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Abstract. The behavior of confined steel fiber-reinforced concrete (including confinement models) with compressive
strengths ranging from normal to high strength is still rarely studied. This paper presents the results of an investigation of fifteen
confined concrete cylinders containing steel fiber. The design parameters evaluated in the experiment included concrete
compressive strength (covers normal to high strength), volume fraction of steel fiber and hoop spacing. The main objective of
this study was to evaluate the behavior of confined steel fiber concrete by reviewing several design parameters, such as concrete
strength (normal to high strength). It is then developed to be an analytical stress-strain expression for confined steel fiber
concrete. The experimental program was carried out by making cylindrical specimens with a diameter of 100 mm and a height
of 200 mm. The cylindrical test object is compressed in a monotonic uniaxial loading. Experimental results have shown steel
fiber in concrete has an important role in increasing the compressive strength and strain of cylindrical concrete without steel
fiber. In addition, the value of strength enhancement of confined concrete (K) along with increasing fiber fraction volume; which
applies to normal to high-strength concrete. The value of K also increases if the compressive strength of the concrete tends to
decrease and the spacing of the hoops is closer. The comparison of stress-strain behavior between the confined steel fiber
concrete proposed by other researchers and the experimental results in general significantly different in post-peak response. The
statistical analysis indicates that the value of Coefficient of Variation for the confinement model by Campione is the closest
compared to other existing confinement models in predicting the values of K and Toughness Index. Furthermore, the analytic
stress-strain expression of confined steel fiber concrete was developed by adopting and modifying several equations from the
present models. The proposed analytical expression is then verified with the experimental results. The results of the verification
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show that the stress-strain behavior of confined steel fiber concrete is relatively close.
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1. Introduction

Fiber concrete one of the most desired materials for civil
building structures today. This is due to the higher strength,
better ductility, and abrasive resistance if normal concrete
contains fiber in a certain volume fraction (Al-Tikrite and
Hadi 2018, Jang and Yun 2018, Lu et al. 2018, Usman ef al.
2020, Mansouri et al. 2020). The bond strength between
steel fiber concrete and steel reinforcement is moreover,
known to be better than the strength of normal concrete
(Garcia-Taengua et al. 2014). On the other hand, the results
of an investigation conducted by Rabi ef al. (2020) showed
that stainless steel reinforcement has a lower adhesive
strength to plain concrete compared to the adhesive strength
between steel reinforcement and plain concrete. Due to the
superior strength and ductility properties of fiber concrete,
as mentioned above, steel fiber concrete installed with
transverse reinforcement as confining reinforcement also
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has absolutely good ductility (Aoude et al. 2014, Antonius
2015, Amariansah and Karlinasari 2019). Steel-fiber
concrete’s flexural capacity and ductility in the beam
structure, including the shear capacity, are equally higher
than the capacity in normal concrete beams (Han et al.
2015, Sivakamasundari et al. 2017, Gomes et al. 2018).

Since it has both excellent performance and prospects
for use in earthquake-resistant structures, the behavior of
steel fiber concrete continues to be explored more
thoroughly, as shown by its strength at high temperatures.
The investigations included mechanical behavior, bending,
shear, and confinement behavior of steel-fiber concrete at
high temperatures (Zaidi et al. 2016, Antonius et al. 2019,
2020, Purwanto et al. 2021). Although many research
results have been on steel fiber concrete, the design
equations produced are still unregulated in the current
standards (SNI 2847, ACI 318).

Combining steel fiber with concrete confined by
transverse reinforcement will be one of the main choices in
earthquake-resistant building structures. To a greater extent,
this combination is very effective in significantly increasing
the ductility of high-strength concrete columns in the design
of earthquake-resistant structures. Meanwhile, the analytical
expression of confined steel-fiber concrete is needed to
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design the confining reinforcement in the column structure
to provide certainty of safety. The existing models of
confinement of steel fiber concrete significantly differ,
especially in predicting peak stress and post-peak behavior
of stress-strain curves (Aoude et al. 2014, Antonius 2015,
Cholida ef al. 2022). Thus, it is necessary to develop the
analytical expression of confined normal and high-strength
concrete containing steel fiber, as carried out in this study.
This study aimed to investigate the effect of steel fiber and
some design parameters of the confining reinforcement on
the behavior of the strength and ductility of confined
normal to high-strength concrete. Based on the
experimental results, an analytical expression of normal and
high-strength steel fiber concrete confined by transversal
reinforcement will be developed.

