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Abstract

Thermal crack induced by the hydration heat of massive concrete is the main problem that needs to be strictly controlled during 

the pouring process of concrete. In this study, the hydration heat of massive concrete pier and its influencing factors are studied 

numerically. The stress of massive concrete pier caused by the hydration heat of concrete is analytically derived. The influences of 

adiabatic temperature rise, ambient temperature and convection coefficient between the pier outer surface and environment on the 

temperature and stress of pier are studied. The results show that the peak values of temperature and stress of the pier increase with 

the increase of the maximum adiabatic temperature rise, the reaction rate coefficient and the ambient temperature. The peak value 

of stress reduces with the decrease of convection coefficient because the heat dissipation and the temperature change on the cross-

section of the pier are reduced.

Keywords

thermal stress, hydration heat, massive concrete pier, early cracks, analytical method

1 Introduction
Massive concrete structure is extensively used in engi-
neering project. During the early stage of concrete cur-
ing, the heat generated by hydration can adversely affect 
the early crack resistance of concrete, potentially resulting 
in early cracking due to material properties and complex 
construction conditions [1]. These cracks may reduce the 
safety and durability of the structure. Because of the low 
thermal conductivity of concrete, hydration heat accumu-
lates within the newly poured structure, causing the inter-
nal temperature to rise continuously while the surface 
temperature remains close to the ambient temperature. 
The temperature gradient distribution may lead to crack-
ing in the concrete structure [2–5].

For complex structure, the temperature of hydration 
heat and stress induced by thermal expansion are always 
difficult to derive analytically [6, 7]. The generation of 
hydration heat and cracking in concrete involves numer-
ous complex factors, such as temperature changes, material 
properties, construction conditions, and curing methods. 
As a mixture, concrete exhibits significant differences in its 

internal structure and properties at different stages, espe-
cially during the early-age period, where properties such as 
strength, elastic modulus, and shrinkage vary greatly [8, 9]. 
Zienkiewicz demonstrated the promotion of relaxation 
analysis method on temperature stress problem in con-
crete structure, and derived the temperature stress induced 
by the hydration heat in massive concrete structure [10]. 
However, the analytical solution was only an approximate 
result, and the validity of this result was based on some rig-
orous assumptions. Considering the influence of tempera-
ture on the creep characteristics and hydration reaction rate 
of early-age concrete, Zhang et al. proposed a semi-ana-
lytical iterative method for solving temperature, stress and 
concrete crack propagation of early-age concrete [11]. 
Wang et al. proposed a temperature field prediction model 
based on artificial neural network algorithm for the tran-
sient analysis of temperature field in massive concrete [12]. 
Analytical methods often rely on certain assumptions and 
simplified conditions, which may deviate significantly from 
actual situations, leading to inaccurate results.
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The finite element method is widely used to analyze 
the stress caused by hydration heat of concrete [13, 14]. 
In 1968, Wilson developed the first finite element sim-
ulation program to estimate the hydration heat of the 
Hoover Dam [15]. Nobuhiro et al. predicted the cracks 
in massive concrete via the softwares ADINAT and 
ADINA [16]. Barrett et al. numerically evaluated the tem-
perature stress and cracking issue in dam based on the 
concrete cracking model via a 3D numerical software [17]. 
Emborg et al. investigated the effects of steel reinforce-
ment, thermal performance and mechanical properties of 
early age concrete on the concrete cracking, and the results 
showed that only considering the early distribution of the 
temperature field within the structure is insufficient to con-
trol the temperature stress and crack in the structure [18]. 
The finite element method for solving and calculating the 
hydration heat of large volume concrete has the character-
istics of high calculation accuracy and wide applicability 
of structural forms. However, the finite element method 
also has the disadvantages of requiring a large amount of 
memory for calculation, complex calculation process, and 
high requirements for computing equipment.

In this study, a 3D numerical model of massive con-
crete pier is established via the commercial software Midas 
FEA NX [19]. An analytical method is proposed to calculate 
the thermal stress of massive concrete pier. The influences of 
adiabatic temperature rise, ambient temperature and convec-
tion coefficient on the temperature and thermal stress field of 
pier are studied. Fig. 1 is the logical flowchart of this study.

