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ABSTRACT

This paper presents the results of an experimental investigation of high-strength Steel Fiber-Reinforced
Concrete (SFRC) with Self-Compacting Concrete (SCC) containing spiral and hoop reinforcement, which
was subjected to axial compressive loading. Forty cylindrical concrete specimens, each with a diameter of
100 mm and a height of 200 mm, were used to evaluate the effectiveness of producing confined SFRC using
SCC by examining several design parameters, including the type of confining reinforcement (spiral and
hoop), fiber volume fraction (0%, 0.5%, and 1%), as well as the spacing and yield strength of the confining
reinforcement. The experimental results revealed that closer spacing of transverse reinforcement or a
higher volumetric ratio enhances the strength of confined concrete (K) and increases ductility, as measured
by the Toughness Index (TI). An increase in fiber volume fraction in confined concrete reduces the value of
K; however, the TI increases, particularly when the transverse reinforcement spacing equals the specimen
diameter. Specimens with a water-to-cement ratio (w/c) of 0.34, reinforced with spiral confinement,
achieved an optimum K value of 1.51 at a fiber volume fraction (vy) of 0%. Nevertheless, the highest
ductility was observed in specimens with spiral confinement and a vr of 1%, giving a TI value of 0.84. For a
w/c mix design of 0.55, the optimum K value was obtained with hoop reinforcement (K = 1.54). However,
the optimum ductility occurred in specimens with spiral confinement and vy = 1%, resulting in a TI value
of 0.87. A linear regression analysis of the experimental data indicates that the confinement effectiveness is
3.0.
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I INTRODUCTION reinforcement  ratios, including optimal

longitudinal

The workability of high-strength SFRC is generally lower
than that of normal-strength SFRC [1], thereby requiring
continuous compaction using mechanical vibrators to achieve
the desired strength [2, 3]. In practical applications, such as
high-rise building construction, structural detailing often
requires a high execution rate, particularly during the
concreting process. The primary equipment employed for
compaction includes internal and external vibrators; however,
these do not always guarantee fully dense concrete [4].
Additionally, specifications for earthquake-resistant reinforced
concrete  structural elements typically require high

reinforcement, reduced stirrup spacing (i.e., confined concrete
detailing), and closely spaced confining reinforcement [5].
When conventional concrete is used under such conditions,
there is a risk that vibrators may be unable to reach certain
regions, which can lead to voids or porosity. In areas requiring
meticulous execution, such as beam-column joints, significant
concrete pressure during casting is necessary to ensure that the
fresh concrete fully penetrates all regions of the joint and
prevents the formation of porous concrete [5, 6]. Advances in
concrete technology have led to the adoption of SCC because it
exhibits excellent flowability and passing ability without
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mechanical compaction [7-10]. These characteristics offer
several advantages, such as faster construction, vibration-free
placement, improved surface quality, and a simplified casting
process. Consequently, SCC shows great promise for future
structural applications. SCC can be produced using chemical
admixtures such as superplasticizers, Viscocrete, or SS-8 [6,
11]. Incorporating these admixtures facilitates the production of
Steel Fiber-Reinforced (SFR)-SCC by adding steel fibers in
specific proportions [12, 13]. Using SCC in concrete
construction results in enhanced mechanical performance
compared to conventional methods [14, 15]. This improvement
is primarily attributed to changes in the behavior of confined
SFRC, which can exhibit compressive strengths ranging from
normal to high values [16, 17]. The presence of confining
reinforcement significantly influences the strength and ductility
of confined concrete. Consequently, SCC SFRC exhibits
superior overall performance compared to non-SCC steel fiber
concrete [18, 19]. Several design parameters governing the
behavior of SCC SFRC require investigation. These include
concrete compressive strength, confining reinforcement
spacing, and the yield strength of the confining steel [20].
Authors in [17, 21] examined the behavior of confined SFRC,
but their study was limited to non-SCC construction methods.
Authors in [22, 23] focused on confined SFR-SCC specimens
with square cross-sectional geometries. The present study
experimentally examined the behavior of circular-section SFR-
SCC under confinement. The circular section provides more
uniform lateral confinement pressure in all directions, making
it suitable for simulating confined concrete behavior. This
study primarily aims to evaluate the behavior of SFRC by
examining several design parameters, including wi/c, fiber
volume fraction (vy), characteristics of the confining
reinforcement (volumetric ratio, spacing, and yield stress), and
the type of confining reinforcement (spiral and hoop).

