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Finite Element Analysis and Calculation 
Method of Residual Flexural Capacity of Post-fire 
RC Beams
Bin Cai1,2, Bo Li1 and Feng Fu2* 

Abstract 

Fire tests and subsequent bending tests of four reinforced concrete (RC) beams were performed. Based on these tests, 
the post-fire performance of RC beams was further studied using finite-element simulation through reasonable selec-
tion of suitable thermal and thermodynamic parameters of steel and concrete materials. A thermodynamic model of 
RC beams with three sides under fire was built using finite-element analysis (FEA) software ABAQUS. The FEA model 
was validated with the results of fire tests. Different factors were taken into account for further parametric studies in 
fire using the propsed FE model. The results show that the main factors affecting the fire resistance of the beams are 
the thickness of the concrete cover, reinforcement ratio of longitudinal steel, the fire exposure time and the fire expo-
sure sides. Based on the strength reduction formula at high temperature of steel and concrete and four test results, 
an improved section method was proposed to develop a calculation formula to calculate the flexural capacity of RC 
beams after fire. The theoretical calculation method proposed in this paper shows good agreement with FEA results, 
which can be used to calculate the flexural capacity of RC beams after fire.

Keywords: Post-fire, reinforced concrete beams, finite element, ABAQUS, theoretical calculation

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.

1 Introduction
Reinforced concrete (RC), as one of the major building 
materials of modern architectural structures, will form 
nonuniform temperature fields after exposure to fire (Shao 
et al. 2003; Cheng 2007). The thermal stress and expansion 
(Zhao 2014) due to fire will lead to stress redistribution of 
overall structures and reduction of structural flexural capac-
ity or even the local structural destabilization, which further 
induce the collapse of overall structures and bring about 
massive losses to the possessions and life of humans (Ban 
2008). Thus, the temperature fields should be determined 
first for subsequent analysis of RC structures to understand 
the degradation in the mechanical properties and flexural 
capacity after exposure to fire, which are the keys to evaluate 

whether the RC structures can be used anymore (Tian 2002; 
Zeng 2006). So far, there is considerable research in the 
aspect of test and finite-element analysis (FEA). Fu et  al. 
(2015) studied how the fire surfaces of RC beams affected 
the temperature fields. Liao et al. (2013) designed the shear 
tests and a FEA method was proposed to calculate the shear 
flexural capacity among one room temperature and seven 
post-fire RC beams, which has the accepted accuracy. Sun 
et  al. (2002) investigated the mechanical performances in 
the tensile region and the compressive region of beam sec-
tions at elevating temperature and after cooling. Shi and 
Guo (2000) tested the structural performances of RC beams 
at high temperature and presented the temperature distri-
butions of beam sections, a coupling temperature–stress 
constitutive law of concrete and the main performances at 
different surfaces after fire exposure. Lu et al. (1993) studied 
the 1-, 2- and 3-surface fire exposure of 12 RC simply-sup-
ported beams, presented the bending moment–curvature 
relations in different temperature fields and computationally 
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validated the load–deflection relations of RC beams. El-
Hawary et al. (1997) investigated the mechanical behavior of 
post-fire RC beams in the shear zone by the method of test. 
Parthasarathi et al. (2019) carried out experimental research 
on 10 RC short columns at different temperatures, obtained 
the deflection, stiffness and variation of the specimen at high 
temperature, and compared the experimental results with 
the FEA results. The results were reasonably well. Kodur 
and Agrawal (2017) studied the fire response of RC beams 
caused by temperature-induced bond degradation and an 
FEA was developed. Fu (2016a) developed 3D FE modelling 
approach using ABAQUS. Fu (2020) developed a machine 
learning algorithm for fire safety design. Eamon and Jensen 
(2013) conducted a reliability analysis of RC columns sub-
jected to fire, and various factors such as the fire type, load 
ratio, reinforcement ratio, concrete cover, concrete strength 
were considered in the analysis. Xu et al. (2015) conducted 
a fire endurance test of 6 high strength steel RC continu-
ous T-beams and confirmed the feasibility of designing high 
strength steel RC continuous T-beams using plastic analysis. 
Hassan et al. (2019) designed an experiment to investigate 
the effect of different retrofitting techniques on the perfor-
mance of concrete at different temperature on 31 beams. 
Chen et al. (2009) carried out experimental research on the 
mechanical properties of 9 full-size concrete columns. The 
results showed that with the increase of fire time, the resid-
ual flexural capacity decreases. Mathew and Joseph (2018) 
studied the flexural behavior of fly ash geopolymer concrete 
beams at different temperature. The results showed that the 
deformation characteristic of geopolymer concrete beams 
is similar to that of the reinforced cement concrete beams 
at ambient temperature, but big difference noticed at high 
temperature. Di Capua and Mari (2007) proposed two mod-
els, the thermal model and the mechanical model, for cal-
culating the RC beams exposed to fire, which were in good 
agreement with test results. Bratina et  al. (2003) explored 
the post-fire nonlinear structural analysis of RC beams. In 
theory, Xiang et al. (2010) studied the calculation method of 
flexural capacity for fire-damaged RC bending members, Yu 
et al. (2005a, b) studied the effects of different factors on the 
mechanical properties of concrete exposed to high tempera-
ture and proposed the equations of stress–strain relation 
for various concrete after high temperature. Hu et al. (2006) 
established estimation methods for the flexural capacity of 
slabs subjected to fire and axially loaded concrete square 
columns subjected to fire on four surfaces. Lie and Irwin 
(1993) described a method for the calculation of the fire 
resistance of RC columns with rectangular cross sections. 
Jiang et  al. (2008) discussed the rectangle beam with sin-
gle reinforcement, and proposed a method to calculate the 
residual capacity of the RC member.

