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Abstract:When constructing the mass concrete temperature field, because the third type 
of boundary condition is difficult to deal with mathematically, the equivalent surface heat 
dissipation coefficient method or the equivalent thickness method is generally used for 
approximate processing in actual engineering. Based on different calculation methods, 
this study uses ABAQUS finite element software to establish three temperature field 
calculation models adds the concept of equivalent age, and compares and analyzes the 
error between the simulation results and the measured temperature. The calculation 
results show that after considering the equivalent age, the model of completely restoring 
the concrete surface insulation layer is the closest to the measured results, followed by 
the equivalent surface heat dissipation coefficient method; at the same time, both the 
simulation results and the measured results reflect that the concrete surface covering 
Insulation materials can effectively control the temperature difference between inside and 
outside. 

Keywords: mass concrete; temperature field; equivalent age; numerical simulation; 
ABAQUS 

 Introduction

The subway system is an important part of modern urban transportation. In recent years, in 
order to improve the level of urban infrastructure construction and public service capacity, the 
construction of subway stations has developed rapidly [1]. Due to the large volume and small 
specific surface area of the concrete roof, floor, and side wall of the subway station, the 
temperature of the concrete continues to rise after the completion of the pouring due to the 
influence of the cement hydration reaction, and the heat dissipation inside the concrete is 
slower than the surface. The temperature stress caused by the temperature difference between 
the inner and outer surfaces is easy to cause concrete cracking [2]. Because the concrete 
structure of the subway station is complex and the accuracy of the ordinary test is low in the 
underground environment, the researchers mostly use finite element software to simulate and 
analyze. 
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In the finite element software, ABAQUS is more mature in related fields [3]. Because 
ABAQUS software can not directly simulate the heat source over time but provides many user 
subroutine interfaces, these subroutines can make ABAQUS software more flexible and 
efficient in solving complex problems [4]. In this study, the subroutine HETVAL was used to 
edit it by FORTRAN language to realize the simulation of the mass concrete temperature field. 

After the completion of the roof pouring, the upper surface concrete is directly exposed to the 
air, and its heat dissipation speed is faster than the lower surface, which will cause the overall 
cooling to be uncoordinated. In the project, the insulation material is usually covered for 
maintenance. Because the thermal parameters ( such as density, thermal conductivity, specific 
heat, etc. ) of concrete materials and insulation materials are quite different, in practical 
engineering, using the traditional heat conduction equation to estimate the thermal insulation 
effect of concrete surface insulation materials will produce large errors. Therefore, the 
equivalent surface heat dissipation coefficient method or the equivalent thickness method is 
generally used [5] However, these two methods are both simplified methods, and their accuracy 
is different from the actual situation. There is no relevant data for the calculation error 
between the two calculation methods and the complete reduction of the concrete insulation 
layer, and there are few papers for comparative analysis. 

Based on the project of Chengdu Metro Line 19 Terminal 2, this study uses ABAQUS 
numerical simulation software to simulate the temperature field of the concrete roof of the 
subway station. Through different boundary condition treatment methods, a reasonable 
numerical model is established to simulate the temperature change of the concrete roof of the 
subway station, which provides a scientific basis and guidance for exploring the influence of 
mass concrete temperature field on its mechanical properties and the design and construction 
of subway station buildings.

2 Relying on the project overview 

Shuangliu Airport Terminal 2 ( formerly Shuangliu Airport Station ) is located in the ground 
parking lot in front of Shuangliu International Airport Terminal 2. It is arranged in the north-
south direction parallel to the South Second Road of the airport. It is an island platform station 
with three floors, two spans, and 12 m underground. The total length of the station is 696.2 m, 
and the buried depth of the foundation pit is 26.59 m, which is constructed by open excavation.  

In this study, the concrete roof of the negative first floor of section 9 of the station (Figure 1.) 
was selected as the research object. The thickness of the roof was 0.9 m × 1.2 m, the two spans 
were 21.9 m in total, and the size of the beams on both sides was 0.8 m × 2 m. The size of the 
middle stringer is 1.2 m × 2.1 m, and the length of the construction section is 24.8 m. The roof 
and beam are poured together, and the pouring date is in May. The supporting template was 2 
cm plywood, which was removed after 14 days. The upper surface was covered with plastic 
film and 3 mm geotextile, which was removed after 7 days of curing. 

