the same ratio. Experimental
results showed that the strength enhancement of confined concrete reinforced with steel fiber is
strongly influenced by the characteristics of the installed confining reinforcement. In this paper,
the confinement models by researchers were evaluated and compared with the experimental
results. The comparison between existing confinement models and experimental results were
significantly different, especially in the post-peak behavior. Obtaining accurate characteristic
predictions of high-grade confined fibrous concrete is necessary prior to modification of
existing confinement models.
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1. INTRODUCTION

Concrete technology has advanced considerably, and it is now possible to produce concrete
with a compressive strength of 50 MPa (i.e., high-strength concrete). High-strength concrete is
more brittle than normal-strength concrete. Consequently, it requires confining reinforcement
with a higher volumetric ratio, especially for the columns located in earthquake zones. Research
results by Razvi & Saatcioglu (1999) and Antonius & Imran (2012) noted that when the
strength of concrete in the structure of a column is higher, the strength enhancement of confined
concrete (K) and ductility tend to decrease.

Various studies have been conducted to reduce the brittle nature of high-strength concrete. For
example, Hadi (2009), Khalil et al. (2012), and Jansson et al. (2012) studied the confinement of
concrete columns. They found that the addition of fiber in concrete mixtures would increase
ductility significantly.

Steel fibers are good prospects for application because of availability and ease of
manufacturing. Numerous studies have been undertaken to determine the resistance of steel
fiber to high temperatures. For example, Kodur et al. (2003) and Zaidi et al. (2012) stated that
the addition of steel fibers in high-strength concrete columns could improve ductility and fire
endurance.
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Antonius et al. (2014) evaluated the resistance of concrete with steel fiber at normal and high
temperatures. Results of the study showed that degradation of the compressive strength of steel
fiber-concrete at temperatures over 600°C decreased extensively, even though the concrete was
more ductile because of the fiber. Corrosion of steel fiber in concrete is also known to be less
reactive than corrosion of the reinforcing steel. (Granju & Balouch, 2005).

The addition of fibers in concrete can significantly improve ductility, and it provides further
reinforcement benefits in structures in areas that are prone to strong earthquakes. The
combination of steel fiber with high-strength concrete reduces the need for mounting confining
reinforcements significantly on a column. This research was conducted with the primary
objective of studying the effect of several design parameters on the strength and energy
absorption of confined high-strength concrete containing steel fiber. Confinement models
developed by previous researchers for concrete with and without steel fiber were also evaluated.
These models were analyzed in conjunction with the results of this research to determine
whether the models accurately predicted the stress-strain behavior of confined high-strength
steel fiber-concrete.

2. PREVIOUS CONFINEMENT MODELS

Table 1 presents the confinement models of fibrous concrete that can be applied to circular
concrete. Generally confinement model of fiber-concrete is very ductile because of the
influence of fiber in improving deformability of the concrete.

The confinement model of high-strength concrete with steel fiber was developed by Hsu and
Hsu (1994) using only one stress-strain equation of confined concrete. Parameter £ determines
the shape of the stress-strain curve. Confined peak stress (f’.c) and peak strain (¢’c) of fiber-
concrete were derived from empirical test results of the confining reinforcement and fiber
content.

The model proposed by Mansur et al. (1997) divides the stress-strain curve into the areas before
and after the peak. As in the model proposed by Hsu and Hsu, the Mansur model includes
parameter f and also parameters k; and ky, which determine the shape of the stress-strain curve.
Mansur’s model is also proposed for high-strength fiber-concrete. The confinement model
proposed by Campione (2002) is a modification of the model by Hsu and Hsu; some of the
parameters that determine the slope of the stress-strain curve were modified. The parameter of
is based on energy absorption implemented in the Tl parameter. The Campione model is also
recommended for confined high-strength concrete with steel fiber. In addition to these three
models, the confinement model without fiber was reviewed. The model by Mander et al. (1988)
was used as a comparison because previous studies have cited it as very ductile (Antonius et al.,
2013). Mander’s model was developed mainly from test results on concrete columns without
fiber, characterized by a normal concrete compressive strength (f'c = 30 MPa). Stress-strain
models are proposed according to the equation shown in Table 1. The four confinement models
will then be compared according to the results of experiments undertaken in this study.