Based on above research, it can be seen that, most 
scholars’ research primarily focusses on the constitutive 

relationship of materials during or after fire, as well as the 
response analysis and damage assessment, and the flexural 
capacity of theoretical calculation of the post-fire RC beams 
is barely investigated. In addition, the major factor affeting 
the behaviour of the RC beams in fire is not well investi-
gated. The 500  °C isotherm method specified in Eurocode 
(BSI 2004) is the most widely used theoretical calculation 
method for the residual bearing capacity of RC beams after 
fire. The method is based on the assumption that concrete 
above 500  °C does not provide load-bearing capacity to 
members, while concrete within 500  °C is considered to 
maintain its initial values of strength and elastic modulus. 
However, this method is a rough calculation method can-
not accurately evaluate the structures after fire. BS 5950: 
Part 8 (2003) specifies a calculation method of the fire 
resistance of members in bending which  is called ‘moment 
capacity method’ or called "section method". It is used pri-
marily for steel sections but concrete members. Therefore, 
RC beams  fire tests and subsequent bending test were 
performed in  this paper, based on the test results and the 
existing moment capacity method, a new theoretical calcu-
lation model using improved section method to calculate 
the flexural capacity of the post-fire beams. The model first 
conducts heat transfer analysis to obtain the temperature 
field of the beam section, and then divides the beam section 
to small divisions and  obtain the average temperature of 
each divisions. Finally, based on the material strength reduc-
tion formulas in fire, the flexural capacity can be accurately 
obtained for RC beam after fire. Compared with the 500 °C 
isotherm method, the advantage of this method is that it 
fully considers the changes of the temperature field and 
accurately considers the changes of the material strength 
caused by the temperature changes in each micro area, and 
the results obtained are more accurate. The accuracy of the 
theoretical calculation is validated through the comparison 
with simulation and test results, which offers a new way 
for the evaluation of post-fire RC structures.  In addtion,a 
thermodynamic model of RC beams with three sides under 
fire was built using finite-element analysis (FEA) software 
ABAQUS. The FEA model was validated with the results of 
fire tests. Different factors were taken into account for fur-
ther parametric studies in fire using the propsed FE model.

2  Research Methodology
For evaluating post-fire residual flexural capacity of RC 
beams, three approaches are adopted: experiment inves-
tigate (fire tests and post-fire static load tests) of RC 
beams (stage 1), numerical analysis of RC beams on the 
basis of Finite-Element software (stage 2) and finally, the-
oretical analysis of residual flexural capacity on the basis 
of improved section method (stage 3). A flow chart in 
Fig.  1 illustrates the three stages for evaluating residual 
strength of fire-exposed RC beams.



Page 3 of 17Cai et al. Int J Concr Struct Mater           (2020) 14:58  

3  Fire and Bending Tests of RC Beams
3.1  Fire Tests
3.1.1  Test Preparations
The experiments were conducted in the Structure Labo-
ratory of Jilin Jianzhu University. 4 RC beams were fabri-
cated with dimensions and reinforcement details shown 
in Fig.  2. The mix proportion of concrete (Table  1) is 
W:C:S:G = 0.38:1:1.11:2.72. The  basic parameters of the 
reinforcement are shown in Table  2.  Two of them were 
exposed to 60 min high temperature in a furnace (Table 3). 
The temperature distribution of the beams subjected to 
fire were, therefore, obtained, which provides a compari-
son for the subsequent numerical analysis.    