2. Program of experiment
2.1 Concrete materials

SNI 7656-2012 is a reference for the concrete mix
design. Concrete materials are designed and divided into
three water-cement (w/c) ratio categories: 0.53, 0.38, and
0.28 (Table 1). The three types of w/c are designed to
produce normal-strength  concrete, medium-strength
concrete, and high-strength concrete.

The concrete mix design above incorporates an additive,
specifically  Sika@ViscoCrete@-3115N, to enhance
workability. Each concrete mix at various w/c ratios
consists of several specimens with varying percentages of
steel fiber (0%, 1%, 2%) by volume.

2.2 Specimens

Reinforced concrete cylinder specimens using 4¢7.6
longitudinal reinforcement and circular hoop as confining
reinforcement (5.5 mm diameter). The results of the tensile
test of the reinforcing bars are presented in Table 2. The
specimens have a diameter of 100 mm, and a height of 200
mm without using a concrete cover. The steel fiber used
was simple steel fiber cut from steel wire in such a way that
results //d ratio between 50 and 60 (Fig. 1(a)). Confined
concrete specimens review the design parameters of the
steel fiber fraction volume (V}), which consists of V;= 0%
(without fiber or so-called normal concrete), V= 1% and V;
= 2%, concrete compressive strength (f.’), and hoops
spacing of 50 mm and 100 mm (Figs. 1(b) and 1(c)).
Mixing fiber with concrete is carried out by gradually
sowing the fiber when casting the concrete.

2.3 Instrumentation and data acquisition

Specimen deformation in the axial direction was
measured by installing four LVDTs in the test area. Strain
gage type FLA-6-11 is installed on the longitudinal
reinforcement and hoop. The cables from the LVDT and the
strain gauge are then connected to the Data Logger.
Uniaxial loading uses a compression testing machine with
an effective capacity of 1800 kN and a Deformation Control
testing system, and it is carried out in stages. Cylinder
testing standards follow ASTM C 39-94. The confined

Table 1 Concrete mix design

Materials wlc=0.53 w/ic=0.38 w/c=0.28
Cement (kg/m?) 350 420 485
Fly Ash (kg/m3) - 72 83
Water (1t/m?) 186 160 136
Sand (kg/m?) 723 647 622
Coarse aggregate (kg/m®) 887 1045 1086
Viscocrete (kg/m?) 1.75 9.84 14.19

Table 2 Reinforcing steel tensile test result

Reinforcement Diameter (mm) Yield stress (MPa)
Hoop 5.5 mm 384
Longitudinal reinf. 7.6 mm 432

(a) Steel fiber (b) Longitudinal (¢) Longitudinal
reinf. and hoop reinf. and hoop
(s =50 mm) (s =100 mm)

Fig. 1 Steel fiber and reinforcement

Stress
by

Confined
concrete

=4 C=0.015 pyial strain

Fig. 2 Definition of toughness index

concrete stress (f;) is the total load received by the specimen
minus the load received by the longitudinal reinforcement
which is calculated based on the strain data. The strength
enhancement of confined concrete (K) is defined as the ratio
between the confined concrete stress at peak response and the
unconfined concrete stress. The value of K is a primary focus
of this research because it plays a significant role in
determining the minimum volumetric ratio of confining
reinforcement required for its application in column
structures. The unconfined concrete stress is defined as 85%
of the cylindrical concrete stress with a diameter of 150 mm
and height of 300 mm. In this study, the energy method is
used to calculate the ductility of confined concrete, namely
the Toughness Index (77) (Aoude et al. 2014, Antonius 2015).
The 77 calculation is defined as the ratio of the OABC area
(shaded) to the ODEC area (Fig. 2).
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Table 3 Experimental results