II. EXPERIMENTAL PROGRAM

A. Materials

All constituent materials, including the mixing water, fine
aggregates with maximum particle sizes of 5 mm, and coarse
aggregates with a maximum nominal size of 19 mm, were
purchased locally and proportioned to satisfy the required
grading specifications. Ordinary Portland Cement (OPC) grade
53 was selected due to its widespread commercial availability.
Class F fly ash, supplied by the Tanjung Jati Jepara Steam
Power Plant, was used as a supplementary cementitious
material. The straight steel fibers utilized had aspect ratios of
60-70, an average tensile strength of approximately 500 MPa,
and a modulus of elasticity of 5,000 MPa, as shown in Figure
1.

B. Mix Design

Two concrete mix designs were used to prepare the test
specimens, with w/c ratios of 0.34 and 0.55. Based on
preliminary experiments, a Consol SS-8 type superplasticizer
was incorporated into SFR-SCC at a dosage of 0.6% by weight
of cement. The concrete mix proportions are detailed in Table I
[24]. The steel fiber volume fraction (vy) was varied to 0%,
0.5%, and 1% of the total concrete volume for each mix design.

Fig. 1.

Image of cut steel fiber.
TABLE L CONCRETE MIX DESIGN
Materials w/c=0.34 w/c=0.55

Cement (kg/m®) 441 350

Fly ash (kg/m?) 89 -
Water (t/m’) 152 192
Sand (kg/m’) 697 723
Coarse aggregate (kg/m®) 1045 887
Admixture type F (kg/m?) 4.07 2.75

C. Specimens and Test Setup

The concrete specimens were cylindrical, measuring 100
mm in diameter and 200 mm in height. They were cast without
a concrete cover to evaluate the behavior of purely confined
concrete under passive confinement conditions. The yield
strength (f;) of the confining steel reinforcement, which
consisted of spiral and hoop reinforcement, was determined
through tensile testing, as depicted in Figure 2. To measure
strain in the confining reinforcement, FLA-5-11 strain gauges
were attached directly to the steel bars. All specimens were
tested using a 1500 kN capacity compression testing machine
equipped with a deformation-controlled loading system. Data
obtained from the tests included the applied load and axial
deformation, which were measured using Linear Variable
Differential Transformers (LVDTs) installed in the axial
direction. All data were continuously monitored and recorded
using a data logger, and subsequently processed for further
analysis.
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Fig. 2. Stress-strain curves of confining reinforcement.

The confined concrete stress (f.y) was calculated by
dividing the applied load by the cross-sectional area of the
specimen. The strength enhancement of confined concrete (K
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value) is defined as the ratio of the confined concrete peak
stress to 85% of the unconfined concrete cylinder strength (150
x 300 at 28 days) and is expressed as for” /(0.85 for” ). The K
value plays a significant role in determining the minimum
volumetric ratio of confining reinforcement required in the
design of reinforced concrete columns. Meanwhile, the
confined concrete strain was calculated as the ratio of the axial
deformation, as measured by LVDTs, to the specimen's
original height. The ductility of confined concrete was
evaluated using TI, determined by the methodology illustrated
in Figure 3. In this study, the TI value was defined as the ratio
of the shaded area under the stress-strain curve to the area
bounded by ODEC.

Confined

concrete

e

eof C=0.01

Strain

Fig. 3. Definition of TL.

III. RESULTS AND DISCUSSION

A. Results of Self-Compacting Concrete

Figure 4 shows the testing procedures for SCC conducted in
accordance with ASTM C1611. The results of the slump flow
test, L-box test, and V-funnel test are summarized in Table 1I
[25]. These results indicate that the produced concrete satisfied
the 2002 EFNARC requirements and can therefore be
classified as SCC [26]. Subsequently, SFR-SCC was produced
based on validated mix designs. Confinement testing of
concrete specimens was conducted at a 35-day concrete curing
age, along with the unconfined control tests, as portrayed in
Figure 5.

4 N

d

(b)
SCC tests: (a) slump flow test, (b) V-funnel test, (c) L-box shape

Fig. 4.
test.

