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 �� 1. 9�/ @�5 ��</ . ��,� .��2]16[.  

 
Fig. 1. 3D view of the spatial RC frame 

  

 E�C2. 6�2 "U� �L� ��,� ]16[.  

  
(Y4	) 6�2 "U� n1��,C A	�G��
   

  
(@) E*������ "1<5����� � �1� I\�:� �
 �- 

Fig. 2. General view of the fire test 
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!"�# 1.  ��	)G������2 � ���- M�1�>0��,�.�-YL�^� � ]16[.  

Type of frame � � (	() 
Bending capacity (�*. �) Reinforcement Sectional size (��) Fired or 

Unfired Specimen 
Beam (()) Column ((	) Beam Column Beam Column 

Strong-Beam 0.7 85.2 56.0 3D16 8D16 150*350 250*250 Unfired SBF 
Strong-Beam 0.7 85.2 56.0 3D16 8D16 150*350 250*250 Fired SBFT 

Strong-Column 1.6 35.2 56.0 2D14 8D16 120*250 250*250 Unfired SCF 
Strong-Column 1.6 35.2 56.0 2D14 8D16 120*250 250*250 Fired SCFT 

Table. 1. Design parameters of specimens 

  

!"�# 2. �GN����- �-������2 ��1�����
j�� � �5@�-9�/ �.��2 ]16[.  

Bar Type 
Diameter 

(mm) 

Yield Strength +, (MPa) 
Ultimate Strength +- (MPa) 

R6 6 413.4 510.2 

D14 14 589.9 701.7 

D16 16 484.0 597.3 

D20 20 446.5 582.3 

Table. 2. Material Properties of Steel Reinforcements 
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Fig. 5. Concrete model proposed by Schneider 
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Fig. 6. Effect of moisture content on Temperature distribution 

at the beam cross section 
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Fig. 7. Effect of emissivity coefficient on Temperature 

development at the beam cross section 
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Fig. 8. Temperature Fields in beam and Column sections 
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Fig. 10. Comparison between predicted and measured 

temperatures in beam section of SBFT frame 
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Fig. 11. Temperature distribution in steel reinforcements of 

SBFT frame 
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Fig. 12. Comparison between the experimental and FEM load-displacement responses of frames under room temperature 
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Specimen 

ID 

Initial stiffness, 

(N/mm) 

Maximum 

Strength, (kN) 

Displacement, 

(mm) 

SCF, Test 15,000 191.7 38 

SCF, Num 16,000 189 42 

SBF, Test 20,000 254 36 

SBF, Num 21,600 257 35 

Table. 3. Comparison between the experimental and FEM 

results of frame specimens under room temperature 
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Fig. 13. The failure modes of tested RC frames 
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Fig. 14. The failure modes of RC specimens in FEM analysis 
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Fig. 15. Comparison between the experimental and FEM load-displacement responses of fired RC frames 
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Specimen ID 

Initial 

stiffness, 

(N/mm) 

Maximum 

Strength, 

(kN) 

Displacement, 

(mm) 

SCFT, Test 7,200 151.5 52.5 

SCFRT, Shi 7,500 148 52 

SCFRT, Lie 7,800 158 54 

SCFRT, Schneider 8,800 151 43 

SBFT, Test 10,600 163 35.6 

SBFRT, Shi 11,000 168 41 

SBFRT, Lie 11,200 176 42 

SBFRT, Schneider 12,000 173 32 

Table. 4. Comparison between the experimental and FEM 

results of damaged frame specimens 

  

5- �(�%��"��  

	 (�� �	 �
�T�	 �/�	>0 
��?��  �
�; H�����/ �	�/ 

���4 
��L,;�5 �	@�-9�/ �6�2 �	 8* .��2 .�C .w	�	 ���

 �
 M�	�F I���� 
��2�/ �	�/ 	��/	 �
 YL�^� ��:�� I\�:� �1

�5 ��� �@�-9�/ �1L?� .��2����)* A���	 M�	�F H�:��	 E.  �

A�
 A�G �
 .1DC �	�/���4 
��L,; ����5 �	@�- � �
 h4�

 � V1?� ���
 ��	)G��/ "?� M�	�F �	 �C�� ���
 M��U 

���	>�	 �D��0 G �	�5����� .�C EJ�F ��� _���� �  

  �M�	�F E1L?� .LF�� �
��
�  .� �CM�;X\	  ���	�F

 V�� �
����1*ENV 1992-1-2 )BSI-20049�/ �	�/ ( � 

h-91�i ENV 1993-1-2 )BSI-2005 (  
j�� �	�/ "5
 �	�	


61* �	�/ �D�����
 .`^���� ��1/-,4	 YL�^� ��:� �
 ������

��� ��- �	"	 .h-91�i  E1L?� _����
 ./ "DU� "1�UF �

���	��* �]��	 @)0 "1L/�5 � 9�/ "/�\� �	>1� �����G  O=

 ���� 9�/
	
  .� ��
�:� �/ ��
 I���� _����1.5  � �J�
0.7 / .