To record the temperature changes during the experi-
ments, thermocouples were embedded into the pre-drilled 
holes of the beams F1 and F2 and filled with cement mortar. 

Then the beams were covered with fireproofing cotton at 
locations shown in Fig. 3 to simulate 3-sided fire exposure.

3.1.2  Test Observations
The two beams were placed into a furnace (Fig. 4) for 60 min 
fire exposure. During the heating stage of the members, when 
the exposure time is 12 min, a small amount of water vapor 
can be seen on the beam surface from the observation hole 
in the furnace. When the exposure time is 21  min, a large 
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Fig. 2 Dimensions and reinforcement of beams

Table 1 Mix proportion of concrete

Water (Kg) Cement (Kg) Sand (Kg) Gravel (Kg)

175 461 512 1252
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amount of water vapor volatilizes from the furnace, and 
the water vapor is the most vigorous when it is 27 min. As 
the exposure time increases, the water vapor in the furnace 
gradually decreases. When the exposure time is 42 min, the 
water vapor in the furnace basically disappears. The main rea-
son for this phenomenon is that some of the free water inside 
the beam and the small amount of water gel evaporated at 
the beginning of the fire. As the temperature in the furnace 
increases, a large amount of free water and water gel begin to 
volatilize. At the same time, the beam is dehydrated in a large 

amount, and when the water vapor in the furnace is substan-
tially disappeared, the beam is completely dehydrated.

When the RC beams are dehydrated at high temperature, 
the sound of slight cracking as well as a frequent slight pop-
ping can be heard. A large number of diagonal cracks are 
noticed on the surface of the beam when it is taken out from 
the furnace after tests, and the longer the exposure time is, 
the more larger the crack is. From the overall point of view, 
there are phenomena such as peeling, outer drum, and 
crispness, and the surface color changes from normal color 
to light yellow or even dark yellow. The reason for this phe-
nomenon is that during the process of the fire, some com-
plicated chemical reactions occur inside the beam, such as 
the decomposition of Ca(OH)2 and minerals of aggregate, 
which cause certain damage to the interior of the beam. The 
internal expansion of the beam causes surface cracking.

3.1.3  Test Results and Analysis
Three temperature measuring points are set on each speci-
men (Fig.  5). The time–temperature curves (Fig.  6) of the 
three temperature measuring points of each beam section 
after 60 min of fire are obtained from the above beam tests. 
Due to the thermal inertia of concrete, the temperature distri-
bution of the section is uneven after fire, and the temperature 
gradient is larger near the furnace. The temperature is gener-
ally rising, but it can be seen from the figure that there is a 
temperature platform at about 120 °C, which may due to the 
evaporation of water in the beam causing partial heat loss.

3.2  Static Tests
After fire tests, the two beams were cooled to room tem-
perature, then, static tests were performed. The effects 
of fire exposure time on the flexural capacity of the 
beam were, therefore, investigated. In brief, 2 none-fire-
exposed beams and 2 post-fire beams were tested using 
a 4-point bending test rigs, as it is shown in Fig. 7. The 
instrumentations are shown in Fig. 7.

3.2.1  Test Phenomena
Under the vertical load, the displacement of the RC 
beams gradually increases with the increase of the load. 
After a period of loading, tiny hairline cracks can be seen 
first in the mid-span of the beam. The crack l developed 
slowly and upward, and new vertical cracks appeared 

Table 2 Basic parameters of the reinforcement

Type of reinforcement Specification of steels Yield strength (N/mm2) Ultimate strength (N/mm2) Elastic modulus (× 105 N/mm2)

Pulled HRB400 469 583 2.05

Compressed HRB400 469 583 2.05

Stirrup HPB300 346 431 2.13

Table 3 Basic parameters of specimens

Specimen 
No.

Concrete 
strength 
grade

Test conditions Fire 
exposure 
time (min)

N1 C30 Room-temperature static test –

N2 C30 Room-temperature static test –

F1 C30 Post-fire static test 60

F2 C30 Post-fire static test 60

Fig. 3 Three-sided fire exposure and thermocouple layout

Fig. 4 Equipment of high temperature furnace
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on both sides of the mid-span under the constant load. 
As the loading continued, the cracks gradually become 
longer, and the gaps become larger. After that, the dis-
placement of the beam becomes larger and the load 

remained basically unchanged. After a while, the load 
drop rapidly, until the failure of the beam.

