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The strength and ductility of concrete are improved under 

multi-axial compressive stress due to confinement effect. 

Some effective parameters for concrete confinement are 

longitudinal and transverse steel reinforcement. Some stress-

strain relations for confined concrete with steel 

reinforcement have been proposed by different researchers. 

In this paper, various stress strain models with considering 

the steel confinement effect are reviewed briefly and used for 

simulating the lateral behavior of on an experimental 

reinforced concrete frame. Envelope curves, tension damage, 

yielding patterns, ductility ratio and energy absorption of the 

frames are discussed. Results from the finite element 

analysis compared with experimental findings show that in 

the case of lateral load and displacement, the analytical 

models which were presented by Fafitis et al. and Muguruma 

et al. had more compatibility with experimental results and 

the difference is less than 10%. Energy absorption of the 

model which was proposed by Khaje Samani & Attard had 

the most compatibility with experimental results and 

difference is about 1%. 

Keywords: 

Confinement, 

Ductility, 

Frame, 
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1. Introduction 

Confinement in concrete concluded to higher 

strains with lower degradation in softening 

part of compressive stress-strain curve of this 

material. Steel reinforcement, steel jacketing, 

FRP and some other materials can perform as 

a confining material for concrete.As it shown 

in Fig. 1,both steel and FRP confined 

concrete have more compressive strength and 

ultimate strain than those of unconfined 

concrete and strain softening occurs with 

slower rate. Moreover, FRP confined 

concrete has a part of strain hardening in its 

stress-strain curve [1, 2]. Longitudinal and 

transverse reinforcements are effective 

http://dx.doi.org/10.22075/jrce.2018.13791.1252
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parameters for concrete confinement as it 

shown in Fig. 2 [3]. 

Many studies have been performed on 

behavior of confined concrete and its 

applications in structural modeling. Suzuki et 

al. developed a stress-strain model of high 

strength concrete confined by rectangular ties 

and the finite element findings were verified 

by experimental results [4]. 

 

Fig. 1. Effect of confinement on stress-strain 

curve of concrete [2]. 

 
Fig. 2. Effect of confinement on stress-strain 

curve of concrete [3]. 

A model for damage analysis of confined and 

unconfined concrete was developed by Cao 

and Ronagh [5]. Sadeghi proposed an 

analytical nonlinear stress-strain model and 

damage index for confined and unconfined 

concrete to simulate reinforced concrete 

structures under seismic loading [6]. 

Kheyroddin and Naderpour presented a 

model for predicting the compressive 

strength of confined concrete in CCFST 

columns [7]. 

Efficiency of stress-strain models of confined 

concrete with and without steel jacketing to 

reproduce the experimental results was 

investigated by Campoine et al. In this 

research, the reliability of some constitutive 

models for confined concrete was examined 

and verified by experimental data [8]. The 

effect of confinement on the collapse 

probability of reinforced concrete frames 

subjected to earthquakes was studied by 

Laresen et al. The results showed statistically 

significant effect of confinement on the 

collapse probability of reinforced concrete 

frames [9]. 

2. Stress-Strain Models for Confined 

Concrete with Steel Reinforcements 

2.1. Blume et al. (1961) 

Presented equation for confined concrete is 

shown in Fig. 3 and Eq. (1). 

 
Fig. 3. Stress-strain curve of confined 

concrete [10]. 
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Where, stA  and yhf are section area and 

yielding stress of transverse steel 

reinforcements respectively. As it shown, this 

stress-strain curve includes three linear 

sections without any softening part and the 

confinement effect of longitudinal 

reinforcement is ignored. 

2.2. Soliman and Yu (1967) 

Presented equation for confined concrete is 

shown in Fig. 4 and Eq. (2). 

 
Fig. 4. Stress-strain curve of confined 

concrete [11]. 
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As it shown, this stress-strain curve includes 

four sections with softening part and the 

confinement effect of longitudinal 

reinforcement is ignored. Moreover, the 

strain corresponding to the 0.85 of 

compressive strength ( cf  ), has been 

considered as ultimate compressive strain of 

confined concrete. 

2.3. Kent and Park (1971) 

Presented equation for confined concrete is 

shown in Fig. 5 and Eq. (3). 

 
Fig. 5. Stress-strain curve of confined concrete 

[12]. 
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This stress-strain curve includes two sections 

with softening part and the confinement 

effect of longitudinal reinforcement is 

ignored. 