The strength grade of roof and beam concrete is C35, ρ0=2 450 kg/m3; the cement adopts PꞏO 
42.5 grade, which is produced by Sichuan Desheng Group Cement Co., Ltd.; the fly ash is 
supplied by Guang 'an Xinyuan Environmental Protection and Energy-saving Building 
Materials Co., Ltd., with a dosage of 20 %. 



 
 
 
 

 

Figure 1. Structure diagram of the subway station 

3 Calculation principle and calculation data of hydration heat 
temperature field 

3.1 Boundary conditions of temperature field 

In the thermal analysis of concrete, the boundary condition is to reflect the heat exchange 
relationship between the concrete surface and the surrounding medium [6]. According to the 
function relationship of concrete surface temperature changing with time, the boundary 
conditions can be divided into four categories [7]:  

(1)The temperature T of the concrete surface is a known function of time: 

( )= ( )T f   (1) 

(2)The heat flux of concrete surface is a known function of time: 
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In the formula: n is the normal direction of the outer surface of the concrete structure; when 
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(3)When the surface of the concrete is in contact with the outside air is a convective heat 
transfer boundary : 
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In the formula: kJ/(mꞏhꞏ℃); Ta is the external temperature. 

(4)When the concrete slab and the solid contact, if the contact surface temperature and heat 
flow are continuous, the boundary conditions are : 
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3.2 Calculating data 

3.2.1 Adiabatic temperature rise equation 

In all adiabatic temperature rise models describing concrete, the composite exponential 
formula is more accurate [8] that is: 

b-aτ
0( ) (1 )Q Q e    (5) 

In the formula:Q𝜏——Cumulative heat release of concrete at age τ,kJ/kg; 

𝜏——age ,d; 

Q0——Total hydration heat of concrete,kJ/kg; 

a and b are constants, which are 0.69 and 0.56 respectively. 

3.2.2 Calculation of concrete hydration heat 

(1)Cement heat release 

The total hydration heat Q0 of cement is determined according to reference [9], select Q0=330 
kJ/kg[9]. 

(2)Heat release of cementitious materials 

According to the specification [10], the total amount of hydration heat Q of cementitious 
materials is calculated according to Formula(6)[10]: 

0Q kQ  (6) 

In the formula：k——adjustment facto. 

Table 1. Hydration heat adjustment coefficient of fly ash with different content 

Coal ash percentage 0 10% 20% 30% 40% 

k 1 0.96 0.95 0.93 0.82 

Note: The content in the table is the percentage of fly ash in the total amount of cementitious materials. 
Table 1, k = 0.95, the total hydration heat Q of cementitious material is: 

QkQ00.95330313.5 kJ/kg 

3.2.3 Calculation of thermal parameters of concrete 

In the calculation of concrete temperature field, thermal conductivity λ and specific heat c are 
basic physical parameters, which directly affect the heat transfer characteristics of concrete. In 
this study, the λ and c of concrete are obtained by the weight percentage weighting method 
according to the coefficients provided by the literature and the specification ( see Table 2 )[9]-

[11]. The λ and c of fly ash are selected according to cement parameters. 



 
 
 
 

Table 2. Mix proportion and thermal performance coefficient of concrete materials 

Project Unit Water Cement Flyash Sand Pebble 
Water 

reducing agent 
Waterpro
of agent 

Weight kg 170 330 83 787 1023 7.43 29.00 

Percentage % 7.00 13.58 3.42 32.39 42.11 0.31 1.19 

Thermal 
conductivity 

kJ/(mꞏhꞏ℃) 2.16 4.59 4.59 11.10 14.19 — — 

Specific heat kJ/(kgꞏ℃) 4.19 0.54 0.54 0.75 0.76 — — 

Thermal conductivity: 

1.05 (7.00 2.16 17.00 4.59 32.39 11.10 42.11 14.19) /100 11.029 / ( )kJ m h C            
Specific heat: 

7.00 4.19 17.00 0.46 32.39 0.75 42.11 0.76/100 0.945 / ( )c kJ kg C           

3.3 Method of calculation 

When calculating the temperature field of concrete, the third boundary condition is usually 
approximated by the equivalent surface heat dissipation coefficient method or the equivalent 
thickness method. 