2 Temperature and stress field of concrete pier induced 
by hydration heat 
2.1 Numerical model of concrete pier
In order to study the thermal stress caused by the hydration 
heat of concrete in pier, a numerical model of concrete pier 
as shown in Fig. 2 is established via the software MIDAS 

FEA NX. The concrete pier is a cylindrical pier with a radius 
of 1 m and a height of 20 m. Due to the symmetry of the 
pier, a quarter of the pier is taken as the research object, and 
symmetrical boundaries are applied to the pier. Fixed end 
boundary is applied at the bottom of the pier. In this study, 
the influence of steel reinforcement on the hydration heat 
of concrete is ignored. Therefore, steel reinforcement is not 
established in the model. The ambient temperature and the 
fixed end temperature of the model are both set to 20 ℃ [20].

Under adiabatic heating condition, the hydration heat 
of concrete is completely used to increase the temperature 
of pier. The adiabatic temperature rise of concrete can be 
predicted based on the [21–23].

T t
m Q

ec t� � � �� ��

��
�1 , (1)

where mc is the cement usage per cubic meter of concrete, 
Q is the hydration heat per kilogram of cement, and the 
value are given in Table 1. κ is the specific heat of con-
crete, ƞ is the reaction rate coefficient. mc Q/κρ is the max-
imum adiabatic temperature rise of concrete pier induced 
by concrete hydration heat. 

The surface of pier directly contact with air, which leads 
to heat exchange between pier and air. The heat exchange 

Table 1 Hydration heat per kilogram of cement (kJ/Kg) [24]

Type No. 225 No. 275 No. 325 No. 425 No. 525

Ordinary 
Portland 
cement

201 243 289 377 461

Slag 
Portland 
cement

188 205 247 335

Fig. 1 Logical flowchart of this study

Fig. 2 Numerical model of cylindrical pier (a) cylindrical pier; 
(b) a quarter of cylindrical pier; (c) enlarged cylindrical pier

(c)

(b)(a)
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is characterized by the convective heat transfer coefficient, 
and is calculated by [25].

� � �18 46 17 36
0 883

. .
.v , (2)

where v is the wind speed. 
Considering the effect of thermal insulation measure on 

the hydration heat of concrete, the equivalent convective 
heat transfer coefficient, as given in Eq. (3), is used [23, 26].

�
� �eq

�
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1

1hi i

, (3)

where λi and hi are the conductivity factor and thickness 
of the i-th layer of the insulation material, β is the convec-
tive heat transfer coefficient between outermost insulation 
layer and the surrounding environment.

The concrete in this model is assumed to be isotropic 
linear elastic state. The thermodynamic parameters of con-
crete do not change with time, concrete strength and tem-
perature. The concrete pier model is simulated by hexahe-
dral solid element. The physical and thermal parameters of 
concrete are given in Tables 2 and 3, respectively.

2.2 Mesh size sensitivity analysis
In the finite element analysis, the mesh size affects com-
putational time and accuracy. To optimize the effects of 
these two factors, a mesh sensitivity test is carried out. 
Three mesh sizes, namely, 5 cm, 10 cm and 15 cm, are 
considered. Fig. 3 illustrates the stress time history on 
the middle section of the pier outer edge corresponding 
to different mesh sizes. It can be seen that 10 cm mesh size 
yields almost the same prediction as that with the mesh 
size 5 cm whereas the simulations with the larger element 
size of 15 cm give different predictions. Considering the 
accuracy and the efficiency for simulation, the finite ele-
ment model with mesh size of 10 cm is used in this study.

2.3 Analytical derivation of temperature and stress 
fields of pier
Due to the large aspect ratio of the cylindrical pier, the 
influence of the fixed and free ends of the pier is ignored, 
and the hydration heat problem of the pier in this study is 
simplified into a plane strain problem [22].

To solve the stress and displacement induced by con-
crete hydration heat in pier, the displacement potential ϕ 
is introduced, and the displacement potential satisfies the 
following condition.

� �
�
�

2 1

1
�

�
�
�T , (4)

where μ is the poisson's ratio of concrete, α is the coeffi-
cient of linear thermal expansion, T is the temperature of 

concrete, and � �
�
�

�
�
�

�
�
�

2

2
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The displacement specific solutions can be calculated by:

u
rr1 �
�
�
� , (5)
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�
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�
�

, (6)

where r and θ are the radial and tangential polar coordi-
nates of pier, respectively.

