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Temperature and moisture are responsible for the deterioration processes of concrete structures, and the 
extensive failures in concrete elements often result from both thermal and moisture simultaneously. The 
influences of hygro-thermal physical parameters and structural parameters on the deformation of concrete 
were investigated numerically using a specially developed software, which is named Coupling 
Temperature and Moisture Simulation System for concrete (CTMSoft). The results of numerical experiment 
imply that evaluating the influence regularity of only a single parameter on the concrete deformation is 
unscientific and the coupling effect should be considered in the fact that there is not a definite relationship 
between concrete deformation and a single parameter. The efficiency of thermal-moisture isolation 
clapboard and coatings is inconspicuous according to the numerical analysis by imaginary equivalent 
thickness (EIT) method. The numerical calculation also validated that the neglect of lateral confinement 
will not result in obvious deviation in tunnel concrete deformation. 
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INTRODUCTION 
 
Concrete deformation due to temperature and moisture 
condition will always develop simultaneously and interact-
tively (Nascimento et al., 2004; Suwito et al., 2006; Norris 
et al., 2008). The numerical simulation of hygro-thermal 
deformation of concrete is necessary to be investigated for 
better serviceability, durability estimation and life predic-
tion (Isgor and Razaqpur, 2004; Andrade et al., 1999; 
Aquino et al., 2004). According to the heat and moisture 
transfer in concrete and its effect on concrete, the hygro-
thermal deformation of concrete is decided by the thermal 
and moisture parameters such as specific heat, thermal 
conductivity, coefficient of thermal expansion (CTE) and 
moisture diffusivity etc (de Barros et al.,1995). In construc-
tion practice, some moisture and heat insulation materials 
are usually used to protect the concrete surface of the 
structure from the environmental heat and moisture. The 
insulation clapboard and coatings will prevent or weaken 
the heat and moisture exchange between structure and 
environment; they will also influence the hygro-thermal 
deformation performance of structural concrete. Besides 
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previous conditions, the stress conditions must be consi-
dered when investigate the performance of concrete in 
structure. 

This paper will investigate the effect of variation of 
basic thermal or moisture physical parameters, some 
structural measures on the hygro-thermal deformation of 
concrete by numerical experiment. 
 
 
COMPUTATIONAL MODEL AND SOFTWARE 
 
Coupling heat and moisture transfer equations 
 
Material properties are considered to be uniform through-
out concrete body. The heat and moisture transfer equa-
tions resulting from mass and energy conservation during 
the transfer process can be expressed as Equations. (1) 
and (2). 
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Figure 1. Schematic of the size of concrete wall element. 
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Figure 2. Measured ambient temperature (Side A). 
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where ρ  is the density of the material, pc is the specific 

heat of constituent, T is the temperature, λ is the thermal 
conductivity, r is the phase change factor, M is the 
moisture content, lvh is the heat of phase change, kmD is 

the moisture diffusion coefficient considering the effect of 
Knudsen diffusion, x is location variable, t is time variable 
and δ is the thermal gradient coefficient. 
 
 
Boundary conditions 
 
The object investigated was a concrete block sized 15 × 1 
× 3 m cut from an under-lake tunnel wall (Figure 1). The 
temperature and moisture at one side (Side A) of the con-
crete block changing in ambient in one year was consi-
dered in the study. The other side (Side B) of the concrete 
was considered as moisture insulation and the tempera-
ture condition was considered as adiabatic of heat and 
moisture.  

In numerical simulation process, the environmental 
tem- 
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Figure 3. Measured ambient moisture (Side A). 

 
 
 

perature and moisture for the lake tunnel were measured 
on site and used as the boundary conditions of Side A 
(Figures 2 - 3). Considering the measured data as the 
known temperature and moisture functions, the heat and 
moisture transfer boundary conditions could be expressed 
as Equations.(3) and (4). 
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It is noteworthy that the measured temperature and mois-
ture levels are interpolated when used in the numerical 
simulation. This leads to better correlation and more rea-
sonable numerical results as compared to applying high-
order curve fitting. 

At Side B of the concrete wall element for the tunnel, 
when   consider  the   boundary  as   moisture   and   thermal
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Figure 4. Main User Interface of CTMSoft. 
1-Menu and command buttons; 2-Type and size determination and inputting; 3-Temperature and 
moisture definition; 4-Showing meshing result; 5-Boundary conditions definition; 6-Defining thermal 
and moisture parameters; 7-Defining initial conditions; 8-Displaying numerical results graphically. 

 
 
 

insulation, which can be expressed in Eq. (5) and 
Equation (6). 
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At the start, a temperature of 12°C and a moisture (liquid 
and vapour) content of 12%, which is equivalent to 95% 
RH (relative humidity), are assumed uniformly distributed 
in the wall panel. This is in agreement with actual con-
struction conditions where the concrete wall element 
selected. 
 