���	��* �
 9�	 �	�/ b1��� �
	
 �/��- �-�������2 ����-�,- 

 .
�	
 ����/ 

  ��D��0 ��	)G��/ .LF�� �
.1DC �	�/ YL�^� H�� . ���

 .U��:� �/ .� �C .���G �W� �
 6�2 �	 8* 9�/ ����� �����

 _���� EJ�FQ�	�/ ��?���-� ��/-./�0���0 _���� �/ � "U

�-�������2� <� H�� .� �C ���
 V�� ��C ���Shi  "5
 �	

b��� ��� .L~U� 9�	 �	�/"	 �	
�� �/ . 

  .� 
	
 ���� �
�; _���� .U��:�/6�2 �Z	 �	 �/ ��� Q�

.��,� ��C Y��<� ���	�F��/ Y1<c�1�-6-�� �/ ��5 ��� 

 "���:�21 	 @)0 6-�� � ��J�
 �]��30  .0	�� ��J�


���
 �
�C �4�F��5�1� �/ .��,� �
 .�- 6-�� �Y1<c ���

 "���:�35  �]��	 @)0 6-�� � �J�
49  �J�
"	. 

  

6- K��"�  
1. Butry D. T., Chapman R. E., Huang A.L. & 

Thomas D. S. 2012 A life-cycle cost comparison 

of exit stairs and occupant evacuation elevators 

in tall buildings. Fire Technology, 48, 155 –72.  
2. Kodur V. K. R. & Agrawal A. 2016 An approach 

for evaluating residual capacity of reinforced 

concrete beams exposed to fire. Engineering 
Structures, 110, 293-306.  

3. Felicetti R., Gambarova P. G. & Meda A. 2009 

Residual behavior of steel rebars and R/C 
sections after a fire. Construction and Building 

Materials, 23, 3546-3555.  

4. Xu Y. Y., Wu B., Wang R. H., Jiang M. & Luo 

Y. 2013 Experimental study on residual 

performance of reinforced concrete beams after 

fire. Journal of Building Structures, 34 (8), 20-
29. 

5. Yao Y. & Hu X. X. 2015 Cooling behavior and 

residual strength of post-fire concrete filled steel 
tubular columns. Journal of Constructional Steel 

Research, 112, 282-292. 

6. He A. Liang Y. & Zhao O. 2020 Behaviour and 
residual compression resistances of circular high 

strength concrete-filled stainless-steel tube 

(HCFSST) stub columns after exposure to fire. 

Engineering Structures, 203, 109897. 

7. Hajiloo H. & Green M. 2018 Post-fire residual 

properties of GFRP reinforced concrete slabs: A 

holistic investigation. Composite Structures, 

201, 398–413. 

8. Wang Y. et al. 2020 Residual properties of three-
span continuous reinforced concrete slabs 

subjected to different compartment fires. 

Engineering Structures, 208, 110352. 

9. Jadooe A., Al-Mahaidi R. & Abdouka K. 2017 

Experimental and numerical study of 

strengthening of heat-damaged RC beams using 

NSM CFRP strips. Construction and Building 

Materials, 154, 899-913. 

10. Kodur V. K. R & Agrawal A. 2016 An approach 

for evaluating residual capacity of reinforced 
concrete beams exposed to fire. Engineering 

Structures, 110, 293-306. 

11. Bai L. L. & Wang Z. Q. 2011 Residual bearing 

 [
 D

O
I:

 1
0.

22
03

4/
23

.2
.9

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ce
j.m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

15
 ]

 

                            14 / 16

http://dx.doi.org/10.22034/23.2.9
https://mcej.modares.ac.ir/article-16-61995-en.html


�,L; .L��–         Q��� �	�,; ����� ��-�N*                                                                ���,C A�� "U1/ ���
2 / H�1402  

149 

capacity of reinforced concrete member after 

exposure to high temperature. Advanced 
Materials Research, 368–373, 577–81. 