, , Hoop/confined , ’
Specimen (IZ) (I\fPa) (I\J/Ig’a) &f ¢-s  en(atpeak (I{;Iga) k= o.gcsc;c S o
(mm) response)
SFC1 0 349  0.0022 yield 30.71 1.04 0.32
SFC2 1 349 409  0.004  5.5-100 yield 38.45 1.11 0.32
SFC3 2 412 0.0051 yield 40.38 1.15 0.56
SFC4 0 50.6  50.6  0.003  5.5-100 0.0019 41.83 0.98 0.40
SFC5 0 70.5  0.0035 0.0012 57.11 0.95 0.30
SFC6 1 70.5  71.1  0.0053  5.5-100 0.0012 63.99 1.06 0.45
SFC7 2 80.6  0.0067 yield 73.35 1.07 0.56
SFC8 0 349  0.0022 yield 38.14 1.29 0.41
SFC9 1 349 409  0.004 5.5-50 yield 44.83 1.29 0.54
SFC10 2 412 0.0051 yield 45.64 1.30 0.80
SFC11 0 50.6  0.003 yield 54.56 1.27 0.49
50.6 5.5-50 .
SFC12 1 57 0.0034 yield 62.47 1.29 0.65
SFC13 0 70.5  0.0035 yield 73.52 1.23 0.55
SFC14 1 70.5 71.1  0.0053  5.5-50 0.0019 75.89 1.26 0.83
SFCI15 2 80.6  0.0067 0.0015 86.77 1.27 0.88

by

Specimen f.’= 3 4.5 MPa,
hoop spaced = 50 mm

Specimen f’ = 34.5 MPa,
hoop spaced = 100 mm

Specimen f.’ = 50.6 MPa,
hoop spaced = 50 mm

Specimen f.’ = 50.6 MPa, Specimen f’ = 70.5 MPa,
hoop spaced = 100 mm

Specimen f’ = 70.5 MPa,
hoop spaced = 50 mm

— -

hoop spaced = 100 mm

Fig. 3 Specimen collapse mode

3. Experimental results and discussion

The experimental results are presented in Table 3. In the
table, the f.” dan f;/ values represent the compressive
strength of cylindrical concrete with a diameter of 150 and a
height of 300 mm without reinforcement. Each is concrete
without fiber (Vy=0%) and concrete with fiber (Vy# 0). The
table also indicates that from the results of the compressive
strength test, three categories of concrete compressive
strength were obtained, namely normal-strength (f.” = 34.9
MPa), medium-strength (f.” = 50.6 MPa) and high-strength
(o = 70.5 MPa). Based on Table 3, it can be seen that not

all hoops have yielded at the peak response. Specimens
without steel fiber and steel fiber concrete confined by
hoops with the same spacing as the specimen diameter of
100 mm, namely SFC4, SFCS5, and SFC6. Those are
specimens where the attached hoops have not yielded peak
response.

As seen in Table 3, all hoop reinforcements have yielded
in specimens made of normal-strength concrete (SFCI,
SFC2, SFC3, SFC8, SFC9, SFC10). In the case of medium-
strength concrete specimen SF4, this value approaches its
yield strain at the peak strain response of hoop
reinforcement (0.0019).
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In addition to the hoops on the three specimens above,
the hoops are also attached to specimens containing steel
fibers that have not yielded during peak response (i.e.,
SFC6, SFC14, SFC15). The three specimens have a value
of /2> =70.5 MPa, which is included in the category of high-
strength concrete. The behavior of the transversal
reinforcement as a confinement at peak response of
confined steel fiber concrete indicates that yield is not
always reached. This phenomenon has been described
equally by Razvi and Saatcioglu (1999). However, the study
was limited to high-strength concrete without fiber content.

Another result shown in Table 3 is the ductility of
confined concrete expressed in the amount of 77. Steel fiber
plays a significant role in determining the value of 71. The
higher the volume of the fiber fraction, the higher the value
of TI. It is unaffected by whether or not the hoop has
yielded at the time of peak response. These results are based
on comparing specimens with the same concrete
compressive strength and hoops with the same spacing.