3. EXPERIMENTAL PROGRAM

3.1. Materials

Concrete compressive strength (f'c) was designed for three groups with compressive concrete
strengths of 30, 50, and 70 MPa. A cylinder with a diameter of 150 mm and a height of 300 mm
was tested for 28 days according to ASTM C 39-94. Concrete material was Portland cement
mixed with coarse aggregate (i.e., maximum diameter of 19 mm) and local sand. Fly ash at 15%
of the weight of cement was also used in the concrete mixture. To improve the workability of
fresh concrete during casting, ViscoCrete (0.7% of the weight of cement) was added.
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Table 1 Confinement models
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Materials for hoop reinforcement were plain steel bars with diameters of 5.5 mm and 6 mm and
a specified yield stress (fy) of 415 MPa. Longitudinal reinforcement was ensured through the
use of deformed bars with an effective diameter of 5.5 mm and vyield stress of 430 MPa. Steel
fibers were manufactured to meet a length and diameter (L/d) ratio between 40 and 50. The
steel fiber content (V) was 0.5% by volume.

3.2. Specimens and Instrumentation
Twelve test specimens in the form of cylinders with a diameter of 125 mm and height of 310

mm included three

specimens of unconfined concrete and two specimens without steel fibers.

The dimensions of the test specimen were adapted to the capacity and height of tap test
equipment to be used. The steel fibers and specimen reinforcements are shown in Figure 1. At
the testing time to the top and bottom part, the specimen was given a sort of 5 mm thick of head

piece, therefore the
throughout the test,

test region is 300 mm. To measure the axial displacement of the specimen
Linear Variable Differential Transducers (LVDTSs) were installed (100 mm

maximum stroke). The LVDTs were placed in such a way to ensure the ability to measure the
axial deformation of the specimens in the test region. A strain gauge type FLA-6-11 was
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mounted on the longitudinal and hoops reinforcements. Further, the LVDT cables and strain
gauge were connected to the Data Logger.

Figure 1 Steel fiber and reinforcement of specimens

3.3. Data Acquisition and Analysis of Test Data

Loading on the specimen was performed concentrically, gradually, and monotonically. An
effective compression test machine with 1800 kN capacity was used for system testing and
deformation control. The analysis of stress and strain on pure confined concrete was based on
calculations conducted by Paultre et al. (2010) and by Antonius (2014). The loads received by
concrete were obtained from an experimental load value reduced by the load received from
longitudinal reinforcement. The stress of confined concrete (f.) is defined as the load received
by the concrete divided by the core cross-sectional area of the specimen. The axial strain of
confined concrete (ecc) refers to the average value of the axial deformation, based on a reading
of the LVDT, which was divided by the height in the test region. Strength enhancement of
confined concrete (K) is defined as the ratio between the stress of confined concrete at peak
response (f'cc) with peak stress of unconfined concrete (f'c,).

3.4. Ductility

In this research, ductility measurement is represented by the ability of confined concrete to
absorb energy, which is defined as toughness. The level of toughness is expressed in the
Toughness Index (TI); calculations are carried out based on the approach by Aoude et al.
(2014), as shown in Figure 2. In this image, TI is the shaded area divided by the area of the
rectangle OABC.

Stress A
Af--------—zammss i B

Strain C=¢,,=0.02
Figure 2 Toughness Index (Aoude et al., 2014)