3.2.2  Test Results and Discussion
The load–deflection curves of the 4 beams are plotted in 
Fig.  8. Clearly, during the loading of the RC beams, the 
mid-span load–deflection relation first increased pro-
portionally. When the load reached certain value, it did 
not increase any more, and the curve reached yield stage. 
Then the load dropped abruptly, and the beams failed. 
The curves showed the flexural capacity was weakened by 
about 30% after the fire exposure.

4  Finite‑Element Modelling
To be able to simulate the response of the RC beams 
after fire, a sequential Thermal–Mechanical Coupling 
approach is implemented in ABAQUS modelling. The 
heat transferring analysis was performed first to get 
the temperature distribution. The thermal result then 
input into the mechanical model for further mechanical 
analysis.

4.1  Basic Assumptions
Some basic assumptions were proposed to simplify the 
simulation:

1. The concrete strength of different mesh in the com-
pression zone is different, but the strength in each 
mesh is regarded as a constant;

2. The equivalent reduction coefficient of the con-
crete strength of the entire compression zone can be 
obtained by weighting the average of the cross-sec-
tional compression zone area;

3. The heat loss due to moisture evaporation during the 
fire was not considered;

4. There was no bonding slip between the reinforce-
ment and concrete.

4.2  Heat Transfer Analysis
4.2.1  Thermal Properties of the Materials
To obtain temperature fields of RC beams, heat trans-
fer analysis was performed using ABAQUS. The specific 
heat capacity, thermal conductivity, and density of the 
materials should be first determined, which are the basis 
for the analysis. The parameters were selected based on 
Wang and He (2009).

The thermal conductivity of concrete λcT (W/(m °C)) is

(1)
�cT = 2− 0.24

(

T

120

)

+ 0.012

(

T

120

)2
(

20 ◦C ≤ T ≤ 1200 ◦C
)

,

30 30 60

50
50

50

1# 3#

2#

Fig. 5 Temperature measuring points on the RC beams
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where T is the temperature,  °C.
The specific heat capacity of concrete CcT (J/(Kg °C)) is

The thermal conductivity of reinforcement steel λsT 
(W/(m °C)) is

(2)CcT = 900+ 80

(

T

120

)

− 4

(

T

120

)2
(

20 ◦C ≤ T ≤ 1200 ◦C
)

.

The specific heat capacity of reinforcement CsT (J/
(Kg °C)) is

(3)

�sT =

{

54 − 3.33× 10−2T (20 ◦C ≤ T < 800 ◦C)
27.3 (800 ◦C ≤ T ≤ 1200 ◦C)

.

(4)CsT =















425+ 7.73× 10−1T − 1.69× 10−3T 2 + 2.22× 10−6T 3 (20 ◦C ≤ T < 600 ◦C)

666+ 13002
738−T (600 ◦C ≤ T < 735 ◦C)

545+ 17820
T−731 (735 ◦C ≤ T < 900 ◦C)

650 (900 ◦C ≤ T ≤ 1200 ◦C)

.

Fig. 7 Loading procedure
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4.2.2  Fire Temperature Curve
The heat transfer analysis was performed on the basis of 
a heating curve. Here the ISO-834 fire curve from the 
International Organization (ISO 1999) is adopted (Fig. 9). 
The curve can be expressed as (Fu 2016b,2018)

where t is the heating time (min); T0 is the initial room 
temperature (°C, which is 20 °C here).

4.2.3  FE Model Setup
A 3D finite-element model is built, as shown in Fig. 10. 
The concrete was simulated as DC3D8 8-node (Fu et al. 

(5)T = T0 + 345 lg (8t + 1),

2010) linear heat transfer units, and the reinforcement 
steel as DC1D2 2-node heat transfer link units. The 
contact between reinforcement and concrete was simu-
lated using Embedded Region The beams were exposed 
to fire on three sides, and the modes of heat transfer in 
the fire-exposed faces were surface radiation and sur-
face film condition, and the unfired faces were surface 
film condition. The thermal parameters of the materials 
were calculated according to Eqs. (1) to (4). After the heat 
transfer analysis steps and boundary conditions were set 
up, the models were meshed into cells in size of 10 mm. 
The temperature distribution of RC beam exposed to 
fire is shown in Fig. 10, the temperature field nephogram 
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Fig. 8 Load-deflection curves of different beams
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(Fig. 11) and the simulated results (Fig. 12) were shown 
as follows.