Fig. 3 shows the specimen’s failure pattern due to
uniaxial compressive loads. It can be visually stated that
specimens mounted with hoops with wider spacing (s = 100
mm) experience more brittle collapse compared to
specimens mounted with tighter spacing (s = 50 mm).
Another phenomenon is that specimens containing steel
fibers tend to collapse relatively more ductile than
specimens without steel fibers (Vy= 0%).

3.1 Concrete cylinders without steel reinforcement

Specimens containing a higher volume fraction of steel

1.4 — =fc=349 MPa
=50.6 MPa
12 " fc'=70.5 MPa s 1.14

1.00 1.00 1.00

0 1 2
Vr (%)

Fig. 4 Influence of fraction volume to the compressive
strength

25 5
mfc'=34.9 MPa

= fc'=50.6 MPa

W fc'=70.5 MPa

.5

1.00 1.00 1.00

&cf'/ec’

0 1 2
Vi (%)

Fig. 5 Influence of fraction volume to the strain

fiber improve failure patterns, especially from macro-cracks
to micro-cracks. The behavior is in line with the research
results conducted by Abubakar and Akcaoglu (2021). As
shown in Table 3, strength results for cylindrical concrete
without reinforcement are present. Fig. 4 shows a diagram
of the relationship between the normalized compressive
strength of fibrous concrete cylinders (f;/) to normal
concrete compressive strength (f.’) and the volume of steel
fiber fractions. It can be seen in Fig. 4 that steel fiber
influences the increase compressive strength of the
concrete. The concrete’s compressive strength increases
when the steel fiber fraction volume rises. This
phenomenon occurs in normal, medium, and high-strength
concrete cylinders. In addition to compressive strength,
another role in the presence of steel fibers represents the
increase in the peak strain of the concrete, as shown in Fig.
5. This indicates that the deformability properties of steel
fiber specimens are getting better as the volume of the fiber
fraction increases.

This behavior indicates a better and higher ductility due
to the addition of the volume of the steel fiber fraction.

3.2 Confined concrete

3.2.1 Strength enhancement of confined concrete
(K)

Fig. 6 shows a comparison of increasing K values with
increasing volume of the steel fiber fraction in confined
concrete specimens. The comparison is performed between
specimens with concrete compressive strength and the same
spacing. In addition, in normal compressive strength
concrete (f.” = 34.9 MPa) or the comparison between the
orange and gray diagrams. The K value increases
significantly when considering the effect of the hoop
spacing installed. The effect of this spacing is the same as
that of high-strength concrete (f.> = 70.5 MPa) or the
comparison between the blue and green bar diagrams in Fig.
6.

3.2.2 Stress-strain behavior

The stress-strain behavior of confined concrete is
evaluated by reviewing the volume parameters of the steel
fiber fraction and the effect of concrete compressive
strength and hoop spacing. As shown in Fig. 7, the value of
K increases and the post-peak curve becomes more sloping
as the volume of the fiber fraction increases. Variations in

= fc'=34.9 MPa, hoop d5.5-100
m{c'=70.5 MPa, hoop d5.5-100
fc'=34.9 MPa, hoop d5.5-50

fee 1085f '

K=

fc'=50.6 MPa, hoop d5.5-50
= fc'=70.5 MPa, hoop d5.5-50

Vf (%)

Fig. 6 Comparison of K value results
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Fig. 7 Influence of fraction volume on the confined concrete Fig. 8 Influence of concrete strength on confined concrete
behavior behavior

the compressive strength of concrete generally have no
significant effect on the post-peak response of the confined
concrete (Fig. 8). Similar to the behavior of confined
concrete without steel fibers, the behavior of specimens

with closer hoop spacing has a higher K value. In addition,

Table 4 Confinement models

the specimens are also more ductile compared to specimens
with wider spacing. Typically, this behavior applies when
comparing specimens with the same compressive strength
and fiber volume fraction (Fig. 9).

