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ABSTRACT Since the last four decades, the behavior of concrete contains of steel fiber, or often called steel fiber concrete, with a wide 
range of compressive strength has been carried out. Generally, the results of the experimental program produced a material which has 
a more ductile compared with normal concrete or concrete without fiber. Due to the ductility properties of the material, it is very suitable 
for use as an earthquake-resistant structural material. At the same time, the behavior of high-strength steel-fiber concrete has also inves-
tigated, one of which is about confined high-strength steel-fiber concrete. Analytical models of confined high-strength steel fiber concrete 
have been developed in various preliminary studies, with their characteristics derived based on the experimental results. Therefore, this 
research evaluated the models of confined high-strength steel-fiber concrete proposed by Mansur et al., Hsu and Hsu, and Paultre et al. 
The evaluation includes stress-strain behavior, strength enhancement of confined concrete (f'cc/f'co) or K value, the increase in confined 
concrete strain (ε'cc/ε'co), and strain of confined concrete when the stress has dropped by 50 percent against its unconfined strain (εcc50/εc50). 
The comparison method was carried out using a statistical approach and stress-strain simulation. Evaluation results showed significant 
predictive differences in confinement models in terms of post-peak behavior and parameters ε'cc/ε’co and εcc50/εc50. Prediction of 
confinement models on the value of f'cc/f’co to the experimental results has a coefficient of variation above 10%. The result further showed 
that a modified model of confined high-strength steel-fiber concrete was proposed and able to simulate the stress-strain behavior. 

KEYWORDS Confinement Models; Steel Fiber; High-strength Concrete; Stress-strain; Coefficient of  Variation. 
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1 INTRODUCTION 

It is a generally known fact that high strength 
concrete (HSC) or those with compressive 
strength (f'c) of 50 MPa and above has several ad-
vantages such as greater crack capacity, relatively 
low shrinkage, and durable properties 
(Nishiyama, 2009; Antonius, 2014a; 2014b). How-
ever, these substances also have certain weak-
nesses, namely brittleness, and low ductility. A 
high-volumetric reinforcement ratio or a more 
tightly-spaced lateral one is needed to overcome 
this inconsistency (Paultre and Legeron, 2008; 
Antonius and Imran, 2012; Cholida et al., 2018). 
Furthermore, other technological developments, 
namely concrete-reinforcing fibers, are also re-
quired. The addition of certain percentages to the 
mixture is known to increase the strength, shear 
capacity, and, more importantly, ductility (Aoude 

et al., 2014; Han et al., 2015; Lee et al., 2015; Ro-
sidawani et al., 2017; Hanif and Kanakubo, 2017; 
Janani and Santhi, 2018; Amariansah and Karlin-
asari, 2019). Steel fiber concrete, including its be-
havior at high temperatures, has also been exten-
sively studied and reportedly has good ductility 
(Korsun et al., 2015; Antonius et al., 2014; 2019).  

A combination of HSC and steel fiber is an ideal 
material for structural components such as the 
types of columns erected in earthquake zones. 
One of the advantages is that it reduces the lateral 
reinforcement ratio, and a good level of ductility 
is maintained. Various studies reported that this 
combination exhibits extraordinary stress-strain 
behavior in strength and ductility (Antonius, 
2015; Liu et al., 2018). Several high-strength fiber 
concrete confinement models have also been de-
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signed based on the experimental analyses of di-
verse studies (Mansur et al., 1997; Hsu and Hsu, 
1994; Paultre et al., 2010). Presently, none of 
them are widely accepted or referred to during 
planning. Similar lateral or confining reinforce-
ment designs in steel fiber concrete are yet to be 
regulated based on the existing standard (Indone-
sian National Standard, 2019).  

The confinement model is useful in predicting the 
behavior of the structure as a whole and providing 
assurance in terms of the structural design. This 
research compares the confined high-strength fi-
ber concrete models to evaluate their sensitivity 
concerning the experimental results used to pre-
dict their pre-and post-peak behaviors. The three 
models selected in this process were designed by 
Mansur et al., Hsu and Hsu, and Paultre et al. The 
reviewed parameters are stress-strain behavior, 
strength enhancement of confined concrete 

(f'cc/f'co) or K value, the increase in confined 
concrete strain (ε'cc/ε'co), and strain of confined 
concrete which the stress was dropped by 50 
percent against its unconfined strain (εcc50/εc50).  