4.2.4  FE Model Validation
The temperature fields of post-fire RC beams obtained 
using ABAQUS is compared with test results, which can 
be visually observed. The simulated results were basically 
consistent with the test results.

4.3  Static Analysis Procedure
The degradation of the compressive strength of con-
crete, the yield strength of steel at high temperature 
were related to the maximum temperature. To be con-
sistent with the test conditions, the temperature field 
simulation was performed first to determine the strength 
degradation of the materials, then the static load simu-
lation was carried out. The mechanical performances 

of reinforcement or concrete varied with the change of 
maximum temperature, so the relations with temperature 
should be considered to determine the post-fire mechan-
ical performances. They are determined according to the 
formula introduced in the following section.

4.3.1  Constitutive Model of Concrete Under High 
Temperature

The post-fire mechanical properties of concrete were 
related to the fire exposure time, way of cooling, and 
type of skeletal materials. Here the model of post-fire 
concrete proposed by Yu et al. (2005a, b) was used. The 
compression stress–strain model (Fig.  13) of post-fire 
concrete can be determined according to formulas 7 and 
8. The reduction factor of axial compressive strength of 
concrete with temperature change is shown in Fig.  14 
according to formula 6.

The strength reduction factor of post-fire concrete ѰcT 
at  T°C is

where fc(T) is the axial compressive strength of concrete 
at high temperature, N/mm2; fc is the axial compressive 
strength of concrete at room temperature, N/mm2; c1 is 
the parameter. (which is 3.55 here for ordinary concrete), 
for high-performance concrete (HPC) concrete c1 = 6.70.

(6)ΨcT =
fc(T )

fc
=

1

1+ 9× [(T − 20)
/

800]c1
,
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Fig. 9 ISO-834 fire curve

Fig. 10 Temperature field simulation of RC beam exposed to fire

Fig. 11 Temperature field nephogram of the beams after 1 h of fire 
exposure
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The compression peak strain of post-fire concrete ε0(T) 
at T  °C is

where ε0 is the compressive strain of concrete at room 
temperature; c4 is the parameter. (which is 0.037 here 

(7)ε0(T ) =

{

1+ c4[(T − 20)
/

100]2
}

ε0,

for ordinary concrete), for high-performance concrete 
(HPC) concrete c4  = 0.017.

The compression stress–strain relationship of post-fire 
concrete can be expressed as
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where y = σc/fc(T), x = εc/ε0(T), σc is the compressive 
stress of post-fire concrete, N/mm2; εc is the compres-
sive strain of post-fire concrete; fcu is the cube crushing 

strength of concrete at room temperature, N/mm2.
The elastic modulus of post-fire concrete Ec(T) (N/

mm2) at T  °C is

where Ec is the elastic modulus of concrete at room tem-

perature, N/mm2.
The tensile strength of post-fire concrete was calcu-

lated by a bilinear model proposed by Hu et al. (2014).
The tensile strength of post-fire concrete ft(T) (N/mm2) 

at T  °C is

(8)y =







9.1f
−4/ 9
cu x−x2

1+(9.1f
−4/ 9
cu −2)x

x ≤ 1

x
2.5×10−5f 3cu(x−1)2+x

x > 1
,

(9)Ec(T ) =
Ec

1+ 2.15× 10−3[(T − 20)
/

800]4.33 + 3.7× 10−2[(T − 20)
/

100]2
,

(10)ft(T )

ft
= 0.976+

[

1.56×

(

T

100

)

− 4.35×

(

T

100

)2

+ 0.345×

(

T

100

)3
]

×10−2 20 ◦C ≤ T ≤ 800 ◦C.

4.3.2  Constitutive Model of Reinforcement at High 
Temperature

The built-in bilinear kinematic reinforcement model of 
Abaqus was used to simulate reinforcement steel, and the 
elastic modulus Es(T) (N/mm2) at T   °C proposed by Yu 
et al. (2005a, b) can be calculated as follows:

where Es is the elastic modulus of reinforcement at room 
temperature, N/mm2.

The yield strength reduction factor of reinforcement 

ѰyT at T  °C proposed by Miao et al. (2013) is as follows:

where fy(T) is the post-fire yield strength of reinforce-
ment, N/mm2; fy is the yield strength of reinforcement at 
room temperature, N/mm2.