Peak stress and

Model . Stress-strain curves Parameter equations
peak strain
Ascending branch:
Secnaing brane 2 A; = 3.566 — 0.84473(p)
s (¢/e,) +B1 (¢/e,) B, = 0.963 — 0.22808(p;)
pofon f=Kfes ; Y €, = 0.597 — 0.09675(p;)
Ganesan K =1+~ 1+ Cl( /ep) + Di( /ep) Dy = 2.214 — 0.44384(p,)
& Murthy _ ¢ Descending branch: A, = —5.885 + 1.12404(p;)
f=Kf 2\ /% A _ C, = —8.529 + 1.82759(p,)
146 (%e,) + D2 (e, D, = 4.916 — 0.70236(p,)
B =A+B(RDC
where 4 = 0.5811
for! £\ o B(/e,) B=1.93,C=-0.740
=1+ 21 (kegs 7= e (@) ~ E,
Campione ’¢ c 07 ¢ p-1+( /50) p= £
S — 145k (k ﬂ) 7 - [ k(g )y] b EC_( /So)
& A A 1a®%P | ~¥a & Xa) [ b Na, ka,Xq, v are constant influenced

by volumetric ratio of confinement
and fraction volume of fiber

fee =feor vf=0 T 6.26V¢
.57 MP.
Naeimi o :6 5f,05 (MPa)
& Moustafa ¢ co’ vf=0
oustaa +7.82.10756v;

+3.49.10~*p,

Zone 3:

Zone 3:

5 ()

Zone 1: f.= fflcﬁ
p1—1+ (f_:c)
gC
for - < 1.0
SCC
Zone 2: B (:—C)
fe=fee—%

B—1+ (E_C)Ba

Ecc

EC
For 1.0 <—< x4
SCC

kez

o = mafie [ ()

C
For x4 <—
SCC

B, = 1
1 1 — fCC,
ECC,EC
o vf=0 = 2.54. 1075, f o vf=0
ng = 0.289 + 0.004v; + 0.052p;

Xa = Ecc,d £ _ Na
d — 7 cc,d — 7
Ecc f

cc
B, = 3.096 — 0.0941v — 0.2073p,
, = 3.793 — 0.2314v, — 0.010p,

ky = 0.2392 + 0.0112v, — 0.0207p;
k, = 0.8975 + 0.0613v, — 0.0129p,

EC = 3400 fCO' vf=0% + 131017f MPa
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5=100 mm
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0.8 4

0.6

o] VN

0.2 4

0

‘ 0.01
: Axial strain

Fig. 9 Influence of spacing of hoop on the confined
concrete behavior

3.2.3 Comparison of confinement models with

experimental result

Further, the stress-strain behavior of confined concrete
from the experimental results above will be compared with
the present models of confinement of fibrous concrete. The
selected models are shown in Table 4.

The confinement model proposed by Ganesan and
Murthy (1990) was derived from testing eight small-scale
column specimens containing a 1.5% fiber volume fraction.
The Ganesan model divides the stress-strain curve into two
parts: the ascending and descending branches. The
coefficients A, B, C, and D represent a function of the
volumetric ratio of the confining reinforcement (p;). The K
equation represents a function of the compressive strength
of the concrete, the volumetric ratio, and the yield stress of
the confining reinforcement used. Additionally, the
proposed confinement model by Ganesan assumes that the
confining reinforcement has yielded at the peak response.
Ganesan proposed the peak strain equation for confined
concrete influenced by the K value, the fiber’s volume
fraction, and the fiber’s aspect ratio.

The confinement model proposed by Campione (2002)
was derived from a number of experimental results of
concrete containing a zero to 3% volume fiber fraction.
Fundamentally, the Campione model is a modification of
the previous confinement model by Hsu and Hsu (1994).

The confinement model for fiber-reinforced concrete
proposed by Campione includes equations for normal-
strength and high-strength concrete. For normal-strength
concrete, as shown in Table 4, equation (a) is used, where a
single equation represents the pre- and post-peak curves.
The shape of this curve is influenced by the value of S,
which is affected by the magnitude of the Reinforcing Index
(RI). According to Campione, the values of A, B, and C for
crimped steel fibers are specified in Table 4. He proposes a
stress-strain curve divided into two parts for high-strength
concrete, as shown in Table 4. The first part is the ascending
branch, represented by equation (a), and the second is the
descending branch, represented by equation (b). The
experimental results also derive the stress-strain equations
for confined concrete peaks. They are influenced by the £,
/i and f.” parameters, where, according to Campione, the
value of k. differs for spiral and hoop confining
reinforcement. Based on the equations f..’/f:,” dan &cc/eco, it
is evident that the confining reinforcement is assumed to