 
Figure 1. Parameters and curves of the confined con-
crete 

Table 1. Stress-strain models of confined high-strength steel fiber concrete 

Model Pre and post-peak curves Stress and strain enhancement Parameters 
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2 MODELS OF CONFINED HIGH-STRENGTH STEEL 
FIBER CONCRETE  

Figure 1 shows some parameters that affect the 
stress-strain behavior of confined concrete. This 
includes the peak stress of confined concrete (f’cc), 
peak strain of confined concrete corresponding to 
the f’cc (ε'cc), and strain after stress drop of 50% at 
descending curve (ε'cc50). 

The confinement models reviewed in this 
research have several parameters that tend to 
affect the stress-strain of confined steel fiber 
concrete shown in Table 1. In general, all three 
produced similar non-linear stress-strain curves, 
as shown in Figure 1. 

2.1 Model by Mansur et al. 

Mansur et al. proposed the stress-strain equation 
concerning confined fiber concrete by testing 
specimens with strengths between 60 to 120 MPa. 
The variables reviewed in this analysis include the 
diameter of the lateral reinforcement, spacing, 
the concrete core's area, and the specimen cast-
ing's direction. It was concluded that the vertical–
cast concrete undergoes a considerable strain at 
maximum stress, while a more remarkable in-
crease in ductility tends to occur in the 
horizontal-cast concrete. The magnitude of the 
peak stress and strain and the ductility of the con-
fined concrete is influenced by a specific factor 
called the confinement parameter. It describes 
the amount of confinement exerted on the con-
crete core and is expressed as follows: 

Confinement parameter =
o

y
s

f

f
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The parameters fo and εo in the previous equation 
are the peak stress and strain on the unconfined 
concrete. The stress-strain equation of confined 
concrete is shown in Table 1. The β factor is the 
amount that determines the curve of the slope 
before the peak response. The stress-strain equa-
tion is influenced by the correction factors k1 and 
k2. 

According to Mansur et al., changes in the diame-
ter of the lateral reinforcement, spacing, and the 
concrete core area greatly affect the shape of the 
downward curve after the peak. The variables that 
considerably affect the ductility of the confined 
concrete are properly represented by the confine-
ment parameter, namely the ρs.fy/fo factor. 

1.2 Model by Hsu and Hsu 

Hsu and Hsu proposed an empirical stress-strain 
equation for high-strength steel fiber concrete, 
where the compressive strength of the design is 
approximately 10,000 psi (68 MPa). This was 
derived from the test results obtained from a 
cylinder consisting of unconfined and confined 
high-strength steel fiber concrete, with an inner 
diameter and height of 3 inches and 6 inches, 
respectively. Steel fiber concrete is designed with 
varying fiber fraction (Vf) volumes of 0, 0.5, 0.75, 
and 1%. The confined type uses hoop 
reinforcement with space variations of 1, 2, and 3 
inches. 

Based on Table 1, Hsu and Hsu applied an 
unconfined and confined concrete stress-strain 
equation, an empirical modification proposed by 
Carreira and Chu (1985) and Ezeldin and Balaguru 
(1992). Hsu and Hsu explained that n and β are 
material parameters in which β controls the shape 
of the stress-strain curve, n  and x are the 
normalized stress and strain, respectively. Factor 
of β also influences the value of the initial 
tangential modulus (Eit) and concrete 
compressive strength (f’c). Furthermore, fc and εc 
are general stresses and strains, respectively. fc' is 
the peak stress and εo is the strain when the 
concrete reaches the peak stress. xd is the strain 
when the stress has dropped to 60% of its peak (on 
the descending curve). The proposed model by 
Hsu and Hsu assumed that the peak stress and 
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strain of the confined concrete depended on the 
lateral reinforcement ratio and the compressive 
strength of the unconfined type. 