The unit weight of the tested specimens ranged from 23.0
kN/m3 to 24.91 kN/m3. This range was observed across all
specimens, which included different steel fiber volume
fractions (vy). The experimental program assumed that the
density of SFR-SCC was comparable to that of conventional
concrete. The measured values confirm that this assumption is
reasonable. All cylinder testing procedures refer to ASTM C
39/C 39M - 01 [27]. Figure 5 demonstrates that specimen
failure did not occur suddenly, which can be attributed to the
installed confining reinforcement.

TABLE II. RESULTS OF SCC TESTING
Test method Units - Acceptance crltepa Results
Minimum Maximum
Slump flow mm 650 800 670
L-shape box H2/H1 0.8 1.0 0.82
V-funnel sec 6 12 7.38

Fig. 5.

Testing of confined concrete.

B. Confinement Behavior

The experimental results for SFR-SCC are summarized in
Table III. After 28 days, the compressive strength of SFRC
(fo), with a w/c ratio of 0.34, increased from 50.3 MPa at vy =
0% to 58.8 MPa at vy = 0.5%, and then to 65.2 MPa at vy = 1%.
For specimens with a w/c ratio of 0.55, the compressive
strength was 40.6 MPa at vy = 0.5% and increased to 47.6 MPa
at vy = 1%. These results demonstrate a correlation between an
increased steel fiber volume fraction and enhanced SCC
compressive strength. The stress-strain behavior of confined
concrete is expressed by the relationship between the strength
enhancement factor (K) and confined concrete strain (axial
strain).

1) Influence of Spiral and Hoop Spacing

The spacing of the confining reinforcement directly affects
the volumetric ratio of confinement, on the K and TI values,
which were measured by comparing specimens with closer
spacing (s = 50 mm) to those with s = 100 mm. Specimens with
s = 50 mm correspond to a volumetric ratio of 2.4%, while
specimens with s = 100 mm exhibit a volumetric ratio of 1.2%.
The w/c, steel fiber volume fraction (vy), and yield strength of
the confining reinforcement (f;) were constant in all
comparisons. The specimen pairs that were compared included
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CS1 versus CS2, CS5 versus CS6, CS9 versus CS10, CH1
versus CH2, CH5 versus CH6, and CH9 versus CH10; all of
these pairs corresponded to a vy of 0.34. As displayed in Table
II, specimens with closer spacing of the confining
reinforcement consistently exhibited higher K and TI values.
For instance, CS1 achieved K and TI values of 1.51 and 0.58,
respectively, which are higher than those of CS2 (K = 1.20 and
TI = 0.57). Similarly, CS5 (K = 1.35, TI = 0.69) outperformed
CS6 (K = 1.14, TI = 0.55), and CS9 (K = 1.28, TI = 0.84)
outperformed CS10 (K = 1.05, TI = 0.78). A similar trend was
observed for specimens with a w/c ratio of 0.55. Those with 50
mm confining reinforcement spacing (CS13, CS17, CH13, and
CH17) exhibited superior performance compared to those with
100 mm spacing (CS14, CS18, CH14, and CH18). Specifically,

the specimens CS13 (K = 1.44, TI =0.42), CS17 (K = 1.42, TI
=0.69), CH13 (K = 1.53, TI = 0.73), and CH17 (K = 1.46, TI =
0.60) demonstrated higher confinement effectiveness than the
specimens CS14 (K = 1.12, TI = 0.53), CS18 (K = 1.04, TI =
0.66), CH14 (K = 1.21, TI = 0.62), and CHI8 (K = 1.25, TI =
0.68). These results suggest that closer confinement
reinforcement spacing increases lateral confining stress and
enhances confinement effectiveness in the concrete core
compared to specimens with wider spacing. The stress-strain
responses of the confined concrete specimens presented in
Figures 6 and 7 further confirm these observations. Specimens
with tighter confining reinforcement spacing exhibited higher
K values and a more ductile post-peak response, indicating
enhanced confinement performance.