60

Ganesan
Campione

/ Naeimi
w

SFC4

50 SFC2 SFC3

IS
S

fees (MPa)

20

Axial strain

Fig. 10 Confinement models vs experiment (SFC1, SFC2,

SFC3, SFC4)
90
%0 | SFCS SFC6 SFC7 Ganesfm
Campione
70 Naeimi
Experiment
60
<
g 50 -
< o
g 40 SFC8
30 A
20
10
0 ;
0.01 ‘

Axial strain

Fig. 11 Confinement models vs experiment (SFCS5, SFC6,
SFC7, SEC8)

have yielded at the peak response.

The model by Naeimi and Moustafa (2021) was derived
after testing ultra-high strength steel fiber concrete. The
volume fraction of fiber used is from zero to 4%. Naemi
derives the peak stress and peak strain equations for
confined concrete from the experimental results, where both
equations are affected by the fiber’s volume fraction and the
confining reinforcement’s volumetric ratio. In contrast to
the two confinement models of fibrous concrete described
above, the model proposed by Naeimi divides the stress-
strain curve into three regions. The first area is the pre-peak
curve. The second area is after the peak response to the
value &..q4, and the third is after the strain value &.q4. The
equations f..” and &.’ show that the fiber volume fraction
and the volumetric ratio of confining reinforcement directly
influence these values. The confinement model by Naeimi
does not indicate any influence of the yield stress and lateral
stress of the confining reinforcement on the magnitudes of
feo’ dan g,

Figs. 10 to 13 shows the results of comparing the stress-
strain behavior of confined steel fiber concrete. The pre-
peak curves between all models with experimental results
coincide relatively with each other. In the post-peak curves
and fccf” value, the Ganesan model significantly differs
from the experimental results. Meanwhile, the post-peak
behavior between Campione’s model and the corresponding
experimental results differs, except for specimens SFC 12
and SFC 13.

The Naeimi model has the shape of a post-peak curve
and f./, which is not too far from the experimental results
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Fig. 12 Confinement models vs experiment (SFC9,
SFC10, SFC11, SFC12)

when comparisons are made on specimens installed with
hoops with a spacing of 100 mm (SFC1, SFC2, SFC3,
SFC4, SFCS5, SFC6, SFC7). However, the post-peak curve
of the Naeimi model begins deviating significantly from the
experimental results curve if the applied stress has dropped
by about 50%. In a comparison of the Naeimi model with
other experimental results, the post-peak stress-strain curves
(including f./) and the experimental results differ greatly
when the specimens are hooped with a spacing of 50 mm
(SFC8, SFC9, SFC10, SFCI11, SFC12, SFC13, SFC14,
SFC15).

The accuracy of the reviewed confinement models in
predicting the experimental values of K and 77 was assessed
using a statistical approach. Table 5 shows that the model
proposed by Campione is the closest in predicting the
values of K and 7/, with the resulting COV values being
11.7% and 32.7%, respectively.
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Fig. 13 Confinement models vs experiment (SFC13,
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4. Analytical expression of confined normal and
high-strength steel fiber concrete

An analytical expression of confined steel fiber concrete
is needed to model the prior experimental results in general.
Until now, several stress-strain models of fibrous concrete
have been proposed, such as those proposed by Ezeldin and
Balaguru (1992), Nataraja et al. (1999), Ou et al. (2012),
Liao et al. (2015). In this paper, the analytic expression
developed adopts and modifies some equations from
present models. The confined concrete stress-strain curve is
modeled in one step only, and the Ezeldin proposed

equation is used as follows
Ecf
’ ﬁ ( )
fcf _ Eccf!

T B
fccf ‘8—1+<8i>

Eccf!