1.3 Model by Paultre et al. 

Paultre et al. developed a confinement model for 
high-strength steel-fiber concrete (80≤fc'≤100 
MPa), and it was based on the test results of the 
full-scale column. The parameters reviewed in 
the experiment include concrete compressive 
strength, volumetric ratio, spacing and yield 
stress of lateral reinforcement, configuration, and 
steel fiber volume fraction. The column speci-
mens studied comprised 15 pieces, and all of them 
used a concrete blanket of cross-sectional size 
235x235 mm, and a total height of 1400 mm, 
where the test region was set at 900 mm. The vol-
ume variation of the steel fiber fraction is 0.25, 
0.5, 0.75, and 1%, where the length to diameter 
(l/d) ratio is 50. The volumetric ratio of lateral re-
inforcement varies from 2.5 to 3.4%.  

The stress-strain curve proposed by Paultre et al. 
consists of pre-and post-peak equations. Based 
on Table 1, the strength enhancement of confined 
concrete (K=fcc’/fco’) is a function of the 
confinement index (I'e) and effective lateral stress 
(f'le). In addition, the longitudinal reinforcement 
ratio varies from 2.2 to 3.6%, and the yield 
stresses of the ties used are 400 and 800 MPa. 
From Table 1, it can be identified that the peak 
stress and strain of confined concrete represent a 
function of the effective confinement index (Ie'). 
Meanwhile, the effective lateral stress (fle’) is ob-
tained using Equation 4: 

'hseyh
sh

ele fρ'f
sc

A
K'f ==  (4) 

where c is the concrete core size (center to center 
of the ties), Ashy is the total cross-section area of 
the ties in the y-direction, fh is the lateral steel 
stress at the concrete peak stress, and ρsey is the 
effective sectional ratio of the confining rein-
forcement. ρsey=KeAshy/(sc) in the y-direction, 
where Ke is the effective confined area, according 
to Mander et al. (1988). 

Paultre et al. proposed to compute the stress of 
lateral reinforcement at peak response (fh’) as 
shown in Equations 5 and 6: 
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τfu is a constant frictional bond strength, and ηθ is 
defined as the fiber orientation efficiency factor. 
Paultre et al. stated that the κ factor is used  to de-
termine whether or not the ties’ reinforcement 
yielded at the peak stress, where: 

cssey

c
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However, assuming the cross-section is circular 
or square, then the effective ratio (ρsey) of the re-
inforcement bars is: 

Table 1 shows that Ie50 is the lateral stress due to 
the installed reinforcement with fiber and is 
calculated as follows: 

Paultre et al. proposed Equation (9), where η50 is 
the parameter that considers the fibers' influence 
when the axial strain is equal to that of the post-
peak (εcc50). Moreover, the concrete strain when 
the peak stress drops by 50% during post-peak is 
calculated as follows: 
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505050 150
.

eccc I.+=   (10) 

Where εc50 is defined as post-peak strain corre-
sponding to the stress, which is equal to 50% of 
the unconfined concrete strength. 
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3 COMPARISON BETWEEN CONFINEMENT MOD-
ELS WITH EXPERIMENTS 

The confinement models earlier presented were 
evaluated concerning the confined steel fiber 
concrete. The experimental data used are the re-
sults of Antonius' experimental study (2015), car-
ried out on the behavior of normal and high-
strength steel fiber concrete with circular sec-
tions confined by hoops (Figure 2). There were 12 
small-scale specimens with a diameter of 125 mm 
and a height of 310 mm. Strength behavior and 
energy absorption ability of confined steel fiber 
concrete are the main focus of this research. 
Specimens were grouped into two primary cate-
gories to evaluate the presence of fiber. This in-
cludes those without fiber (Vf = 0%) and those 
with fiber of (Vf ) 0.5% following the concrete vol-
ume. Its compressive strength varies from 29 to 
72 MPa, and the hoop reinforcement characteris-
tics have a spacing (s) of 60 to 100 mm. All hoop 
reinforcement has similar yield stress (fy) of 430 
MPa, while that of the longitudinal is 6D5.5. All 
test specimens were made without a concrete 
cover. Antonius further stated that the stress-
strain behavior of high-strength steel fiber rein-
forced concrete is significantly different, espe-
cially its post-peak behavior. Therefore, the exist-
ing confinement model was modified to obtain a 
more reliable prediction. 