TABLEIL  EXPERIMENTAL RESULTS
Confinement .’ (MPa)

Specimen| w/c |vy (%), spagiing psi |fy (MPa)| Type &f | fef MPa)| K | TI
Csl 6-50 0.024] 507 0.002 | 6459 |151]058
Cs2 6-100 0.012[ 507 | . 00022] 5131 |120]057
CS3 5550 | 0.02] 419 |°P"™ 0.0025| 5951 | 139]0.65
CS4 | au| o [3550]0.02] 544 o3 | 0002 | 6098 1431063
CHL | 6-50 0.024] 507 < [00035] 5527 |129]067
CH2 6100 [oo12] 507 |, 00029| 5439 |127|052
CH3 5550 | 0.02| 419 0.003 | 583 |136]064
CH4 55-50 | 0.02 | 544 0.0028| 6345 | 148]064
CS5 6-50 10.024] 507 0.0024| 6731 |135]0.69
Cs6 6-100 [0.012] 507 | . 0.0024| 5678 | 114|055
Cs7 5550002 419 |°P"@ 0.0023| 6221 | 124052
Cs8 5550 | 0.02 | 544 00024| 6522 |130]047
crs | 93| 09 650 [0.024] 507 B8 T00025] 6596 11321069
CH6 6-100 [0012] 507 |, 00025 5597 |1.12|056
CHT 5550 | 0.02| 419 0.0018| 6537 |131] 07
CHS 5550 | 0.02| 544 0.0024] 684 |137]059
CS9 6-50 0.024] 507 0.0022] 7077 | 1.28]084
CS10 6-100 0012 507 | . 00022] 5809 |1.05]|078
CSl1 5550 002 419 P 0.0023| 6808 | 123|055
CSI2 | 4| | [5:5:50]002] 544 652 00021 7129 129055
CHY | 6-50 10.024] 507 < [00023] 67.69 |122]064
CHI0 6100 [oo12] 507 |, 0.0022] 6159 | 1.11]059
CHIL 55-50 | 0.02| 419 0.0023| 70.78 | 128054
CHI2 5550 | 0.02| 544 00024] 721 | 130|057
CsS13 6-50 0.024] 507 0.0021| 49.84 | 144]042
CSl4 6-100 0012 507 | . 0002 | 3865 |1.12]053
Csi5 5550 | 0.02] 419 |°P"™ 0.0022] 4811 [139]062
CS16 5550 | 0.02| 544 0.0023| 484 [140] 05
cuis |9 99 [Tes0 [o.004] 507 406 Fo002 ] 5301 | 154|073
CH14 6100 [oo12] 507 |, 0.0018| 4176 |121]|062
CHI5 5550 | 0.02| 419 0.0029| 49.64 |144]074
CHI6 5550 | 0.02| 544 00027 5107 | 148068
cs17 6-50 0.024] 507 00028 5728 | 142]0.69
CSi8 6-100 [0.012] 507 | . 0.0024| 4222 | 1.04]0.66
CS19 5550 002 419 |°P"@ 0.0025| 53.57 | 1.32]0.69
CS20 | 5| | [5:5-50]002] 544 416 000291 5482 [1.35[075
CHI7 | 6-50 0.024] 507 © T0.0026] 59.06 | 1.46] 0.6
CHIS 6100 [oo12] 507 |, 00024 5073 | 125]0.68
CHI9 55-50 | 0.02| 419 0.0031| 5495 |136]067
CH20 5550 | 0.02| 544 0.0037] 55.88 | 138]087

2) Influence of Volume Fraction (vy)

Figures 8 and 9 depict the stress-strain behavior of confined
high-strength SFRC (w/c = 0.34) for specimens that were
reinforced with hoops and spirals, respectively. To examine the

influence of the steel fiber volume fraction (v), comparisons
were made between specimens with identical volumetric ratios,
reinforcement spacing, and yield strength of the confining
reinforcement, while vy was varied to 0%, 0.5%, and 1%.
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w/e=0.34 Ww/e=034 /034
14 | % YE05%  yegey
1 =507 MPa i=507 MPa 5507 MPa
12
Hoop 5=50 mm
1
v Hoop s=100 mm
0.8
0.6
0.4
0.2
0 T T T T
4001—, Axial strain
Fig. 6 Effect of hoop spacing.
1.8
w/e=0.34 w/e=0.34 w/c=0.34
L6 { 0% vf=0.5% V1%
f=507 MPa /=507 MPa fy=507 MPa
1.4
1.2
Spiral 5=50 mm
14 Spiral 5=100 mm
N
0.8
0.6
0.4
0.2
0 T T T
. Axial strain
Fig. 7. Effect of spiral spacing.
1.8 -
Hoop: $6-50 Hoop: $6-100 Hoop: ¢5.5-50 Hoop: $5.5-50
1.6 1 =507 MPa fi=507 MPa  fi=420 MPa fi=544 MPa

0.01

Fig. 8.