3.3.1 Equivalent surface coefficient of the heat transfer method 

When the concrete surface is attached to thermal insulation material, it is necessary to select 
the heat dissipation coefficient β to consider the influence of the thermal insulation layer. 

The calculation formula of the equivalent surface heat dissipation coefficient βs is shown in 
Formula ( 7 ) [9]: 

s
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In the formula：Rs——Total thermal resistance of insulation layer ,(m2ꞏhꞏ℃)/kJ; 

β——The heat dissipation coefficient of the outermost insulation layer in the air,kJ/(m2∙hꞏ℃); 

hi——Insulating layer thickness,m; 

λi——Thermal conductivity of insulation layer ,kJ/(mꞏhꞏ℃). 

Due to the different material and thickness of the thermal insulation layer around the roof, the 
surface βs is different. The material parameters of the thermal insulation layer are shown in 
Table 3. [9-10,13]; Among them, the upper surface of the roof is covered with plastic film and 
geotextile maintenance, but the thickness of the plastic film is only 0.01 mm, and the thermal 
insulation effect can be ignored. Although the subway station is constructed by open 
excavation, the influence of wind speed is not considered because it is underground. 



 
 
 
 

Table 3. Parameters of each insulation layer 

              Hermal insulating material 
Design conditions 

Geotextiles Veneer plywood 

Thickness h /m 0.003 0.02 

Density ρ /kgꞏm-3 300 600 

Thermal conductivity λ /kJꞏ(mꞏhꞏ℃)-1 0.144 0.612 

Specific heat c /kJ/(kgꞏ℃) 1.630 2.510 
Surface coefficient of heat-transfer β /kJꞏ(m2ꞏhꞏ℃) 21.06 18.46 

Substituting table 3 parameters into formula ( 7 ), βs of surface of concrete can be calculated, 
as shown in table 4. 

Table 4. The equivalent surface heat dissipation coefficient of each insulation layer 

 
The upper surface of 

the roof 
The lower surface of 

the roof 
Side of the 

roof 
Equivalent surface coefficient βs 

kJ/(m2∙hꞏ℃) 
14.638 11.514 11.514 

Note : The section connected to the old concrete is taken as the adiabatic surface. 

3.3.2 Equivalent thickness method 

The equivalent thickness method is to extend a virtual boundary from the real boundary to 
form a virtual equivalent thickness, thereby simplifying the heat conduction calculation. 
According to Formula ( 3 ), if the concrete surface is covered with insulation layer, the 
temperature T at the boundary is [12]: 

i s a( ) 0
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n
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  

  (8) 

In the formula: λi——Thermal conductivity of insulation layer ,kJ/(mꞏhꞏ℃); 

T——Surface temperature of concrete ,℃; 

n——Outer normal direction of surface boundary; 

βS——Equivalent surface heat dissipation coefficient of insulation layer ,kJ/(m2∙hꞏ℃); 

Ta——Ambient temperature ,℃. 

The equivalent thickness is the distance between the virtual boundary and the real boundary, 
which is d = λ / βS. The heat exchange between the virtual boundary and the outside world can 
be regarded as infinite, so the surface temperature of the virtual boundary is the same as the 
ambient temperature. From this, the surface d of concrete can be calculated, as shown in Table 
5. 

Table 5. The equivalent thickness of each insulation layer 

 The upper surface of the roof 
The lower surface of the 

roof 
Side of 
the roof 

Equivalent thickness d /m 0.75 0.96 0.96 

Note : The section connected to the old concrete is taken as the adiabatic surface. 