2.4. Valenas et al. (1977) 

Presented equation for confined concrete in 

ascending in descending parts is shown in 

Fig. 6 and Eq. (4) and Eq. (5) respectively. 

 
Fig. 6. Stress-strain curve of confined concrete 

[13]. 
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This stress-strain curve includes two sections 

with softening part and the confinement 

effect of both longitudinal and transverse 

reinforcements is considered. 

2.5. Muguruma et al. (1978) 

Presented equation for confined concrete in three 

parts is shown in Fig.7 and Eq. (6).         (
2cm

kgf

).

 
Fig. 7. Stress-strain curve of confined concrete 

[14]. 

OA part: 

2
2

0

0
c

c

ciEcf
ciEcf 







  

AD part: 

 

 
 ccfcf

ccc

ccc
ccfcf 






2
0

2



  

DE part: 

 

 





















 













W

s

cf

yhf

scC

cf
u

cucc

ccccfS
uf

ccc
cccu

ccfuf
ccfcf

5.01

2000
100413.0

2












 (6) 

In this research, some equations were 

presented for circular and square 

columns.The confinement effect of 

longitudinal reinforcement is ignored in these 

equations. 

2.6. Scott et al. (1982) 

Presented equation for confined concrete in 

three parts is shown in Eq. (7). 
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Where, k is aparameter related to amount of 

and yielding stress of steel reinforcements 

and compressive strength of concrete [15]. 

2.7. Sheikh and Uzumeri (1982) 

Presented equation for confined concrete in 

three parts is shown in Fig.8 and Eq. (8). 

 
Fig. 8. Stress-strain curve of confined concrete 

[16]. 
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 (8) 

The confinement effect of longitudinal 

reinforcement is ignored in these equations. 

2.8. Park et al. (1982) 

Presented equation for confined concrete in 

three parts is shown in Fig.9 and Eq. (9) and 

eq.10. 

 
Fig. 9. Stress-strain curve of confined concrete 

[17]. 
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For descending part: 
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The confinement effect of longitudinal 

reinforcement is ignored in these equations. 

2.9. Fafitis and Shah (1985) 

Presented equation for confined concrete in 

descending part is shown in Eq. (11). 

 




  15.1exp ccckcfcf   (11) 

Where, k is a parameter related to amount, 

spacing and yielding stress of transverse 

reinforcements for both circular and square 

columns [18]. 

2.10. Yong et al. (1988) 

Presented equation for confined concrete in 

three parts is shown in Fig.10 and Eq. (12). 

 
Fig. 10. Stress-strain curve of confined concrete 

[19]. 
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The confinement effect of longitudinal 

reinforcement is ignored in these equations. 
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2.11. Mander et al. (1988) 

Presented equation for confined concrete in 

three parts is shown in Fig.11 and Eq. (13). 

 
Fig. 11. Stress-strain curve of confined concrete 

[20]. 
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Where, lf  is a parameter related to amount, 

type and yielding stress of transverse 

reinforcement. 

2.10. Fuji et al. (1988) 

Presented equation for confined concrete in 

three parts is shown in Fig.12 and Eq. (14). 

 
Fig. 12. Stress-strain curve of confined concrete 

[21]. 
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Where,  is a parameter related to amount, 

type and yielding stress of transverse 

reinforcement. 

2.11. Saatcioglu and Razavi (1992) 

Presented equation for confined concrete in 

three parts is shown in Fig.13 and Eq. (15). 

 
Fig. 13. Stress-strain curve of confined concrete 

[22]. 

lfkcfccf 1  (15) 

Where, lf and 1k are two parameters related to 

amount, type and yielding stress of transverse 

and longitudinal reinforcements. 

2.12. Cusson and Paoltre (1995) 

Presented equation for confined concrete in 

descending part is shown in Fig. 14 and Eq. 

(16). 
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Fig. 14. Stress-strain curve of confined concrete 

[23]. 
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2.12. Hoshikuma et al. (1997) 

Presented equation for confined concrete in 

descending part is shown in Eq. (17). 

 cccdesEccfcf    (17) 

Where, desE  is a parameter related to amount, 

spacing and yielding stress of transverse 

reinforcements for both circular and square 

columns [24]. 

2.12. Binici (2005) 

Presented equation for confined concrete in 

three parts is shown in Fig.15 and Eq. (18). 