Due to the symmetry of the cylindrical pier in this 
study, the displacement potential function is only related 
to the radius r. By solving Eq. (4), the displacement poten-
tial function can be obtained as:

Table 2 Physical parameters of concrete [27, 28]

Compressive 
strength (MPa)

Elastic modulus 
(GPa)

Density   
(kg/m3)

Poisson's  
ratio

40 42 2550 0.2

Table 3 Thermal parameters of concrete [29]

Thermal 
expansion 
coefficient
(1/℃)

Conductivity 
factor

( kJ/m · h · ℃)

Specific 
heat (kJ/
kg · ℃)

Maximum 
adiabatic 

temperature 
rise (℃)

Reaction 
rate co-
efficient 

(1/h)

1 · 10–5 9.2988 0.918 85 0.015

Fig. 3 Influence of mesh size on the stress time history on the middle 
section of the pier outer edge
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where A and B are constants.
The stress and displacement corresponding to the dis-

placement potential are:
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where E is the elastic modulus of concrete. 
To obtain the stress supplementary solution, a stress 

function that satisfies the compatibility equation is intro-
duced. The compatibility equation is:
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The stress function is: 

� �
C r
2

2 , (13)

where C is constant.
The stress supplementary solutions are:
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The displacement supplementary solution is obtained as:

u rC
Er2

1 2 1
�
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The stress and displacement solutions are:
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Based on the characteristics of the numerical model of the 
pier mentioned above, the boundary conditions are:

� r r� � �
�1

0 , (22)

ur r� � �
�0 0 . (23)

By solving Eqs. (18), (21), the coefficients A and C can be 
determined, and are given as follow:

A C E T r rdr� �
�� �

� ��0
1 0

1

,
�
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. (24)

3 Results and discussions
3.1 Calibration of numerical model
In this study, to verify the numerical model, the cylindri-
cal pier is simulated as per the analytical study under adi-
abatic heating condition. The numerical simulation results 
are compared with the results from the analytical solu-
tions. The results at E2 located on the outer edge of the 
pier as shown in Fig. 2 (c) are selected for comparison. 

Fig. 4 shows the radial temperature field of cylin-
drical pier as shown in Fig. 2 (c) induced by concrete 

Fig. 4 Temperature field distribution of pile induced by concrete 
hydration heat
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hydration heat. As shown, the temperature field of the pier 
is related to the age and location of concrete. At the ini-
tial time after pouring, the temperature of the entire pier 
is equal to the pouring temperature of concrete. As the 
age of concrete increases, the temperature of pier begins 
to rise, and the temperature at the center of the pier rises 
the fastest because there is less heat exchange between the 
concrete here and the outer environment. Along the radial 
direction of the pier, the hydration heat temperature of the 
concrete gradually decreases. The convection between 
concrete and air causes some of the hydration heat of con-
crete to be transferred to air.

Fig. 5 shows the stress at E2 obtained from the numer-
ical simulation and analytical derivation. The analytical 
result is calculated based on the temperature field of pile 
induced by concrete hydration heat as shown in Fig. 4. 
It can be seen that the stress time histories obtained from 
two methods agree very well, which proves the accuracy 
of numerical simulation.

3.2 Influence of adiabatic temperature rise
The adiabatic temperature rise of concrete is mainly con-
trolled by the maximum adiabatic temperature rise and 
the reaction rate coefficient of concrete. Fig. 6 shows the 
temperature time histories at E1 under different maxi-
mum adiabatic temperature rises. As shown, the peak 
value of temperature at the center of the pier increases 
with the increase of maximum adiabatic temperature rise 
of concrete. The temperature at the center of the pier is 
time-dependent. The increase of temperature at the cen-
ter of the pier is caused by the heat of concrete hydration. 
When the value of hydration heat is less than that of the 

heat dissipation between the outer surface of the pier and 
the environment, the temperature at the center of the pier 
begins to decrease.

Fig. 7 shows the stress time histories at E2 under dif-
ferent maximum adiabatic temperature rises. Fig. 8 shows 
the stress contours of pier subjected to different maximum 
adiabatic temperature rises. As shown, the peak value of 
thermal stress at E2 is time-dependent. The peak value of 
thermal stress at E2 increases with the increase of maxi-
mum adiabatic temperature rise of concrete because the 
higher maximum adiabatic temperature rise results in a 
higher temperature difference between the outer bound-
ary of the pier and the environment as shown in Fig. 8. 
Therefore, in order to reduce the thermal stress of massive 

Fig. 5 Stress time histories at E2

Fig. 7 Stress time histories at E2 under different maximum adiabatic 
temperature rises

Fig. 6 Temperature time histories at E1 under different maximum 
adiabatic temperature rises
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concrete pier, the maximum adiabatic temperature rise of 
concrete should be reduced. 