Axial strain

Effect of v, specimens confined by hoops.

The optimal K and TI values for specimens with a hoop
spacing of 50 mm and a yield strength of 507 MPa (CH1, CHS,
and CH9) were achieved with a vy of 0.5%. The corresponding
K and TI values for these specimens were 1.29 and 0.67, 1.32
and 0.69, and 1.22 and 0.64, respectively. For specimens with a
hoop spacing of 100 mm or a hoop volumetric ratio (pn) of
1.2% (CH2 versus CH6 versus CH10), increasing vy from 0%
to 0.5% or 1% resulted in consistent decreases in K values and
corresponding increases in TI values. This behavior indicates
that, when the hoop spacing is equal to the specimen diameter,
the mobilization of steel fibers enhances ductility in confined

concrete, despite reducing confinement effectiveness (K value).
A similar behavior was observed for specimens with hoops
spaced 50 mm apart and f; = 420 MPa (CH3 versus CH7 versus
CHI11), where increasing vy resulted in decreasing K values
while achieving the optimum TI at v = 0.5%. The
corresponding K and TI values were 1.36 and 0.61, 1.31 and
0.70, and 1.28 and 0.54, respectively. In contrast, for specimens
confined with 50 mm spacing and f, = 544 MPa (CH4, CHS,
and CH12), both K and TI values decreased consistently with
increasing vy. The respective K and TI values were 1.48 and
0.64, 1.37 and 0.59, and 1.30 and 0.57. The optimal K and TI
values for specimens with a hoop spacing of 50 mm and a yield
strength of 507 MPa (CHI1 versus CHS versus CHY) were
achieved with a 0.5% volume fraction of voids. The
corresponding K and TI values for these specimens were 1.29
and 0.67, 1.32 and 0.69, and 1.22 and 0.64, respectively. The
performance of specimens confined with spiral reinforcement
under identical spacing, volumetric ratio, and yield strength
conditions, was evaluated. Specimen CS1 (vf = 0%) exhibited
K =1.51 and TI = 0.58; specimen CS5 (vy= 0.5%) showed K =
1.35 and TI = 0.69; and specimen CS9 (vy = 1%) achieved K =
1.28 and TI = 0.84. These results suggest that the optimal K
value occurs at vy = 0.5%, while the optimal TI value occurs at
vs = 1%. Similarly, comparisons among specimens CS2 (K =
1.20, TI = 0.57), CS6 (K = 1.15, TI = 0.55), and CS10 (K =
1.05, TI = 0.78) revealed a behavior analogous to that of hoop-
confined specimens. Increasing vy resulted in a consistent
reduction in K and an enhancement in TI. The highest ductility
was observed at vy = %. A different phenomenon was observed
for specimens with identical spiral spacing and a yield strength
of 50 mm and 420 MPa (CS3, CS7, and CS11). The
corresponding K and TI values were 1.39 and 0.65, 1.24 and
0.52, and 1.23 and 0.55, respectively. These results suggest that
specimens without steel fibers (vy= 0%) achieved the optimum
K and TI values, indicating that, under these conditions, the
spiral confinement mechanism was more dominant than the
contribution of steel fibers. A similar trend was observed for
specimens CS4, CS8, and CS12 (spiral spacing = 50 mm; yield
strength = 544 MPa), for which the respective K and TI values
were 1.43 and 0.63, 1.30 and 0.47, and 1.29 and 0.55.

Spiral: $6-50  Spiral: $6-100 Spiral: $5.5-50
1.6 { =507 MPa =507 MPa
w/c=0.34

Spiral: $5.5-50
fi=544 MPa
w/c=0.34

fi=420 MPa
w/c=0.34

0 T 1 T T
0.01

[

Fig. 9.

Axial strain

Effects of v, specimens confined by spirals.

Based on these observations, increases in the fiber volume
fraction (vy) do not consistently result in higher values of the
confinement effectiveness coefficient (K) or TI. This suggests
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that the relationship between these parameters is not strictly
proportional.  The characteristics of the confining
reinforcement, particularly the spacing and yield strength, also
significantly impact the resulting confinement performance.