 
 
 
 

3.4 Equivalent age maturity 

The essence of heat release from cement hydration is the chemical reaction of cement 
hydration[14].The hydration reaction of cement will lead to the increase of concrete temperature, 
which will accelerate the hydration rate of cement [15]. Therefore, the equivalent time and the 
degree of hydration are combined to simulate the temperature field of early concrete more 
accurately. 

According to the Arrhenius equation, Hansen et al [16] proposed a new characterization method 
of maturity theory, and the equivalent age te is: 

A
e 0

r

1 1
exp ( )

t E
t d

R T T
t   (9) 

In the formula: EA——Reaction activation energy, J/mol; 

R——Ideal gas constant ,8.314 J/(molꞏK); 

Tr——Reference temperature (Usually take 20 ℃ ,is 293 K); 

T——The actual absolute temperature of the node. 

In the finite element simulation calculation, the corresponding equivalent age value is 
calculated by the cumulative superposition of time steps. When the absolute temperature T ≥ 
293 K, EA = 33.5 kJꞏmol-1;When T＜293 K, EA=33.5+1.47×(293-T) (kJꞏmol-1)[17].Within 15 
days after pouring, EA/R=2700 K was selecte[18]. 

3.5 HETVAL subroutine 

In the analysis of the concrete temperature field, the heat generated by cement hydration heat 
is a heat source that changes with time [19]. This study uses the HETVAL subroutine to achieve 
this heat source function. 

The main part of the HETVAL program is shown below : 

SUBROUTINE 
HETVAL(CMNAME,TEMP,TIME,DTIME,STATEV,FLUX,PREDEF,DPRED)  

INCLUDE 'ABA_PARAM.INC' 

CHARACTER*80 CMNAME 

usercoding to defineFLUX and update STATEV 

DIMENSION TEMP(N),STATEV(N),PREDEF(*),TIME(N),FLUX(N),DPRED(*) 

END 

Among them: CMNAME is the material name; TEMP is the temperature array at the current 
time step; TIME is the time array under the current time step; DTIME is the time step; 
STATEV is the material state variable; FLUX is the material heat source in the current time 
step; PREDEF is an array containing all custom field variables; DPRED is an incremental 
array of predefined field variables. 



 
 
 
 

4 Finite element simulation 

According to the above calculation data, the finite element model of the station roof is 
established by using the finite element software ABAQUS, and compared with the measured 
temperature. 

4.1 Layout of monitoring points and measured temperature fitting 

4.1.1 Layout of monitoring points 

Due to the long pouring time of concrete, the cementitious material has been heated up by 
hydration heat release during the pouring process, but the temperature rise process is not stable 
due to the influence of environment, construction, and other factors. Therefore, 2 h after 
pouring is taken as the starting point of the measured temperature, and the measurement time 
is 168 h. The JDC-2 building electronic thermometer was used, and the N1-N10 at the roof 
was selected as the monitoring point, as shown in Figure 2. 

             
 (a)Temperature measuring point layout                 (b)Temperature measuring instrument 

Figure 2. Temperature measuring point layout and temperature measuring instrument 

4.1.2 Measured temperature fitting 

Fit the measured temperature data, as shown in Fig 3 

     
(a)Internal temperature fitting curve                   (b)Surface temperature fitting curve 

Figure 3. Concrete temperature fitting curve 
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The internal temperature fitting degree of concrete is R2 = 0.983, and the surface temperature 
fitting degree of concrete is R2 = 0.959, which meets the accuracy requirements. 

4.2 Ambient temperature data 

According to statistics, the local temperature is shown in Fig.4. 

 Ambient temperature
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Figure 4. Ambient temperature 

4.3 Establishment of concrete roof model 

According to different calculation methods, three finite element models are established, as 
shown in Fig.5. Model 1 completely restores the insulation layer of the concrete boundary ; 
model 2 adopts the equivalent surface heat dissipation coefficient method ; model 3 adopts the 
equivalent thickness method. 