()

Table 5 Statistical approach of K and TI for confinement models vs experiment

Specimen - K - — - n - —
Experiment Ganesan Campione Naeimi Experiment Ganesan Campione Naeimi
SFC1 1.04 1.23 1.2 1 0.32 0.86 0.65 0.28
SFC2 1.11 1.2 1.18 1.18 0.32 0.89 0.66 0.29
SFC3 1.15 1.2 1.18 1.35 0.56 0.89 0.66 0.31
SFC4 0.98 1.16 1.15 1 0.4 0.86 0.62 0.26
SFCS5 0.95 1.12 1.12 1 0.3 0.78 0.54 0.36
SFC6 1.06 1.11 1.12 1.01 0.45 0.75 0.54 0.38
SFC7 1.07 0.98 0.98 1.06 0.56 0.71 0.49 0.4
SFC8 1.29 1.61 1.4 1 0.41 0.91 0.68 0.28
SFC9 1.29 1.54 1.4 1.18 0.54 0.91 0.64 0.29
SFC10 1.3 1.54 1.4 1.17 0.8 091 0.64 0.32
SFCI11 1.27 1.45 1.34 1 0.49 0.9 0.6 0.27
SFCI12 1.29 1.41 1.31 1.14 0.65 0.89 0.6 0.34
SFC13 1.23 1.34 1.27 1 0.55 0.88 0.53 0.36
SFC14 1.26 1.33 1.27 1.11 0.83 0.88 0.53 0.38
SFC15 1.27 1.3 1.25 1.18 0.88 0.86 0.49 0.41
Mean 1.30 1.238 1.092 Mean 0.859 0.591 0.329
SD 0.183 0.144 0.15 SD 0.382 0.193 0.797
COV (%) 14.1 11.7 13.78 COV (%) 44.5 32.7 242.4
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if Vs = 0%, the B value of Eq. (1) uses the equation
proposed by Junior et al. (2010) namely

B = (0.0536 — 0.5754V,)f,’ 2)

And if V¢ # 0, the value of f adopts the equation
proposed by Nataraja et al. (1999), namely

B = 0.5811 + 1.93 (RI)~07406 3)
where

Rl =32V (/) &)

The experimental results above reveal an increase in the
compressive strength of concrete due to the rise in the
volume of the steel fiber fraction. Therefore, the
compressive strength equation for steel fiber concrete is
used, which is a function of the normal concrete
compressive strength plus the fiber contribution stated in
the reinforced index (R[), namely the proposal of Nataraja
et al. (1999) below

fcf' = f.,' +2.1604 (RI) (5)
where

feor =0.85 f!' (6)
And the top strain of confined steel-fiber concrete
Eccf' = &' +0.0006 (RI) @)

The peak strain of unconfined fiber concrete is a
modification of Antonius et al. (2017) proposed equation,

thus
0.45

g = 0.0004 (f.") )

In addition to what has been mentioned in Table 4
above, up to the present time there have been many
proposed equations for increasing confined steel fiber
concrete (K), including the proposal by Pantazopulou and
Zanganeh (2001) resulting from triaxial testing of fibrous
concrete. Cholida et al. (2022) used this equation to predict
K values. On the other hand, Paultre et al. (2010) derived
the K equation using the experimental data he did. In this
study, the equation for the value of K proposed by
Pantazopoulou & Zanganeh is adopted to predict the peak
stress of confined steel fiber reinforced concrete. The

resulting equation is
L ) )

0.85f,;"

fCCf, = 0.85 fo’ (1 + 3.5

The following equation calculates the lateral stress due
to the confining reinforcement

2 Ash fy
=— 10
fi s d. (10)

Based on Eq. (10) above, the hoop reinforcement is
assumed to have yielded at its peak response. The lateral
stress value of Eq. (10) above is multiplied again by the

effectiveness coefficient of the confinement (k.), where for
circular cross-section, the effectivity of confinement
between hoops and spirals is the same (Antonius et al.
2017). The equation proposed by Mander et al. (1988)
adopted, namely

(1 _;4_1;) (11)

k, =
¢ 1_pcc

So, the effective lateral stress is

fie = ke - fi (12)

The analytical expressions developed above are
compared with all confined concrete specimens shown in

Experiment

Ve Analytical

feer (MPa)

Axial strain

Fig. 14 Analytical vs experimental results (SFC1, SFC2,
SFC3, SFC4)