The stress–strain model of reinforcement at high tem-
perature is shown as follows (Fig. 15).

(11)Es(T )

Es
=

{

1 T ≤ 350 ◦C

1.0072− 2.014 × 10−7T 2 + 5× 10−5T T > 350 ◦C
,

(12)ΨyT =
fy(T )

fy
=

{

1 0 ◦C < T ≤ 200 ◦C

1.33− 1.64 × 10−3T 200 ◦C < T ≤ 700 ◦C
,

0.000 0.005 0.010 0.015 0.020
0

5

10

15

20

25

30

St
re

ss
(N

/m
m

2 )

Strain

T=20℃
T=100℃
T=200℃
T=300℃
T=400℃
T=500℃
T=600℃
T=700℃
T=800℃
T=900℃

Fig. 13 Stress–strain curves of concrete at different temperature

c
Ψ

T

Temperature(℃ )

Fig. 14 Reduction factor of concrete compressive strength



Page 11 of 17Cai et al. Int J Concr Struct Mater           (2020) 14:58  

4.3.3  Modelling Process
When the beams were simulated using ABAQUS, the 
constitutive relations of concrete and reinforcement 
under high temperature (as shown in Figs.  13 and 15) 
were input into the model. The contact between rein-
forcement and concrete was simulated through Embed-
ded Region (Fu 2012, Fu et al. 2008). The heat transfer 
analysis was first performed. Then the result file (.odb) 
of the heat transfer simulation results was imported 
into the predefined fields, the loads and analytical steps 
were followed. The mesh size was 10 mm, in which the 
concrete was set as C3D8R 8-node linear hexahedron 
units, while the reinforcement as T3D2 2-node lin-
ear 3-dimensional truss units. After submitted the job, 
the results are provided in Fig.  16. Finally, based on 
the post-processing function of the software, the post-
fire load–deflection curves of the beams were plotted 
(Fig. 17).

4.3.4  FE Model Validation
After  RC beams was simulated in ABAQUS, the simu-
lated and tested results of the post-fire flexural capacity 
of RC beams were compared, the simulated results were 
basically consistent with the test results.

5  Parametric Analysis
The effects of concrete cover thickness (c), fire expo-
sure time (t), the ratio of longitudinal reinforcement 
(ρ), the fire sides (n), and the ratio of shear span to 
effective depth (λ) on the post-fire load-bearing ability 
were investigated using the validated model. Among 
them, the treatment of the cover thickness is achieved 
by fine-tuning (increasing 10  mm and decreasing 
10 mm) the height of the beam section (h) on the basis 
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Fig. 15 The stress–strain curves of steel at different temperature

Fig. 16 The flexural capacity simulation of RC beam after fire
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a   load-deflection curves of              b   load-deflection curves of
different fire exposure time               different reinforcement ratios

c   load-deflection curves of               d   load-deflection curves of
different cover layer thicknesses            different fire sides

e   load-deflection curves of different ratio of shear span to effective depth
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of ensuring that the effective height (h0) of the beam 
section remains unchanged. Thereby, the finite-ele-
ment analysis of these factors on the flexural capac-
ity of RC beams can be clarified. The concrete cover 
thickness was 15, 25 or 35 mm; the fire exposure time 
was 60, 90 or 120 min; the longitudinal reinforcement 
ratio was 0.91%, 1.25% or 1.52%, the fire sides was 3 
or 4, the ratio of shear span to effective depth was 
2.2, 2.6, or 3.0. The analytical results are presented 
in Fig.  18. To study the effect of the thickness of the 
concrete cover, the height of the section is adjusted 
by fine-tuning (increasing and decreasing 10  mm) 
the cross-sectional dimensions of the beam to ensure 
that the effective height of the beam section remains 
unchanged.

Clearly, the flexural capacity of RC beams was signif-
icantly weakened after the fire exposure, and the weak-
ening was more obvious with the prolonging of fire 
exposure time. After the fire exposure, the cover layer 
thickness directly decided the temperature at the bot-
tom of the tensile reinforcement, and with the larger 
cover layer thickness, the temperature at the bottom 
of the steels was lower and the mechanical perfor-
mance was higher, leading to higher bearing capacity. 
The ratio of longitudinal reinforcement also affected 
the bending bearing capacity, and a larger reinforce-
ment ratio led to a higher bearing capacity. Similarly, 
the difference in fire sides has a great influence on 
the bearing capacity of the beam. Compared with the 
three-sided fire beam, the four-sided fire beam will 
damage the concrete in the compression zone, result-
ing in a reduction in the bearing capacity. The ratio 
of shear span to effective depth has little effect on the 
residual flexural capacity of the beam after fire.