12. Ozbolt J., Bosnjak J., Periskic G. & Sharma A. 

2014 3D numerical analysis of reinforced 

concrete beams exposed to elevated temperature. 

Engineering Structures, 58, 166–174. 

13. Kumar A. & Kumar V. 2003 Behavior of RCC 

beams after exposure to elevated temperatures. 

Journal of the Institution of Engineers (India), 

Civil Engineering Division, 84, 165–170. 
14. Massumi A., Sedighi k. & Zifan N. 2019 A novel 

nondestructive method to quantify fire-induced 

damage in RC structures based on their dynamic 
behavior, Materials and Structures, 52(132), 1-

14. 

15. ASTM E119-11a. Standard methods of fire test 
of building construction and materials. West 

Conshohocken, 2011. 

16. Li L. Z., Liua X., Yu J. T., Lu Z. D., Su M. N., 

Liao J.H. & Xia M. 2019 Experimental study on 

seismic performance of post-fire reinforced 

concrete frames. Engineering Structures, 179, 
161-173. 

17. Xiao J.Z., Li J. & Huang Z. F. 2008 Fire response 

of high-performance concrete frames and their 
post-fire seismic performance. ACI Structural 

Journal, 105(5), 531 –40. 

18. BSI (2002) BS EN 1991-1-2:2002, Eurocode 1: 
Actions on structures–Part 1-2: General actions-

actions on structures exposed to fire. European 

Standard 

19. Purkiss J. A. 2007 Fire safety engineering design 

of structures. 2nd edition. Oxford: Butterworth-

Heineman. 

20. BSI (2004) BS EN 1992-1-2:2004, Eurocode 2-

Design of concrete structures-Part 1–2: General 

Rules-Structural fire design. Structural Fire 

Design. BSI, London, UK. 
21. BSI (2005) BS EN 1993-1-2:2005, Eurocode 2-

Design of steel structures-Part 1–2: General 

Rules-Structural fire design. Structural Fire 

Design. BSI, London, UK. 

22. Lubliner J., Oliver J. & Onate E. 1989 Plastic-

Damage Model for Concrete. Solids and 
Structures, 25(3), 299-329.  

23. Lee J. & Fenves G. L. 1998 Plastic-damage 

model for cyclic loading of concrete structures. 
Engineering Mechanics (ASCE), 124(8) ,892–

900. 

24. Saenz L. P., Discussion of Paper by Desai P. & 

Krishnan S. 1964 Equation for stress-strain curve 

of concrete. Journal of ACI, 61(9), 1229-35. 
25. Bischoff P. H. & Paixao R.  2004 Tension 

stiffening and cracking of concrete reinforced 

with glass fiber reinforced polymer (GFRP) bars. 

Canadian Journal of Civil Engineering, 31(4), 

579-588. 

26. Schneider U. 1985 Properties of materials at high 

temperatures concrete. Kassel, Germany: 

Gesamthochsch-Bibliothek. 

27. Shi X., Tan T. H., Kang H. T. & Guo Z.  2002 
Concrete constitutive relationships under 

different stress-temperature paths. Structural 

Engineering, 1511-1518. 
28. Law A. & Gillie M. 2008 Load Induced Thermal 

Strains, Implications for Structural Behaviour. 

Singapore, China, SiF 2008 Organising 
Comittee. 

29. Lie T. T. & Kodur V. K. R. 1996 Thermal and 

mechanical properties of steel-fiber-reinforced 

concrete at elevated temperatures. Canadian 

Journal of Civil Engineering, 23, 511-517. 

30. Ritter W. 1899 Die bauweise hennebique (In 
German), Schweizerische Bauzeitung, 7(33) 59–

61.  

31. Hognestad E. 1951 A study of combined bending 
and axial load in reinforced concrete members. 

Bulletin No.399, University of Illinois 

Engineering Experiment Station, Urbana, I.  
32. Schneider U. 1988 Concrete at high 

temperatures-a general review. Fire Safety 

Journal, 13, 55-68. 

33. Franssen J. M. 2004 Plastic analysis of concrete 

structures subjected to fire. Proc. of the 

Workshop on Fire Design of Concrete 

Structures, Milano, Italy, December 2004. 