 
Fig. 15. Stress-strain curve of confined concrete 

[25]. 
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(18) 

Where, r isa parameter related to amount, 

type and yielding stress of transverse and 

longitudinal reinforcements. 

2.13. Bouafia et al. (2010) 

Presented equation for confined concrete in 

three parts is shown in Fig.16 and Eq. (19). 

 
Fig. 16. Stress-strain curve of confined concrete 

[26]. 
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The confinement effect of longitudinal 

reinforcement has been ignored in these 

equations. 

2.14. KhajeSamani and Attard (2012) 

Presented equation for confined concrete in 

descending part is shown in Fig.17 and Eq. 

(20). 

 
Fig. 17. Stress-strain curve of confined concrete 

[27]. 
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Where, residualf is a parameter related to 

amount transverse reinforcement. 

As it discussed, arrangement or yielding 

stress or space of the transverse 

reinforcement are considered in the whole 

above equations but the effect of longitudinal 

reinforcement in confined concrete is ignored 

in some models.  

In this paper a reinforced concrete frame that 

has been tested experimentally by Tawfik et 

al. is selected and modeled by ABAQUS 

software. Analytical frames are investigated 

using these above equations and the results 

verified with experimental data. 

3. Experimental Program and 

Analytical Investigations 

Dimensions and reinforcement details of the 

experimental specimen,lateral loading 

protocol and test set up are shown in Fig.18, 

Fig.19and Fig.20 respectively. All of the 

dimensions are in mm. compressive strength 

of concrete was 30 MPa. Yielding stress of 

longitudinal and transverse reinforcement 

were 360 MPa and 240 MPa respectively 

[28]. 

 
Fig. 18. Experimental frame [28]. 

 
Fig. 19. Loading protocol [28]. 

 
Fig. 20. Test set up [28]. 

ABAQUS is strong FEM-based engineering 

software used for performing non-linear 
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analyses. In this type of analysis, ABAQUS 

automatically selects appropriate load 

increments and convergence tolerances and 

continually adjusts them during the analysis 

to ensure that a highly accurate solution is 

obtained. For concrete and steel modeling, a 

3D 8-node linear iso-parametric element with 

reduced integration (C3D8R) and a 2-node 

linear tetrahedral element (C3D2) are used, 

respectively. Each node in the 8-node 

element and truss element has three degrees 

of freedom. These elements are capable of 

modeling non-linear behaviors of concrete 

and steel. 

For evaluation of an appropriate value of 

ultimate tensile strain of the concrete ( tu ) 

and elimination of the mesh size dependency 

phenomenon, Shayanfar et al. presented the 

following equation [29]. 
hetu

008.0004.0  Eq.21. 

Where, h is the width of the element (mm). 

In this paper, some analytical frames are 

modeled and lateral behavior of these frame 

under the loading protocol investigated. In 

these analytical frames, confined concrete 

with steel reinforcement is modeled 

byvarious stress-strain equations which were 

presented in section 2 and consequently, the 

envelope curves of these models are 

presented and compared with each other and 

experimental results. These envelope curves 

are shown in Fig.21.Moreover, it must be 

noted that the experimental envelope curve is 

shown by bold solid line in this figure. 

 
Fig. 21. Envelope curves of analytical reinforced 

concrete models with different stress-strain 

equations. 

As it shown, the initial stiffness of the whole 

analytical frames (except Cusson and Paoltre 

model) is more than that of experimental 

specimen. Moreover, the envelope curves of 

Soliman& Yu, Mugurama et al., Sheikh 

&Uzumeri, Mander et al., Fuji et al., 

Saatcioglu & Razavi and Boufia models are 

ascending and have not a softening part. In 

these models, when the compressive strain of 

concrete in an element reach to its 

corresponding ultimate magnitude ( cu ), the 

nonlinear analysis is stopped and the 

maximum displacement defined. 

The stress-strain relation which was proposed 

by Kent & Park, Scout et al., Fafitis and 

Shah, Cusson & Paoltre, Binici and Attard 

includes two separate parts of ascending and 

descending in their envelope curves. In the 

other hand, in these analytical models, 

softening part of the envelope curve occurs. 

In softening part of these envelope curves, 

when the lateral load reach to 85% of the 

maximum load ( uP ), the nonlinear analysis is 

stopped and the maximum displacement 

defined. 