4. RESULTS AND DISCUSSION

Details of the parametric designs of specimens and experimental results are shown in Table 2.
UFC30, UFC50, and UFC70 specimens with steel fiber unconfined concrete were used as
control specimens. Observations at the time of loading on the specimens until collapse indicated
that all specimens of fibrous concrete demonstrated a relatively ductile-type collapse.
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Table 2 Experimental results
Confining reinforcement
specimen /¢ Vi - Ratio  f Long.  fc €'cc £cgs K Tl
P (MPa) (%) (mnf) 0y (Mbay RENT (WP
UFC30 29.5 - - - - - - - -
UFC50 51.0 05 - - - - - - - -
UFC70 71.2 - - - - - - - -
FC1 510 O 6-60  1.58 57.00 0.0044 0.0069 1.56 0.81
FC2 712 0 6-60  1.58 6D5.5 7927 0.0055 0.0094 131 0.78
FC3 295 6-60  1.58 _ 3525 0.0110 0.0202 136 0.89
FC4 295 6-100 0.95 4y36 30.22 0.0058 0.0081 1.17 0.76
FC5 51.0 6-60 1.58 415 MPa 53.50 0.0075 0.0124 1.24 0.85
FC6 51.0 05 6-100 0.95 48.52 0.0051 0.0095 1.12 0.61
FC7 51.0 55-60 1.33 5553 0.0076 0.0120 1.28 0.74
FC8 71.2 6-60 1.58 7558 0.0099 0.0180 1.25 0.85
FC9 712 55-60 1.33 69.49 0.0057 0.0109 1.15 0.71
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For example, the FC4 specimen in Figure 3a shows that smooth cracks appeared in the surface
when the loading stage reached approximately 30-40% of the peak load. The cracks grew, but
not significantly, as the load increased toward its maximum. Although the post-peak response
significant axial deformation occurred, failure of the specimen was well-controlled. The same
behavior was observed in the FC5 specimen (Figure 3b). Results can be attributed to the role of
both fiber and hoop reinforcements to slow down the collapse of the specimen and develop high

ductility.

The behavior described was characteristic for all specimens. None experienced a sudden or total
collapse. In general, this behavior occurs either in unconfined or confined fibrous concrete

specimens.

(a) Specimen FC4

Figure 3 Typical failure pattern for steel fiber-reinforced concrete

(b) Specimen FC5

The role of fibers in improving the ductility of confined high-strength concrete is also shown in
Figure 4 by comparing specimen FC1 (vs = 0%, Tl = 0.81) with FC5 (vf = 0.5%, Tl = 0.85), and
by comparing specimen FC2 (vs = 0%, Tl = 0.78) with FC8 (v; = 0.5%, Tl = 0.85). As shown in
the figure, the confined concrete with fiber specimens has a higher TI value.
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Figure 4 Influence of steel fiber on the behavior of specimens

4.1. Behavior of Unconfined Concrete

In fibrous specimens, the ratios between peak stress of unconfined concrete (f'c,) against the f'c
value in UFC30, UFC50, and UFC70 were 0.87, 0.85, and 0.83, respectively. Thinner
specimens of unconfined concrete (with a diameter of 125 mm and height of 310 mm)
compared to the standard specimen f'; (with a diameter of 150 mm and height of 300 mm) were
characterized by a f'¢, value that was lower than f'c. The peak strain of unconfined concrete (¢'c)
on each of these specimens was measured at 0.0037, 0.0035, and 0.0032. The &'y, value of
normal-strength concrete (UFC30) was significantly higher compared to the ¢',, value (0.002)
that is usually assumed for normal concrete (without fibers). This value shows the effect of
adding fiber to concrete’s ability to deform significantly. The behavior of the specimen of
unconfined concrete (Figure 5) also shows that consistency of ductility decreased with the
increasing compressive strength of steel fiber-concrete used.

1

0.8 A

06!

f'co/f'c

0.4

0.2 1

0 0.005 0.01 0.015 0.02

Axial strain

Figure 5 Stress-strain behavior of unconfined steel fiber-reinforced concrete

4.2. Influence of Concrete Strength (1)

The effect of different concrete compressive strengths on strength and ductility was determined
by comparing specimens with characteristics similar to concrete with hoop reinforcement
(space, volumetric ratio, and yield stress). Refer to Figure 6.
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Figure 6 Influence of concrete strength on the behavior of specimens

As with normal concrete (without fibers), the effect of an increase in compressive strength of
fibrous concrete was a declining trend in the value of K. In line with the increasing influence of
concrete’s compressive strength, energy absorption of confined concrete also showed a
decreasing trend in Tl value (Table 2). The curve comparison in Figure 6 shows that if concrete
strength for the specimens increases, the value of K ductility in fibrous concrete decreases. This
behavior resembles that of normal concrete. These results are in line with findings of Antonius

& Imran (2012).