34. Hu C. P., Xu Y. Y., Luo Y., Zheng Y. L. & Lin 

B. L. 2014 Experimental study on tensile 

strength of concrete after high temperature. 
Journal of Huaqiao University (Natural 

Science), 35(2), 196-201.  

35. Shen R.， Feng L. Y & Rong K. 1991 Evaluation 

of rebar mechanical properties after high 

temperature (Fire Exposure). Sichuan Building 

Science, 02, 5-9. 
36. Tao Z. & Ghannam M. 2013 Heat transfer in 

concrete-filled carbon and stainless-steel tubes 

exposed to fire, Fire safety journal, 61, 1-11. 

37. Aulic A. 1973 Fire resistance of concrete-Filled 

steel columns, Byggmastaren 9, 8-12. 
 

 

 

 [
 D

O
I:

 1
0.

22
03

4/
23

.2
.9

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 m

ce
j.m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

15
 ]

 

                            15 / 16

http://dx.doi.org/10.22034/23.2.9
https://mcej.modares.ac.ir/article-16-61995-en.html


���4 #�* �/����	@�5 �	9�/ ��-6�2 �	 8* .��2
��?� �	>0	 (�� ./ ���                                                �	���,- � ���4�,� 

150 

 

Evaluation of the post-fire seismic response of reinforced 

concrete frames by finite element method 
 

Morteza Kamalvand 
1, Ali Massumi 

2*, Amir Hasan Barimani 
1 

 

1. Ph.D. Candidate, Department of Civil Engineering, Faculty of Engineering, Kharazmi University, Tehran 

15719-14911, Iran 
2. Professor of Structural Engineering, Department of Civil Engineering, Faculty of Engineering, Kharazmi 

University, Tehran 15719-14911, Iran 

 
Abstract 
Accidental fire can be a catastrophe for engineering constructions, especially in building structures. Among 

structures made of various engineering materials exposed to fire, the reinforced concrete (RC) structures show 

better performance against fire, due to lower relative thermal conductivity, higher specific heat capacity of 
concrete, and slower reduction of concrete mechanical characteristics compared with other types of the 

structure materials. However, in case of severe fire exposure, the RC structures may experience serious 

structural damage due to the explosive concrete spalling resulting in a high-temperature rise in the reinforcing 

rebars and relatively large deformation with very limited residual bearing capacity. Although the explosive 

spalling and significant loss of the cross-sectional area of RC structural elements is a sign of severe damage to 

these elements, the reduction of mechanical properties of the materials and the performance level of the 

structure due to chemical reactions such as C-S-H gel dehydration caused by penetration of high temperature 

in the interior layers of the element cross-section may not be easily visible and evaluated. 

A building that has experienced a fire, cannot be exploited for immediate reuse, even when the fire is 

completely extinguished until load bearing capacity of its members is determined. Therefore, it is necessary 
to determine the residual capacity of structural elements through logical engineering methods to facilitate the 

re-operation or development of strengthening methods in the fired RC structures. 

Due to the importance of recognizing the behavior and residual seismic capacity of the structures exposed 
to fire, in this paper, a numerical study based on the nonlinear finite element method has been performed on 

RC frames. In the first step of the research, the process of heat distribution in the frames located in the furnace 

based on the previous experimental study is simulated by heat transfer analysis. All three modes of heat transfer 

including convection, radiation, and conduction were considered in this analysis and the effect of moisture 

content and emissivity coefficient was evaluated. In the second step, using the residual mechanical properties 

of materials (reinforcing steel rebar and concrete) based on the maximum heat experienced in the previous 
step, the seismic behavior of RC frames is evaluated using the pushover analysis. The experimental RC 

specimens used to validate the proposed numerical model consist of two frames with various beam/column 

bending capacity ratios in two cases, at room temperature and after being exposed to fire. Due to the different 
relationships available to determine the residual compressive strength of concrete, the seismic response of the 

frame was investigated based on three common relations Shi, Lie, and Schneider. The results showed that the 

proposed numerical analysis method has good accuracy in both steps of analysis and different models for 
estimating the residual compressive strength, despite some differences, have the ability to predict the post-fire 

performance of RC frames. It was also shown that for the RC frame specimen with the strong beam-weak 

column, the ratio of reduced post-fire load bearing capacity and energy absorption is higher.  

 

Keywords: reinforced concrete frame, nonlinear finite element analysis, heat transfer analysis, residual 

capacity, seismic behavior 
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