In the case of proposed models by Blume et 

al., Valenas et al., Yong et al. and Hoshikuma 

et al., envelope curves includes two sections 

but the softening parts in these envelope 

curves are very small and the first criteria is 

used for defining the maximum displacement 

of these frames. 
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Summary of these analytical results are 

presented in Table 1. 

Table 1. Summary of analytical results. 
Model 

 mm

y

 

 ton

yP

 

 mm

u

 

 ton

uP

 

y

u






 

 mmton

E

.

 

Experimental 8.9 6 90 6.6 

10.1 

554.8

7 

Blume et al. 9 5.31 89.6 7.08 

9.95 

549.2

3 

Soliman & 

Yu 

10.5 5.9 90.1 7.26 

8.58 

591.2

5 

Kent & Park 9.5 4.21 87.7 5.46 

9.23 

429.0

1 

Valenas et al. 10.2 5.3 90.84 7.14 

8.90 

572.7

5 

Muguruma et 

al. 

9 6 90.7 7.58 

10.07 621 

Scott et al. 9 5.6 89.8 7.28 

9.97 

594.6

4 

Sheikh & 

Uzumeri 

9.5 5.9 89.7 7.4 

9.44 

605.6

2 

Park et al. 9.5 5.9 90 7.62 

9.47 

613.3

4 

Fafitis & 

Shah 

9 5.9 85.7 6.5 

9.52 

529.6

1 

Yong et al. 9.5 5.3 90.4 7 

9.51 

567.0

1 

Mander et al. 9.6 5.75 89.5 7.9 

9.32 

616.7

6 

Fuji et al. 10 5.7 93.4 7.75 

9.34 

630.9

9 

Saatcioglu& 

Razavi 

8.5 6.2 89.9 7.6 

10.5 627.6 

Cusson & 

Paoltre 

14 4.54 89.96 6.43 

6.42 

472.9

3 

Hoshikuma 

et al. 

10 5.3 90.8 6.87 

9.08 557.1 

Binici 8 5.5 90.8 7.43 

11.3 

593.3

5 

Boufia et al. 10 5.4 91.6 7.35 

9.16 

587.9

1 

Khaje 

Samani & 

Attard 

9.5 5.4 87.7 7.22 

9.23 

553.5

3 

As it shown, ductility ratio (
y

u




 ) of these 

models is close to each other and that of 

experimental specimen. The maximum 

difference between ductility of these 

analytical models and experimental frame is 

about 15 % and belongs to Soliman & Yu 

model. The average difference between 

ductility of the analytical models and 

experimental frame is about 5.5% too. 

4. Discussion 

3.1. Yielding Displacement 

The minimum difference between yielding 

displacement ( y ) of experimental specimen 

and analytical models is about 1%. Yielding 

displacement of some models including 

Fafitis et al., Scout et al., Mugurama et al. 

and Blume et al. are very close to each other 

and that of experimental frame. The 

maximum difference is about 57% and 

occurs when Cusson and Paoltre model is 

used in analytical investigations. The average 

difference between yielding lateral 

displacementof the experimental specimen 

and analytical models is about 8%.  

4.2. Ultimate Displacement 

The maximum difference between ultimate 

displacement ( u ) of experimental specimen 

and analytical models is about 5% and 

belongs to the frame which was modeled by 

Fafitis et al equation. Ultimate displacements 

of these models are very close to each other 

and the average difference between the 

results of analytical models and that of 

experimental specimen is about 1%.  

4.3. Yielding Load 

Yielding load ( yP ) of the analytical frame 

that was modeled by Mugurumaet al. 
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equations is the same with experimental 

result. Moreover, the minimum difference 

between yielding load of experimental 

specimen and analytical models is about 2%. 

Yielding load of some models including 

Soliman et al., Sheikh & Uzumeri, Park et 

al., and Fafitis et al.are very close to each 

other and that of experimental frame. The 

maximum difference is about 30% and 

occurs when Kent& Park model is used in 

analytical investigations. The average 

difference between yielding load of the 

experimental specimen and analytical models 

is about 8%. 

4.4. Ultimate Load 

Ultimate load ( uP ) of the analytical frame 

that was modeled by stress-strain equation 

which was developed by Fafitis et al. is very 

close tothe experimental result and the 

difference is about 2%. The maximum 

difference is about 19% and occurs when 

model of Mander et al. is used in analytical 

investigations. The average difference 

between ultimate load of experimental 

specimen and analytical models is about 8%. 