3) Effect of Yield Stress (f;)

Figures 10 and 11 show the influence of the yield strength
of the confining reinforcement on the stress-strain behavior of
confined, high-strength, SFRC. Figures 10 and 11 compare
specimens CH3 and CH4, CH7 and CH8, CHI11 and CH12,
CS3 and CS4, CS7 and CS8, and CS11 and CS12, with
identical confinement spacing and volumetric ratios but with
different yield strengths of the confining reinforcement (f, =
419 MPa and 544 MPa). The stress-strain response shows that
specimens confined with reinforcement of a higher yield
strength had better K values. However, differences in post-peak
behavior between specimens were generally minimal.
Specimens confined with reinforcement of a lower yield
strength (f, = 419 MPa), such as CH3 (K = 1.36, TI = 0.64),
CH7 (K = 1.31, TT = 0.70), CH11 (K = 1.28, TI = 0.54), CS3
(K =1.39, TI = 0.65), CS7 (K = 1.24, TI = 0.52), and CS11 (K
= 1.23, TI = 0.55), exhibited lower K and TI values than
specimens confined with reinforcement of a higher yield
strength (f, = 544 MPa), such as CH4 (K = 1.48, TI = 0.64),
CH8 (K = 1.37, TI = 0.59), CH12 (K = 1.30, TI = 0.57), CS4
(K=1.43, TI=0.63), and CS8 (K = 1.30, TI = 0.47), CS12 (K=
1.29, TI = 0.55). These findings suggest that using confining
reinforcement with a higher yield strength—either hoop or
spiral—for specimens with identical confinement spacing and
volumetric ratios leads to enhanced confinement effectiveness
and ductility.

w/c=0.34 w/c=0.34 w/c=0.34
161 0% 1£=0.5% V=1%
14
12
Mo
08
06
04
02 Hoop fy=419 MPa
Hoop fy=544 MPa
0 T T T
001 |
B B
Axial strain
Fig. 10.  Effect of yield stress of hoops.

4) Influence of The Type of Confinement

For normal concrete specimens (v; = 0%), specimen CH1
exhibited a K value of 1.29 and a TI value of 0.67. These
values were then compared to those of specimen CS1 (K value
= 1.51 and TI value = 0.58). These comparisons were made
under identical confinement spacing, volumetric ratio, and
yield strength of the confining reinforcement. The results
indicate that spiral confinement enhances confinement
effectiveness (K value) more than hoop confinement, which
provides greater ductility. In another comparison, with a
confining reinforcement spacing equal to the specimen
diameter and a yield strength of 507 MPa, specimen CH2

achieved a K value of 1.27 and a TI value of 0.52. Meanwhile,
specimen CS2 exhibited a K value of 1.20 and a TI value of
0.57. In this case, hoop confinement was superior in terms of
confinement effectiveness, while spiral confinement resulted in
higher ductility. A further comparison of specimens CH3 (K =
1.36, TI = 0.64) and CS3 (K = 1.39, TI = 0.65), with constant
volumetric ratio, spacing (¢5.5-50), and yield strength (f, =419
MPa), demonstrated that spiral confinement produced
marginally higher K and TI values than hoop confinement.
Conversely, for specimens CH4 and CS4, which were confined
using reinforcement with a yield strength of 544 MPa, the
resulting K and TI values were 1.48 and 0.64 for CH4 and 1.43
and 0.63 for CS4, respectively. These results suggest that under
conditions of higher yield strength, hoop confinement
outperforms spiral confinement in terms of confinement
effectiveness and ductility.

w/c=0.34 w/c=0.34 w/c=0.34
1.6 1 /<0% 1=0.5% v=1%
14
Spiral fy=419 MPa
12
Spiral fy=544 MPa
. 1
£
08
06
04
02
0 f f T
001 ) )
‘ Axial strain
Fig. 11.  Effect of yield stress of spirals.