Antonius’ experimental data are shown in Table 
2. In this study, the modified confined steel fiber 
concrete is compared to Antonius' experimental 
results, particularly for the specimens (Vf=0.5%). 
Therefore, those used as validation are FC3, FC4, 
FC5, FC6, FC7, FC8, and FC9. The peak stress 
value of unconfined concrete is 0.85f'c. The peak 
strain (εco') for normal, medium, and high strength 
concrete are 0.0037, 0.0035, and 0.0032, respec-
tively. The parameters εcc50 and εc50 refer to the 
data obtained from the research conducted by An-
tonius et al. (2014). 

The lateral stress proposed by Paultre et al., as 
shown in Equation (9), applies to specimens with 
square sections. For circular sections, the modi-
fied lateral stress is as follows: 
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Figure 2. Cross-section of specimen 

 
Figure 3.  Equilibrium forces of confinement  

Meanwhile, 2Ashfy/sdc is based on the equilibrium 
of the forces acting on the half-turn of hoops in 
Figure 3. In Equation (11), the lateral stresses are 
corrected by the effectiveness of confinement 
based on the concept designed by Mander et al. 
(1988). A comparison of the confinement models 
with experimental (exp.) results was carried out 
using a statistical approach. The differences were 
stated in accordance with the coefficient of  
variation (COV) and stress-strain behavior of 
confined concrete.
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Table 2. Experimental result by Antonius (2015) 

 

 

 

4 RESULTS AND DISCUSSION 
Table 3. Statistical results for f’cc/f’co, ε’cc/ε’co, εcc50/εc50 

Specimen 
f’cc/f’co ε’cc/ε’co εcc50/εc50 

Exp. Mansur Hsu Paultre Exp. Mansur Hsu Paultre Exp. Mansur Hsu Paultre 

FC3 1.36 1.12 1.86 1.56 2.2 0.335 0.64 0.726 7 - 14.319 0.658 

FC4 1.17 1.06 1.52 1.37 1.16 0.213 0.058 0.035 3.8 - 0.341 5.707 

FC5 1.24 1.06 1.34 1.38 1.875 0.05 0.226 0.278 7.375 - 17.297 0.084 

FC6 1.12 1.03 1.14 1.25 1.275 0.361 0.144 0.005 3.475 - 0.067 11.621 

FC7 1.28 1.05 1.26 1.35 1.9 0.010 0.014 0.305 4.875 - 2.752 5.240 

FC8 1.25 1.04 1.21 1.30 2.5 0.144 0.36 1.327 7.975 - 22.648 0.036 

FC9 1.15 1.03 1.15 1.28 1.425 0.231 0.068 0.006 5 - 3.183 4.792 

Mean 1.06 1.35 1.357  1.621 1.4 1.348  - 3.216 6.189 

SD 0.201 0.165 0.166  0.467 0.502 0.669  - 3.178 2.166 

COV (%) 19.05 12.18 12.23  28.80 35.83 49.60  - 98.83 34.99 
 

4.1 Statistical Analysis 

Table 3 shows the statistical analysis results per-
formed on confinement models and the varying 
experiments. The value of K or strength enhance-
ment of confined concrete (f’cc/f’co) is an important 
parameter because it is used to determine the 
minimum volumetric reinforcement ratio in the 
design. The prediction of K values based on the 
models designed by Mansur et al., Hsu and Hsu, 
and Paultre et al. and  their experimental results 
has COVs of 19.05%, 12.18%, and 12.23%. As 
shown in Table 3, the average error of Mansur's 
model prediction is the highest compared to the 

others. The prediction of the K value of each 
model is relatively distinct from each experi-
mental result. On the contrary, ε’cc/ε'co based on 
the Mansur et al. model is the closest to the ex-
perimental results (COV = 28.80%). Table 3 shows 
that the COV value based on the Hsu and Hsu and 
Paultre et al. models is 35.83% and 49.60%, re-
spectively.   