6  Calculation Method for Residual Flexural 
Capacity of the RC Beams

During the fire, the section temperature is unevenly dis-
tributed along the section height, so the distribution of 
concrete compressive strength after fire is not uniform 
throughout the section. To calculate the residual flex-
ural capacity of the component after fire, the 500 °C iso-
therm method is adopted in Eurocode (BSI 2004). Han 
et  al. (2007), Xiang et  al. (2010) and Yang et  al. (2002) 
used the equivalent section method to determine the 
ultimate flexural capacity of the beam under fire. This 
paper propose a new calculation model based on the FEA 
results and the improved section method to calculate the 
residual flexural capacity of the post-fire RC beams aim-
ing at refining the flexural capacity calculation with the 
accurate inclusion of defects of strength reduction of the 
components caused by fire.

6.1  Basic Assumptions
Before the calculation, the following basic assumptions 
are made for the RC beams after fire:

1. The concrete strength of each grid in the compres-
sion zone was different, but the strength within each 
grid was considered as the same;

2. The contribution of concrete in the tension zone to 
the residual flexural capacity was ignored;

3. There was no relative slip between steel and concrete 
during the fire;

4. The effect of temperature–stress on the strength of 
the concrete at high temperature was not considered.

6.2  The Limitation of this Method

1. Ignore the effect of fine-tuning the cross-sectional 
size of the beam on the bending capacity of the beam.

2. It may require longer time period to predict flexural 
capacity than the existing  500  °C isotherm method 
from Eurocode.

6.3  Calculation Steps
The beam section is meshed. The temperature of each 
cell can be extracted by the post-processing func-
tion of the ABAQUS from thermal analysis model. As 
shown in Fig.  19, the temperature of concrete after the 
fire takes the highest temperature Ti in the ith cell. The 

Fig. 19 Section unit division of beam
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compressive strength reduction factor of concrete is 
obtained by substituting Ti into Eq. 6. The temperature of 
the steel bar after the fire takes the highest temperature 
of the cell, where the steel is located. Equation  (12) for 
the yield strength of the steel bar after high temperature 
is adopted.

According to the strength reduction model of the con-
crete after high temperature in Fig. 14, the post-fire resid-
ual flexural capacity is determined using the improved 
section method. The height of the compressive zone (xc) 
of the concrete beam section after the fire can be calcu-
lated based on Eq. (13):

where ѰcTi is the compressive strength reduction factor 
of the ith cell, Δb is the width of a single cell, Δx is the 
height of a single cell, ѰʹyT is the yield strength reduc-
tion factor of compressive steel, fʹy is the yield strength of 
compressive steel at room temperature, N/mm2, Aʹs and 

(13)fc
∑

ΨcTi�b�x + Ψ ′
yT f

′
yA

′
s = ΨyT fyAs,

As is the area of steel in the compressive and tensile zone, 
respectively,  mm2.

The strength reduction factor of concrete in the com-
pressive zone ( Ψ cT ) is obtained from Eq. (14):

where b is the width of the beam section, xc is the height 
of the compression zone of the concrete beam section.

After obtaining the height of the compression zone (xc), 
the residual flexural capcity(Mu) of the RC beams after 
fire can be obtained according to Eq. (15):

where α1 is coefficient of equivalent rectangular stress 
figure in compression zone of concrete, which is 1 here, 
h0 is the effective height of the beam section, aʹs is the 
distance from the resultant force point of the compres-
sive steel reinforcement to the margins of the compres-
sive section.

The flexural capacity of the RC beams after 60 min of 
fire is verified by the above theoretical method, and the 
flexural capacity after 90 min and 120 min of fire is calcu-
lated and compared with the finite-element results. The 
results are shown in Fig. 20.

6.4  Verification of the Post‑fire Flexural Capacity Formula
The test data in Ref. (Xu et  al. 2013) of specimen L5 is 
chosen to validate the correctness and applicability of 
the theoretical calculation model, and the dimensions 
and reinforcement of L5 beam is illustrated in Fig.  21. 
The paper selects temperature measuring point 1# for 
verification. After the temperature field is simulated 
using ABAQUS, the nephogram of temperature field is 
shown in Fig.  22. The comparison between the simula-
tion results and the test results of the Temperature–Time 
curve of measuring point 1# is shown in Fig. 23.