Experiment

| skcs SFC6 SFC7
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Jeef (MPa)
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Fig. 15 Analytical vs experimental results (SFCS5, SFC6,
SFC7, SFC8)
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Fig. 16 Analytical vs experimental results (SFC9, SFC10,
SFC11, SFC12)
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Fig. 17 Analytical vs experimental results (SFC13, SFC14,
SFC15)

Table 6 Statistical approach of K and 77 for analytical
expression vs experiment

Specimen - K - - n -
Experiment Analytical Experiment Analytical

SFC1 1.04 1.12 0.32 0.57
SFC2 1.11 1.10 0.32 0.62
SFC3 1.15 1.10 0.56 0.83
SFC4 0.98 1.08 0.4 0.42
SFCS5 0.95 1.05 0.3 0.33
SFC6 1.06 1.05 0.45 0.67
SFC7 1.07 1.05 0.56 0.85
SFC8 1.29 1.34 0.41 0.58
SFC9 1.29 1.31 0.54 0.62
SFC10 1.3 1.28 0.8 0.83
SFCI11 1.27 1.22 0.49 0.64
SFC12 1.29 1.22 0.65 0.65
SFC13 1.23 1.17 0.55 0.33
SFC14 1.26 1.17 0.83 0.67
SFCI15 1.27 1.15 0.88 0.85
Mean 1.160 0.631
SD 0.126 0.196
COV (%) 10.8 31.1

Figs. 14 to 17. The comparison results show that the
analytical expression can predict relatively the stress-strain
behavior of confined normal-strength to high-strength
concrete containing steel fiber, except for specimen SFC7.

Furthermore, the COV values generated for predicting K
and 77 are 10.8% and 31.1% (Table 6), respectively. These
COYV values are lowest compared to the COV values based
on the existing models above, indicating that the analytical
expression is closest to the experimental results.

5. Conclusions
The stress-strain behavior of confined normal and high-

strength steel fiber concrete has been presented in this
paper. The conclusions can be written as follows:

e In most cases, adding steel fiber can increase the
compressive  strength  of  concrete  without
reinforcement. Likewise, in confined steel fiber
concrete, the volume fraction of steel fiber plays an
important role in improving the K value and the
ductility of confined concrete.

e The optimum K value will be used for concrete with
normal compressive strength (f.” = 34.9 MPa).
Conversely, the K value decreases for specimens
with higher concrete compressive strength.

e Hoop reinforcement is important in determining
confined steel fiber concrete’s K value and ductility.
The K value and the ductility increase when the
hoops are more tightly spaced.

e The existing fiber confinement models evaluated in
this study were able to predict the experimental pre-
peak behavior well. However, in most cases, these
models experience significant differences with
experimental results in predicting confined
concrete’s peak stress and post-peak behavior.

e The developed analytical expression produces a
stress-strain curve for confined concrete that closely
matches the stress-strain behavior of most
specimens.

e This research can however be developed more
considerably by reviewing broader design
parameters such as square cross sections, effects of
reinforcement  configurations, and  structures
subjected to cyclic loads. Therefore, the analytical
expression for confined steel fiber reinforced
concrete mentioned above still needs to be further
tested and refined through future research.
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Nomenclature

Agn = area of hoop reinforcement

B = factors affecting the shape of the curve

COV = Coefficient of Variation

d. = cross-sectional core diameter

en = hoop strain

&, =unconfined normal concrete peak strain

gcs' = the peak strain of fibrous concrete

ccf' = peak strain of confined fiber concrete

f.o. = unconfined normal concrete peak stress

fi = lateral stress

fie = effective lateral stress

5 = yield stress of hoop reinforcement

/2 =cylindrical normal concrete stress, dimension of
150 x 300 mm at 28 days of age

fof = cylindrical steel-fiber concrete stress,

dimension of 150 x 300 mm at 28 days of age
feof = peak stress of confined steel-fiber concrete
ke = confinement effectiveness coefficient
l = fiber length
d = fiber diameter
@ = reinforcement diameter
RI = Reinforced Index = l/d
s = Spacing of hoop
SD = Standard of Deviation
TI  =Toughness Index
V= Volume fraction of fiber