Figs. 9 and 10 show the temperature and stress time his-
tories at E1 and E2 under different reaction rate coefficients 

of concrete, respectively. As illustrated, the peak value of 
temperature and stress increase with the increase of reac-
tion rate coefficient, which means concrete generates more 
hydration heat per unit time. To reduce the thermal stress 
of massive concrete pier, the reaction rate coefficient of 
concrete should be decreased.

3.3 Influence of ambient temperature
Fig. 11 shows the temperature time histories at E1 under dif-
ferent ambient temperatures. As shown, the temperature at 
the center of the pier is related to the ambient temperature, 
and the temperature at the center of pier increases with the 
increase of the ambient temperature. This is because the 
higher the ambient temperature, the less heat dissipation 
between concrete and environment, and which promotes an 
increase in the peak value of temperature of the pier.

Fig. 12 shows the stress time histories of pier under 
different ambient temperatures. As shown, during the 
initial stage of concrete pouring, the lower the ambient 

Fig. 12 Stress time histories at E2 under different ambient temperatures

Fig. 11 Temperature time histories at E1 under different 
ambient temperatures

Fig. 10 Stress time histories at E2 under different reaction rate 
coefficients of concrete

Fig. 9 Temperature time histories at E1 under different reaction rate 
coefficients of concrete

Fig. 8 Stress contours of pier under different maximum adiabatic 
temperature rises (a) 85 ℃; (b) 75 ℃; (c) 65 ℃
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temperature, the higher the thermal stress on the outer sur-
face of the pier, which is caused by the temperature dif-
ference between the pier and the external environment. 
In order to reduce the stress on the surface of the pier, 
the temperature difference between the materials on both 
sides of the external surface of the pier should be reduced. 
The maximum value of stress at the outer surface of pier 
is related to the ambient temperature. The maximum stress 
value gets higher with higher ambient temperature because 
more hydration heat of concrete is contributed to rise the 
temperature of the pier, resulting in a higher temperature 
difference on both sides of the external surface of the pier. 
The stress on the external surface of the pier reduce rapidly 
when the ambient temperature is low, which is induced by 
the high heat flow rate between pier and air.

3.4 Influence of convection coefficient
Fig. 13 shows the temperature time histories at E1 under 
different convection coefficients. As shown, the tempera-
ture decreases more rapidly as the convection coefficient 
increases. Increasing the convection coefficient of the 
boundary can increase the heat dissipation of the concrete, 
and lead to a smaller peak temperature.

Fig. 14 shows the stress time histories of pier under 
different convection coefficients. As shown, the convec-
tion coefficient has a significant effect on the stress of pier. 
The peak value of stress at E2 reduces with the decrease 
of convection coefficient. This is because the smaller the 
convection coefficient, the less heat dissipation of the 
concrete, and the smaller the temperature change on the 
cross-section of the pier as shown in Fig. 15. Therefore, 

the convection coefficient around pier should be reduced 
to control the thermal stress of the massive concrete pier.

4 Conclusions
In this study, a 3D numerical model of massive concrete 
pier is established via the commercial software Midas 
FEA NX. The influences of adiabatic temperature rise, 
ambient temperature and convection coefficient on the 
temperature and thermal stress field of pier are studied. 
The main conclusions are drawn below.

1. The temperature field of the pier is related to the 
age and location of concrete. As the age of concrete 
increases, the temperature of pier begins to rise, and 
the temperature at the center of the pier rises the fast-
est because there is less heat exchange between the 
concrete here and the outer environment. Along the 

Fig. 14 Stress time histories at E2 under different 
convection coefficients

Fig. 13 Temperature time histories at E1 under different 
convection coefficients

Fig. 15 Temperature difference time histories between E1 and E2 under 
different convection coefficients
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radial direction of the pier, the hydration heat tem-
perature of the concrete gradually decreases.

2. The peak values of temperature and stress of the pier 
increases with the increase of the maximum adia-
batic temperature rise, the reaction rate coefficient 
and the ambient temperature. 

3. The peak value of stress reduces with the decrease 
of convection coefficient because the heat dissipa-
tion of concrete reduces with the decrease of the 
convection coefficient.
In this study, an analytical solution for the ther-
mal stress caused by the hydration heat of concrete 

piers is provided, which enables rapid calculation 
of thermal stress in massive concrete components. 
However, the theoretical model of this study is rela-
tively simple. In the following research, the effect of 
pier shape on the temperature stress analysis algo-
rithm will be studied.
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