The transient analysis of heat transfer was selected in the analysis step, and the time was 170 h. 
In the predefined field, the initial temperature of concrete is 28 °C, and the DC3D8 eight-node 
linear heat transfer hexahedral unit is used. Because the temperature is measured 2 hours after 
the completion of the field pouring, the time coordinate of the simulation is selected 2 hours as 
0 scale to start statistics. The difference is that the surface of the model 1 is set as the surface 
heat exchange condition in the interaction module, and the heat dissipation coefficient is 
selected according to table 3.The surface of the model 2 is set as the surface heat exchange 
condition in the interaction module, and the heat dissipation coefficient is selected according 
to table 4.Model 3 selects temperature boundary conditions in the load module. 

  
(a)Model 1                                 (b)Model 2                                 (c)Model 3 

Figure 5. Concrete roof model 



 
 
 
 

4.4 Total heat release and heat release rate 

Because the concrete property parameters of the three models are consistent, and the 
temperature changes are relatively close, the total heat release and the heat release rate are not 
much different, so only one group needs to be displayed. The simulation results are shown in 
Fig.6. 
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(a)Total heat release                                      (b)Heat liberation rate 

Figure 6. Model 1 Total heat release and heat release rate of concrete 

4.5  Simulation results of concrete roof temperature 

The temperature calculation results and temperature distribution nephogram of the three 
models are shown in Fig 7 to 12. 

( 1 ) Model 1 
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(a) Internal temperature                         (b) Surface temperature 

Figure 7. Model 1 concrete temperature calculation results 
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Figure 8. Model 1 7 d temperature distribution cloud map 

( 2 ) Model 2 
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(a) Internal temperature                         (b) Surface temperature 

Figure 9. Model 2 concrete temperature calculation results 
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Figure 10. Model 2 7 d temperature distribution cloud map 

( 3 ) Model 3 
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(a) Internal temperature                         (b) Surface temperature 

Figure 11. Model 3 concrete temperature calculation results 



 
 
 
 

      

 
(a)1 d                             (b)3 d                             (c)7 d 

Figure 12. Model 3 7 d temperature distribution cloud map 

4.6 Simulation error 
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(a) Internal temperature error                                  (b) Surface temperature error 

Figure 13. Statistics of internal and external temperature error of concrete 

5 Conclusion 

(1) According to the error results (as shown in Fig 13), in the simulation of concrete internal 
temperature, considering the equivalent age, the average errors of the three models are 1.54 %, 
3.25 % and 4.96 % respectively. Without considering the equivalent age, the average errors of 



 
 
 
 

the three models are 6.73 %, 8.14 % and 10.11 % respectively. In the simulation of concrete 
surface temperature, considering the equivalent age, the average errors of the three models are 
1.27 %, 3.35 % and 4.97 % respectively. Without considering the equivalent age, the average 
errors of the three models are 7.11 %, 8.33 % and 10.01 % respectively.  

From the above, it can be seen that in the case of considering the equivalent age, the model 1 
(completely reduced concrete insulation layer) has the smallest error, but the modeling process 
is more complicated ; the error of model 2 (equivalent surface heat dissipation coefficient 
method ) is second, but the modeling process is relatively simple. It only needs to establish the 
main structure of concrete, which can reduce the number of elements and ensure the 
calculation accuracy. The error of model 3 (equivalent thickness method) is large. Because of 
the large thickness and many division units, the calculation amount is large. 

(2) According to the data analysis of Model 1, the maximum temperature of the center of the 
concrete roof is 60.3 °C, and the maximum temperature of the surface is 52.8 °C, both of 
which appear at 30 h after pouring. The maximum temperature difference of the inner surface 
is 9.55 °C, which appears in the 18 h after pouring.  

(3) Both the simulation results and the measured results show that after covering the surface of 
the concrete roof of the station with thermal insulation materials, the maximum temperature 
difference between the inside and the surface is controlled within 10 °C, which meets the 
requirements of mass concrete construction standards. 

(4) The hydration heat release rate of concrete reaches the peak in the early stage. Considering 
the equivalent age, the hydration heat of concrete reaches 90 % of the total amount at 60 h and 
96.6 % at 168 h. Without considering the equivalent age, the hydration heat of concrete 
reaches 90 % of the total amount at 156 h and 91.7 % at 168 h. 
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