4.5. Energy Absorption 

The area under the hysteresis curves of 

structures defined as energy absorption. But 

the area under the envelope curves of the 

structures can be used as an estimation of this 

parameter too. Therefore an estimation of the 

energy absorption of the experimental 

specimen and analytical models( E ) are 

calculated and presented in Table 1. As it 

shown, energy absorption of the reinforced 

concrete frame which was analyzed by model 

of Khaje Samani & Attard is very close to 

that of experimental data and the difference 

is less than 1%. The maximum difference 

between analytical models and experimental 

results is about 23% and occurs when the 

model of Kent & Park is used for confined 

concrete.  

Area under the envelope curves of the 

analytical frames which were modeled by 

equations of Fuji et al., Muguruma et al. and 

Saatcioglu and Razavi are close to each other 

and subsequently, more than that of 

experimental results. In this case the 

maximum difference is about 14%. 

Area under the envelope curveof the 

analytical frame which was modeled by 

equation of Cusson and Paoltreis close to that 

of model of Kent and Park and subsequently, 

less than that of experimental data. In this 

case the maximum difference is about 17.5%. 

4.6. Tension damage and yielding pattern 

Tension damage of the whole analytical 

models and experimental specimen are close 

to each other. The first tension damage 

appears on tension side of the columns and 

associated with cracking in beam-column 

connection. Tension damages increase with 

increasing the magnitude of applied lateral 

load and some new cracks is observed in 

other parts of the frame including beam and 

upper parts of the columns.Tension damage 

and yielding patterns of these analytical 

models are shown in Fig.22 and Fig.23.  

 
Fig. 22. Tension damage in analytical models. 
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Fig. 23. Yielding pattern in analytical models. 

4.6. Hysteresis Curves 

Structural behavior of the analytical frame 

that was modeled by equation of Fafitis and 

Shah is very close to that of experimental 

data. Therefore, hysteresis curve of this 

model is shown in Fig.24 and compared with 

experimental result. As it shown, there is a 

good compatibility between these two 

curves. Envelope curves of these two models 

are presented in Fig.25 too.  

 

Fig. 24. Hysteresis curves of the selected 

analytical model and experimental results. 

 

Fig. 25. Envelope curves of the selected 

analytical model and experimental results. 

As it shown, the initial stiffness of the 

analytical model is more than that of 

experimental specimen. Yielding and 

ultimate displacement, yielding and ultimate 

load and energy absorption of these two 

models are very close to each other and the 

difference is less than 5%. It seems that, the 

equations which were developed by Fafitis 

and Shah is suitable for modeling of the 

confined concrete.  

5. Conclusion 

Based on the analytical and experimental 

results, the following conclusions can be 

drawn: 

1- Longitudinal and transverse 

reinforcements have a confinement effect on 

stress-strain curve of the concrete and were 

investigated by different researchers. This 

confined concrete has more compressive 

stress and ultimate strain that of unconfined 

concrete. But the transverse reinforcement is 

more effective than longitudinal 

reinforcement. 

2- All of the envelope curves which were 

obtained by different models had a similar 

linear behavior with experimental specimen. 
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3- Tension damage and yielding patterns of 

the whole analytical frames with different 

analytical models are close to each other and 

those of the experimental frame. 

4- In the case of lateral load and 

displacement, the analytical models which 

were presented by Fafitis and Shah and 

Muguruma et al. had more compatibility with 

experimental results. 

5- In the case of trend of the envelope curves 

and energy absorption, the analytical models 

which were presented by Khaje Samani & 

Attard, Yong et al. and Valenaset al. had more 

compatibility with experimental results. 

6- In the case of yielding displacement, the 

maximum difference is about 57% and 

occurs when Cusson and Paoltre model is 

used in analytical investigations. In the case 

of ultimate load, the maximum difference is 

about 19% and occurs when model of 

Mander et al. is used in analytical 

investigations. Energy absorption of the 

reinforced concrete frame which was 

analyzed by model of Khaje Samani & Attard 

is very close to that of experimental data and 

the difference is less than 1%. 

7- The analytical model which was simulated 

by equation of Fafitis and Shah has a good 

compatibility with experimental results. The 

maximum difference between the yielding 

and ultimate load and displacement of this 

analytical model and experimental data is 

less than 5%. 
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