( ) aTxT =0,  , ( ) aMxM =0,                                          (7) 
 
In the computing process, the time dependent ambient 
temperature and moisture levels were considered, as well 
as their on site variations over a year. The effects of 
temperature on thermo-physical properties and of RH on 
moisture diffusivity of concrete are also included according 
to the relationship between them based on experimental 
test. 
 
 

CTMSoft 
 

CTMSoft comprised analytical process and finite element 
analysis, seeing details in reference (Qian and Chen, 
2008). An analytical procedure based on the mechanism 

of heat and moisture transfer in porous medium as an 
original methodology for predicting and estimating the 
heat and moisture transfer in porous media, was defined 
as a stand-alone and comprehensive frame for a real si-
multaneous solution connected to the heat and moisture 
transfer inside the materials and environmental tempera-
ture and moisture. In developing CTMSoft, FEM (Finite 
Element Method) was also necessary to calculate the 
hygro-thermal deformation of concrete, and before apply-
ing load on nodes of FEM, the moisture distribution should 
be transformed to moisture induced stress. However, we 
have not found any satisfying FEM software capable for 
transforming moisture load to deformation directly. The 
CTMSoft program considered the calculation of moisture 
induced stress according to the formula deduced from 
Kelvin-Laplace Equation and Mackenzie’s Formula, find 
the detailed deducing process in reference (Chen, 2007). 

The CTMSoft was developed as an advanced Windows 
application by using the powerful features of Visual Basic 
(VB) programming to offer to the user a graphical interface 
including the menu bar, commands buttons and figure 
viewer, etc. The GUI (Graphic User Interface) provided a 
simple and more intuitive interface for data inputting, pro-
gram running and results displaying. The parameters 
inputting, boundary condition definition and environmental 
temperature and moisture settings were all active in GUI. 
The core of performing the numerical simulation, which 
was written in and complied with Matlab or APDL of 
ANSYS, executed the virtual calculation process when 
triggered by clicking the related menu or command but-
tons. The displaying and saving of figures of numerical re-
sults were performed at the main user interface. The main
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Table 1. Thermal and moisture parameters. 
 

Parameters Reference values Numerical simulation input 
Specific heat, J/(g·K) 0.6 ~ 1.2 0.6, 0.8, 1.0, 1.2 

Thermal conductivity, W/(m·K) 1.8 ~ 3.5 1.8, 2.4, 3.0, 3.6 
CTE, ×10-6/ K 7.4 ~ 13.1 7, 10, 13 

Moisture diffusivity, ×10-6m2/h 0.017 ~ 38.5 0.36, 7.35, 15.7, 36 
 
 
 

Table 2.  Parameters for simulation. 
 

Parameters Symbol Value 
Latent heat, kJ/kg hlv 2443.6 
Thermo gradient coefficient, 1/K δ  0.001 
Phase change factor r  0.09 
Density of concrete, kg/m3 ρ  2450 

Poisson ration rp  
0.2 

Bulk modulus, GPa 0K  
26.5 

Elastic modulus, GPa 0G  
23.5 

Molar volume of water, m3/mol mV  
1.8×10-5 

Volume percentage of paste in concrete, % Vp/Vc 27 
 
 
 

interface of CTMSoft is shown in Figure 4. 
 
 

NUMERICAL EXPERIMENT 
 

To investigate the effect of basic parameters of concrete 
on the hygro-thermal deformation, some numerical experi-
ments were carried out using CTMSoft with the boundary 
conditions described as Equations (3) - (6). The involved 
parameters studied in this paper are specific heat, thermal 
conductivity, coefficient of thermal expansion and moisture 
diffusivity respectively. The effect of structural condition 
and potential structural measures for improving the defor-
mation performance of concrete, which involved lateral 
confinement and thermal-moisture clapboard or coatings, 
were also studied. 
 
 

The effect of materials parameters on concrete 
deformation 
 
Basic parameters in simulation: The values of all kinds 
of investigated parameters used in the numerical experi-
ment are listed in Table 1, which were selected according 
to the corresponding references (Uysal et al., 2004; Gilli-
land, 2000; Neville, 1995; Kodur and Sultan, 2003; Pan et 
al., 2006; Sellevoly and Bjøntegaard, 2006; Huo et al., 
2006; Cano-Barrita et al., 2004; Hansen M and Hansen E, 
2002).  

The other necessary parameters in simulation are listed 
in Table 2. 
 

Numerical simulation results and discussion: The 
numerically simulated hygro-thermal deformation with 

different parameters and values are shown in Figures 5 - 
8. As shown in Figures 5 - 8, the effect of the parameters 
variation shows difference in the previous period (in which 
the temperature and moisture are increasing) comparing 
to the later period (when temperature and moisture is 
mainly decreasing), see Figures 2 - 3. The increase of 

specific heat or thermal conductivity decreases the 
shrinkage early and increases that later, while the effect of 
CTE or moisture diffusivity is contrary to that. Generally 
speak-ing, the increase of specific heat will reduce the 
shrinkage while CTE and thermal conductivity improve 
them assuming that the other condition is changeless. The 
increase of moisture diffusivity accelerates the moisture 
transfer in concrete, which benefits the increase of con-
crete deformation depends on the combined effect of inner 
relative humidity (moisture content) level and environ-
mental moisture variation. In a few words, proposing the 
relationship between some or other parameter and the 
deformation of concrete is unscientific in itself, and there 
isn’t a simple plus-minus law that can be used to express 
the influence of different parameters rationally. The coup-
ling effect of different parameters on the deformation of 
concrete must be recognized and analyzed based on the 
coupling transfer of moisture and temperature in concrete, 
especially for the complex conditions. 
 