The comparative performance of spiral and hoop
confinement for high-strength, confined, SFRC with vy = 0.5%,
was evaluated. Specimens CHS (K = 1.32, TI = 0.69) and CS5
(K = 1.35, TI = 0.69) were compared. Both were confined
using ¢6-50 reinforcement with f, = 507 MPa. Spiral
confinement produced a slightly higher K value, and both
confinement types exhibited identical ductility. Similarly, a
comparison of specimens CH6 (K = 1.12, TI = 0.56) and CS6
(K = 1.14, TI = 0.55), which used identical confinement
reinforcement (¢6-100, f, = 507 MPa), revealed negligible
differences in K and TI values between spiral and hoop
confinement. However, a different trend was observed for
specimens CH7 (K =1.31, TI = 0.70) and CS7 (K =1.24, Tl =
0.52), which were confined using reinforcement with a lower
yield strength (f, = 419 MPa). In this case, hoop confinement
demonstrated superior performance to spiral confinement in
terms of confinement effectiveness and ductility. Similar
behavior was observed in the comparison between specimens
CHS8 and CS8, which used reinforcement with a higher yield
strength (f, = 544 MPa). Specimen CHS, confined with hoops,
exhibited K = 1.37 and TI = 0.59, which were significantly
higher than those of specimen CS8, which was confined with
spirals (K = 1.30 and TI = 0.47). The performance of spiral and
hoop confinement for specimens containing a 1% steel fiber
volume fraction, was also evaluated. Specimens confined using
$6-50 reinforcement with f, = 507 MPa revealed that spiral
confinement continued to outperform hoop confinement. This
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was evident in specimens CH9 (K = 1.22, TI = 0.64) and CS9
(K =1.28, TI = 0.84). However, when the confinement spacing
was doubled to $6-100 with a yield strength of 507 MPa, the
hoop-confined specimens exhibited slightly higher K values
than the spiral-confined specimens. Nevertheless, spiral
confinement resulted in greater ductility. This behavior is
evident in the comparison of specimens CH10 (K = 1.11, TI =
0.59) and CS10 (K = 1.05, TI = 0.78). Furthermore, specimens
CH11 and CSI11 exhibited K values of 1.28 and 1.23,
respectively, indicating that hoop confinement provided
slightly higher confinement effectiveness. Nevertheless, the TI
values of both specimens were comparable (0.54 and 0.55,
respectively). Similar to the behavior observed in specimens
with vy = 0% and 0.5%, specimens containing 1% steel fibers
and confined using reinforcement with the highest yield
strength ($5.5-50, f, = 554 MPa) demonstrated superior
performance with hoop confinement, such as specimens CH12
(K =1.30, TI = 0.57) and CS12 (K = 1.29, TI = 0.55). Figures
12-14 illustrate comparisons of the stress-strain behavior of
confined, high-strength, SFRC specimens using spiral and hoop
confinement.

£i=507 MPa
1.6 4 Confined: $6-50

/=419 MPa
Confined: ¢5.5-50

/=544 MPa

=507 MPa Confined: ¢5.5-50

Confined: ¢$6-100

M
0.8
0.6
0.4 4 Spiral
02
0 T T T T
0.01 ) .
| , Axial strain
Fig. 12.  Effect of confinement types, w/c=0.34, v,=0%.
1.8
f=507MPa  £i=507 MPa /=419 MPa /=544 MPa
1.6 {Confined: $6-50 Confined: $6-100 Confined: $5.5-50 Confined: ¢5.5-50
1.4 A
1.2
M
1 Hoop
0.8 4 Spirdl
0.6
0.4 -
~~
0.2
0 T T T T
0.01
iq—p‘ Axial strain
Fig. 13.  Effect of confinement types, w/c=0.34, v;=0.5%.

For the mix design with w/c = 0.34, specimens CS1 (v; =
0%) and CS9 (v = 1%) exhibited identical confining
reinforcement characteristics: $6-50 spacing, a volumetric ratio
of ps = 2.4%, and a yield strength of f, = 507 MPa. However,
specimen CS1 exhibited the highest confinement strength

enhancement factor (K = 1.51). In contrast, specimen CS9
exhibited the best ductility performance, with a TI value of
0.84. For the mix design with w/c = 0.55, the highest K value
(1.54) was obtained for specimen CS13 (v = 0.5%), with
confining reinforcement characteristics of ¢6-50 spacing, a
volumetric ratio of p, = 2.4%, and a yield strength of f, = 507
MPa. Meanwhile, the highest ductility was observed in
specimen CS20 (v = 1%), which had confining reinforcement
with ¢5.5-50 spacing, a volumetric ratio of p; = 2.0%, and a
yield strength of f, = 544 MPa.

f=507MPa /=507 MPa fi=419 MPa fi=544 MPa
1.6 4 Confined: $6-50 Confined: $6-100 Confined: $5.5-50 Confined: ¢5.5-50

Spiral

Axial strain

Fig. 14.  Effect of confinement types, w/c=0.34, v,=1%.