(14)Ψ cT =

∑

ΨcTi�b�x

bxc
,

(15)
Mu = α1Ψ cTfcbxc

(
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2
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yTf
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s(h0 − a′s),
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To more comprehensively compared the accuracy 
of the improved section method, the 500  °C isotherm 
method from Eurocode (BSI 2004) is now used to calcu-
late the L5 beam. For a rectangular beam exposed to fire 
on three-sided, the schematic diagram of effective sec-
tion of the beam is shown in Fig. 24. In fact, the 500 °C 
isotherm method is a rough calculation method for the 
residual flexural capacity of the beam after fire. It is based 
on the assumption that concrete outside 500 °C no longer 
provides the bearing capacity of the member, while the 

residual concrete maintains its initial values of strength 
and elastic modulus. On the basic of the above assump-
tions, after obtaining the 500  °C isotherm, then deter-
mine a new width  bfi and a new effective height  dfi of 
the section by excluding the concrete outside the 500 °C 
isotherm. The rounded corners of isotherms can be 

Fig. 22 Nephogram of temperature field of L5 beam after 1 h of fire 
exposure
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Fig. 24 Fire exposure on three sides with the tension zone exposed
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Fig. 25 Residual flexural capacity of the L5 beam after 1 h of fire 
exposure

Table 4 Results of  the  residual flexural capacity of  the  L5 
beam after 1 h of fire exposure

Method Result (KN m) Error (%)

Test 196 –

Simulation 201 2.55

500 °C isotherm 176.77 9.81

Improved section 194.45 0.79
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regarded by approximating the real form of the isotherm 
to a rectangle or a square. Then determine the reduced 
strength of the reinforcement according to the tempera-
ture of reinforcing bars in the tension and compression 
zones. Finally, the bending capacity of the beam post-fire 
can be obtained based on the reduction factor of materi-
als and the formula of bending capacity.

According to the simulation method of the residual 
flexural capacity of the RC beam after fire in Sect.  4.3, 
after the simulation of the temperature field of the L5 
beam subjected to fire for 60  min, the residual flexural 
capacity of the L5 beam is now simulated and compared 
with source test data. The results are shown in Fig.  25. 
The residual flexural capacity of the L5 beam of the test 
results of the improved section method results of the 
simulation results of the 500 °C isotherm method results 
are summarized in Table 4.

The compressive strength reduction factor and the 
yield strength reduction factor of the section of beam 
after fire is determined according to Figs.  14 and   15. 
The flexural capacity of specimen L5 was calculated 
with Eqs.  (13–15) to be 194.45  kN  m, with error 0.79% 
from that (196  kN  m) of specimen L5 in Ref. (Xu et  al. 
2013) and was calculated with 500  °C isotherm method 
to be 176.77 kN m with error 9.81%. The flexural capac-
ity of the theoretical calculation model proposed in this 
paper is well fitted with the Ref. (Xu et al. 2013), which 
indicates that the method can be applied accurately and 
effectively to the calculation of the flexural capacity of RC 
beams after fire.

7  Conclusions
The flexural capability of reinforced concrete after fire 
exposure was simulated on the finite-element analysis 
software. The proposed theoretical calculation model 
based on improved section method and EFA was cal-
culated and verified. The following conclusions can be 
drawn from the above research results.

1. The RC beams can be accurately simulated using the 
sequential thermo-mechanical coupling model devel-
oped in ABAQUS.

2. The fire exposure significantly weakened the flexural 
capacity and increase the deflection after a longer 
time of fire exposure.

3. Among the influence factors, the cover thickness, 
time of fire exposure, the ratio of longitudinal rein-
forcement, and the ratio of shear span to effective 
depth all largely affected the flexural capacity of RC 
beams after fire exposure. The flexural capacity was 
enhanced with larger cover layer thickness or higher 
reinforcement ratio but reduced after longer time 
of fire exposure. The flexural capacity was severely 

weakened after four-sided fire. The ratio of shear 
span to effective depth has little effect on the residual 
flexural capacity of the beam after fire.

4. The flexural capacity of the post-fire beam obtained 
by the improved section method was consistent with 
the results obtained by the FEA software, and it was 
consistent with the experimental data, and the accu-
racy was high compared to other methods, which 
provided reference for the calculation of flexural 
capacity of RC beams after fire.
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