Furthermore, the forecast value and that of 
εcc50/εc50 were compared. The predictions of the 
Mansur et al. model were not calculated because 
the value of εcc50 was unable to be determined. Fig-
ures 4 to 6 show that the curves after the peak 

Specimen 
f’c 

(MPa) 
Vf 

(%) 

Confining reinforcement 
Long. 
Reinf. 

f’cc 

(MPa) 
ε’cc K ϕ-s 

(mm) 
Ratio 
(ρh) 

fy 
(MPa) 

UFC30 29.5 
0.5 

- - - 

6D5.5 
 

fy= 
430 
MPa 

- - - 
UFC50 51 - - - - - - 
UFC70 71.2 - - - - - - 

FC1 51 0 6-60 1.58 

415 

57 0.0044 1.56 
FC2 71.2 0 6-60 1.58 79.27 0.0055 1.31 
FC3 29.5 

0.5 

6-60 1.58 35.25 0.0110 1.36 
FC4 29.5 6-100 0.95 30.22 0.0058 1.17 
FC5 51 6-60 1.58 53,5 0.0075 1.24 
FC6 51 6-100 0.95 48.52 0.0051 1.12 
FC7 51 5.5-60 1.33 55.53 0.0076 1.28 
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stress process failed to decrease by less than 10% 
significantly. On the contrary, the predicted value 
of εcc50/εc50 based on the Hsu and Hsu model has a 
significant COV value of 98.83%, following Paul-
tre et al., which is below 34.99%. These indicate a 
significant difference between the predictions of 
confinement models and the results of experi-
ments on the descending branch curve. 

4.2 Stress-strain Behavior 

 

Figure 4. Comparison of confined concrete models with speci-
men of FC3 and FC4 

 

Figure 5. Comparison of confined concrete models with speci-
men of FC5, FC6, and FC7 

 

Figure 6. Comparison of confined concrete models with speci-
men of FC8 and FC9 

Figures 4 to 6 show the confined stress-strain 
curves of the three models and the experimental 
results for all specimens. Asides from that of 
Paultre et al., it was generally reported that the 
ascending branch curve of the two other models 
is quite close to that of the experimental data. 
Paultre et al. research have higher initial stiffness 
and a steeper ascending curve than the other 
models. Another observed phenomenon is the ex-
istence of a significant difference between all de-
scending branch curves and that of the experi-
ments. This is in line with the results of the sta-
tistical analysis earlier obtained, where the value 
of COV in the εcc50/εc50 of either model by Hsu and 
Hsu or Paultre et al. is extremely large (98.83% 
and 34.99%). The COV value based on the Mansur 
et al. model was unpredictable due to the large 
difference between εcc50/εc50 and the experiment. 

As earlier explained, the prediction of the f’cc 
value according to the model designed by Mansur 
et al. is entirely different from the experimental 
results. It could only be used to accurately fore-
cast the f’cc values of FC4 and FC7 specimens, as 
shown in Figures 4 and 5. However, in another fig-
ure, the value of f’cc in the Mansur et al. model and 
the experiment is different. 

COV (%) 8.30 32.07 34.14 

In a normal-strength steel fiber concrete (f'c = 29.5 
MPa), the model proposed by Hsu and Hsu is used 
to predict inaccurate experimental f'cc values (Fig-
ure 4). Its accuracy in predicting the value of the 
new f’cc is evident in high-strength steel fiber con-
crete, as shown in Figures 5 and 6. Although, the 
model by Paultre et al. was used to overestimate 
the f’cc value for all specimens. In predicting the 
value of ε'cc based on all the confinement models, 
none of them coincides with the experimental ε’cc, 
and the difference is quite much (COV greater 
than 28%). 

5 PROPOSED MODIFIED MODEL 

The comparisons among the confinement models 
significantly reflect the differences between the 
confined concrete specimens and the experi-
mental results. It is necessary to modify that of 
the steel fiber, thereby ensuring that the differ-
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ence is relatively close. Based on all the confine-
ment models, it is evident that the descending 
branch of those designed by Hsu and Hsu and 
Paultre et al. has a shape that is almost similar to 
that of the experiment, especially for confined 
high-strength steel fiber concrete. However, the 
descending branch of the model designed by Hsu 
and Hsu tends to be sharper or steeper than that 
of Paultre et al., which is also indicated by the 
large value of COV of the εcc50/εc50 parameter. 
Based on this, the Paultre et al. model was 
adopted by modifying several parameters. 