5) Strength Enhancement of Confined Concrete Based on
Experimental Results

Figure 15 demonstrates the relationship between the
confinement effectiveness factor (K) and the unconfined
concrete compressive stress for all specimens listed in Table
III. The lateral confining stress generated by the spiral and
hoop reinforcements was calculated based on the equilibrium
principle between the lateral confining force and the resisting
force provided by the transverse reinforcement:

244, .
fo=—H" (1
1.6
K=3.07,+1 ®
1.5 A L]
1.4
1.3
No12
11
1.0
0.9
0.8 T T v T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Fig. 15. A linier regression of K equation.

Linear regression analysis of the experimental data led to:
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K=%=1+3.0f—2 )

co feo!

The results were compared to previously proposed

expressions for the confinement effectiveness factor (K) for
SFRC, as shown in Figure 16, presenting a linear relationship.
However, a discrepancy was noted in the confinement
effectiveness coefficient, which was measured at 3.0, lower
than the value of 3.5, which was derived from triaxial
compression tests representing active confinement conditions.
The lower value obtained in this study can be attributed to the
passive nature of the confinement provided by the spiral and
hoop reinforcements in the reinforced concrete specimens. In
contrast, authors in [28-30] proposed confinement models with
nonlinear formulations to estimate K.

45 = Campione

Pantazopoulou & Zanganeh
i Paultre et al.

——f— This experiment

0 0.2 0.4 0.6 0.8 1 12

Fig. 16.  Failure strength envelope of confined SFRC.

IV. CONCLUSIONS

Based on the experimental results obtained in this study, the

following conclusions can be drawn:

High-strength Steel Fiber-Reinforced Concrete (SFRC) can
be produced using the Self-Compacting Concrete (SCC)
method in accordance with the 2002 EFNARC
requirements by incorporating an admixture (Consol SS-8)
at a minimum dosage of 0.6% by weight of cement.

The characteristics of the confining reinforcement
significantly influence the K value and Toughness Index
(TT). Closer spacing, a higher volumetric ratio of confining
reinforcement, and higher yield strength lead to increased K
values.

The specimens with the same water-to-cement ratio (w/c)
show that increasing the volume fraction of steel fibers
reduces the confinement effectiveness factor (K) while
increasing the TI. This indicates that steel fibers are more
effective in enhancing the ductility of confined concrete
than its peak compressive strength.

In general, spiral reinforcement is more effective than hoop
reinforcement at providing confinement, resulting in higher
confinement strength factor (K) and ductility values.

However, when high-yield-strength confining
reinforcement (fy = 544 MPa) was used, hoop
reinforcement outperformed spiral reinforcement in

enhancing
concrete.

the mechanical performance of confined

The predictive equation for the confinement effectiveness
coefficient (K) proposed in this study, captures the key
characteristics of the materials used and incorporates a
confinement effectiveness coefficient of 3.0. This value is
representative of Steel Fiber-Reinforced (SFR)-SCC under
confinement, providing a realistic basis for application
under conditions comparable to those commonly
encountered in Indonesia.

The present study is limited to SFRC-SCC specimens with
circular cross sections. Further investigations are required
to examine the effects of varying reinforcement
configurations on confined SFRC in square sections.
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NOTATIONS

¢ peak strain of unconfined fiber-reinforced concrete
fy  yield strength of confining reinforcement

fo> compressive strength of normal concrete (no fiber) of

cylinder 150x300 mm at 28 days

(11

(21

(3]

[4]

fo  compressive strength of fiber concrete of cylinder

150x300 mm at 28 days
Jeef

k confinement effectiveness

peak stress of confined steel fiber concrete

¢ diameter of hoops or spirals

pn - volumetric ratio of hoop

ps  volumetric ratio of spiral

s spacing of confining reinforcement (center-to center)

v¢  volume fraction of fiber
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