4.3. Influence of Spacing

Spacing of hoops for confinement plays an important role in determining the values of K and
TI. The effect of spacing on stress-strain behavior affects the fibrous concrete collapse mode.
Figure 7 represents a comparison between specimens with 60 mm spacing and 100 mm spacing
of reinforcing hoops. The compressive strength of concrete, the reinforcement ratio, and yield
stress are the same. The narrower spacing of hoops for reinforcement is very influential in
increasing the value of K and ductility of confined concrete (TI value), as shown in Table 2.

15
FC3, s=60 mm

[ERN
1
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o
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0.01 Axial strain

Figure 7 Influence of spacing on the behavior of specimens

4.4. Influence of Volumetric Ratio

Figure 8 shows the influence of the volumetric ratio of hoops on strength and energy absorption
of confined fibrous concrete. As shown in that figure and Table 2, the ductility of specimens
increases when the volumetric ratio of the installed hoop reinforcement increases.
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Figure 8 Influence of volumetric ratio on the behavior of specimens

5. COMPARISON OF CONFINEMENT MODELS WITH EXPERIMENTAL
RESULTS

In this paper, confinement models in Table 1 are compared with the experimental results of this
study. Figure 9 compares normal-strength concrete (f'. = 29.5 MPa) specimens, namely FC3
and FC4. The value of peak stress of confined concrete (f'c) based on the Mansur model
coincides with the values in FC3 and FC4 f'. specimens. In addition, this model is able to
predict the behavior of the post-peak FC3 specimen accurately, but results were significantly
different for the FC4 specimen.

60
FC3:fc=29.5MPa T °°° Mander et al.
— — — — Mansur et al.
ph=1.58% Hsu & Hsu
Campione
Experiment

50 4

40

30 A

20 41

Axial stress; fcc (MPa)

10 FC4; f'c=29.5

ph=0.95%

0.01 Axial strain

Figure 9 Comparison of confinement models with FC3 and FC4 specimens

A comparison of the stress-strain behavior of steel fiber-concrete in various confinement
models was performed in another experiment using medium-strength concrete (f'c = 51 MPa), as
shown in Figure 10. Accordingly, the values of f'cc in FC5 and FC6 specimens of the mansur
model are relatively similar to the experimental 7’ values. Nevertheless, the post-peak
behavior predicted for the confinement models differed significantly from the experimental
results. Another comparison is shown in Figure 11 for high-strength steel fiber-concrete.
According to the figure, predictions regarding f’.c value and post-peak behavior of the
confinement models differ significantly from experimental results.

Figures 10 and 11 show another phenomenon of post-peak behavior based on the model of Hsu
and Hsu, which is non-linear and concave. It looks similar to the curve of the experimental
results, although the model used by Hsu and Hsu is still too conservative (steep). However, it is
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important to know that the ductility behavior of confined concrete with steel fiber for medium
and high-strength concrete is non-linear and concave.

80 100
FC5; fc=51 MPa FC6; fc=51 MPa FC7; fc=51 MPa FC8; fc=71.2 MPa FC9; f'c=71.2 MPa
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Figure 10. Comparison of confinement models Figure 11. Comparison of confinement
with FC5, FC6, and FC7 specimens models with FC8 and FC9 specimens

6. CONCLUSION

The enhancement of the strength and ductility of confined concrete with steel fiber tends to
increase when the use of concrete compressive strength is decreased, as well as when hoop
reinforcement is characterized by space reduction and a higher volumetric ratio. This
phenomenon is similar to that of confined normal concrete (concrete without fiber). The
combination of steel fiber-concrete and the installation of hoops for reinforcement is excellent
for improving the deformability of high-strength concrete. The prediction of peak stress of
confined concrete with normal-strength steel fiber is based on the Mansur model with good
experimental results; however, ductility is significantly different when the volumetric ratio of
the reinforcing hoops is very low. In this study, the confinement models differ significantly in
terms of strength and ductility from the experimental models using medium and high-strength
steel fiber-concrete. Therefore, modification or development of the confined high-strength steel
fiber- concrete model was necessary to predict experimental results. In this study, other types of
cross-sections (i.e., squares) as well as variables of confining reinforcement, such as
reinforcement configuration and yield stress, were reviewed.
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