 

Figure 7. K value between models with experiments 

Table 4. COV value is based on the proposed model of 
the experiment 

Specimen 
Proposed 

Exp. f’cc/f’co ε’cc/ ε’co εcc50/ εc50 
FC3 1.36 1.34 0.296 0.872 
FC4 1.17 1.16 0.037 6.947 
FC5 1.24 1.20 0.427 1.030 
FC6 1.12 1.09 0.007 8.649 
FC7 1.28 1.17 0.322 5.061 
FC8 1.25 1.14 0.660 0.588 
FC9 1.15 1.12 0.063 3.897 

Mean 1.175 1.713 6.218 
SD 0.098 0.550 2.13 

The first modification was to change the equation 
of the K value. A linear equation was proposed 
based on the triaxial testing of steel fiber concrete 
by Pantazopoulou and Zanganeh (2001), as stated 
in Equation (12). 

co

l

co

cc

f'

f

f'

f'
K 5.31+==  (12) 

The second modification is centered on the lateral 
stress calculations in Equation (11), where the 
effect of fiber was included. Therefore, the lateral 
stress calculation is :  

c

ysh

l
sd

fA
f

2
=  (13) 

Additionally, the equation of the K value based on 
the proposed model and other confinement types 
was compared with the experiments of all 
specimens. Figure 7 shows that the proposed 
formula for K values is relatively close to the 
diagonal, indicating that it is quite good. 

Statistical analysis between the proposed model 
and the complete experiment is shown in Table 4. 
The COV value of the predicted K value is 
relatively 8.30%, while that of the following 
parameters, namely, ε'cc/ε'co and εcc50/εc50 are 
32.07% and 34.14%, respectively. Validation of 
confined steel fiber concrete stress-strain curves 
is shown in Figures 8 to 10. In normal strength 
concrete validation (Figure 8), the behavior of the 
curve after the peak of the proposed model is 
relatively close to that of the experiment, even 
though its shape is not identical. This is because 
the proposed model is for confined-high strength 
steel fiber concrete.  

 

Figure 8. Proposed model vs Exp. (FC3 and FC4) 
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Figure 9. Proposed model vs Exp. (FC5, FC6 and FC7) 

 

Figure 10. Proposed model vs Exp. (FC8 and FC9) 

A comparison of steel fiber concrete stress-strain 
curves with 51 MPa compressive strength shows 
that the pre-and post-peak curves between the 
proposed models and experiments are extremely 
close (Figure 9). This is similar to the comparison 
with higher concrete strength (f'c=71.2 MPa), as 
shown in Figure 10. These indicate that the 
proposed model can accurately predict the stress-
strain behavior of confined high-strength steel 
fiber concrete. 

6 CONCLUSION 

The predicted and experimental values of 
confined fiber concrete (K) strength 
enhancement ranged between 12 to 20 percent. 
These indicate that there is an inaccurate 
estimate of the K value. Correlations of the ε'cc/ε'co 
and εcc50/εc50 between confinement models and the 
experiments did not align. Therefore, the con-
finement models predicting the strains after peak 
response are inaccurate. Their ascending branch 
behaviors are also relatively similar, except for 
the prediction of the model designed by Paultre et 
al., which tends to be different. The descending 
branches between confinement models and the 

experiment are rather different. However, even 
though the shape of the descending branch curve 
by Hsu and Hsu and Paultre et al. is comparable to 
the experiment. Paultre et al. confinement model 
was adopted and used to develop a confined steel 
fiber concrete proposition specimen. Its 
modification is based on the equation used to cal-
culate K proposed by Pantazopoulou and 
Zanganeh. Lateral stress only pays attention to 
the confinement action by the reinforcement. The 
proposed model can accurately predict the 
experiment's K value (COV=8.30%). It can also 
properly simulate the ascending and descending 
branches of the experiment, especially for 
confined high-strength steel fiber concrete. 
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