 

The effect of some structural parameters 
 
Equivalent imaginary thickness (EIT): Only the effect of 
thermal-moisture clapboard and coatings on concrete sur-
face in tunnel was investigated in this paper. The equiva-
lent imaginary thickness (EIT) was adopted to simplify  the 
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Figure 5. Numerical simulation of concrete deformation with 
different specific heat. 

Note: “x/l=0” represent the relative depth from inner side is 0, 
the inside of block in fact. 
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Figure 6. Numerical simulation of concrete deformation with different 
thermal conductivity. 
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Figure 7. Numerical simulation of concrete deformation with 
different CTE. 
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Figure 8. Numerical simulation of concrete deformation with 
different moisture diffusivity. 

 
 
 
the boundary condition in analyzing the influence of adia-
batic board and surface coating, which may be classified 
as thermal EIT and moisture EIT expressed by Equation 
(8) and (9) respectively (Chen, 2007). Coatings or clap-
board on concrete can be uniformed by EIT, and cones-
quently the effect of EIT was investigated for predicting 
the efficiency of the potential improvement on concrete 
deformation. 
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Where Hδ  is thermal equivalent imaginary thickness, λ  

is thermal conductivity of  concrete,  Bδ  is  the  thickness         
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Figure 9.  Numerical simulation of concrete deformation with different 
EIT. 

 
 
 

adiabatic layer, and α  is convective heat transfer 
coefficient;  
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Where Mδ  is moisture equivalent imaginary thickness, 

mD  is moisture diffusivity of concrete, Bδ  is the thickness 

of adiabatic layer, BD  is the moisture diffusivity of 

adiabatic layer, and β  is convective moisture transfer 
coefficient.  
 
The effect of structural measures: EIT can be easily 
calculated according to the Equation (8) or (9) when 
knowing the values of the other involved parameters. For 
example, if λ = 3.03 W/(m·K), α = 23.26 W/(m2·K) and 
the adiabatic board like polyurethane foam provided with 
the thickness of 0.02 m and thermal conductivity of 0.02 
W/(m·K), the thermal EIT can be calculated as 3.16 m. 
When comes to the moisture EIT, if mD =7.35×10-6 m2/h, 

BD = 0.05 × 10-6 m2/h, β  = 2.5 × 10-6 m/s, the moisture 

EIT Mδ = 7.35 × (0.02/0.05+1/2.5) = 5.88m. The thermal 
and moisture EITs were selected uniform as 0.25, 1, 3 and 
6 separately for the convenience of numerical simulation. The 
numerical simulated concrete shrinkage with different EIT 
was given in Figure 9.  

Figure 9 show that the increase of EIT will slightly reduce 
the concrete shrinkage. Thus the deformation of concrete 
may not be improved by adiabatic clipboard or coatings. 
The adiabatic clipboard and coatings will benefit the other 
performance of concrete especially when the interface 
suffers water penetration or contacts with the aggressive 
gas or liquid.  
 
The effect of lateral confinement: The effect of lateral 
confinement on the underside of concrete block was con-
sidered in the analysis of the deformation of tunnel con-
crete by CTMSoft, which was also compared with that of 
unconfinement (as zero fricition) deformation. The result t 
is given in Figure 10.  

As shown in Figure 10, the lateral confinement will 
slightly reduce the deformation of concrete. Without consi-
dering the lateral confinement in numerical calculating 
concrete deformation may not result in obvious deviation 
of concrete deformation. 
 
 
Conclusions 
 
The results of numerical analysis of the effect of basic 
parameters imply that the varying of thermal and physical 
parameters would not obviously change the concrete de-
formation. It is not always a simple plus-minus law can be 
used to express the influence of different parameters rat-
ionally along with time. It is unscientific to evaluate the 
influence regularity of single parameter on the concrete 
deformation.
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Figure 10.  Numerical simulation of concrete deformation with lateral 
confinement or not. 

 
 

 

The efficiency of thermal-moisture clapboard and coat-
ings is inconspicuous and even less than that of thermal- 

 
moisture physical parameters from the numerical results. 
There is no remarkable difference of lateral confinement 
on concrete deformation comparing with that of zero fric-
tion condition, which also implies that neglecting the late-
ral confinement will not result in obvious deviation. 

It is more effective to change the material parameters 
than structural ones in improving the deformation perfor-
mance of concrete. The coupling effect of different para-
meters on the deformation of concrete must be recognized 
and analyzed based on the coupling transfer of moisture 
and temperature in concrete, especially for the complex 
conditions. 
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