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Abstract: In this work, a comparative analysis of the behaviour of hardened ce-

ment paste during drying at constant and variable conditions is presented. A mul-

tiphase mathematical model based on averaged theory was developed to describe 

the coupled heat, mass and momentum transfers within non saturated porous me-

dia.  In this approach, only the elastic behaviour of the medium through Hooke's 

law was considered. Drying under variable conditions consisted in periodical 

changes of drying air parameters (temperature, relative humidity and combined 

temperature and relative humidity). The drying kinetics and the mechanical behav-

iour were examined in terms of moisture content, temperature, gas pressure, water 

saturation and induced stresses. It was observed that drying with periodical varia-

tion of air temperature combined with relative humidity changes produces the 

lowest stresses within the material without extending the drying time.  
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tion 

1  Introduction 

Cement-based materials are generally subjected to thermo-hydric gradient. The 

drying process brings a coupled water transport and induced mechanical stresses 

that affect stability of material. Indeed, as a consequence of non uniform humidity 

distribution within the material a volumetric shrinkage and stresses development 
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are generated [1,2]. For this purpose, several modelling approaches were devel-

oped in order to take into account the thermo-hydro mechanical frameworks e.g., 

the diffusion theory, the capillary-porous theory, the evaporation-condensation 

theory, etc [3,4,5,6].  The development of generated stresses implies usually the 

risk of material crack and quality deterioration. One of the latest methods used to 

moderate stresses growth is drying at variable air conditions such air temperature 

and relative humidity. This technique consists in reducing periodically the evapo-

ration rate to make moisture homogeneity [7,8]. A good management of extern 

conditions is indispensable to provide a better quality of material without affecting 

drying time [9]. 

This paper focuses mainly on the thermo-hydro-mechanical model taking into 

account the presence of three fluid phases (liquid water, vapour and dry air). This 

approach is based on volume-averaged conservation equations in porous media. 

The state variables retained in the model are the saturation , the porosity  , the 

gas pressure , the temperature  and the solid velocity . The first part of 

the paper consists of a presentation of the coupled equation system for non satu-

rated elastic porous media. In the next section we present a comparison of the ma-

terial behaviour during drying under constant and variables conditions. In fact, the 

porous structure of hardened cement paste is subjected to periodical alterations of 

air temperature, air relative humidity and combined variation of air temperature 

and relative humidity. The efficiency of this method of drying was examined in 

terms of quality of dried materials and drying kinetics.  

2  Mathematical model 

A hardened cement paste sample considerate as an isotropic elastic porous me-

dia composed of three phases: solid, liquid and gas (vapour and dry air). A hydro-

thermo-mechanical model based on volume averaging theory [3] for deformable 

media was developed to describe the material behaviour during drying. The 

mathematical model consists of the heat and mass conservation equations system 

coupled with conservation momentum equation via the effective stress the-

ory of Terzaghi. Darcy’s law is used to describe moisture flow into sample. Fick’s 

law is related to vapour and dry air phases for diffusive aspects. Local thermal 

equilibrium between phases is maintained and the model is applied in two-

dimensional configurations. 

2.1  Mass conservation equations                                 

The equations system describing the drying process is the following: 

The mass conservation in the solid skeleton: 

                                                     

In which  

The solid skeleton considerate as incompressible,  is constant, 
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The mass conservation equations in the liquid, vapour and dry air phases are: 

                                             

                                             

                                                

Where      ,  , 

 
Darcy’s law is expressed as following: 

                               

Intrinsic velocity of both vapour and dry air phases could be written as follow-

ing: 

                  

Where  is the barycentric velocity of gas phase and  is the diffusion 

velocity of vapour and dry air into gasous phase. 

To express the diffusion velocity, the Fick’s law is used:  

             

The liquid pressure is defined as:  

                                                            

Final form of constitute equations model is written as follows: 

The mass balance equation of water in both liquid and vapour form is: 

 

 
The dry air mass conservation equation may be written as:  

 

 
 

 Summing mass balance equation of liquid, vapour and solid phases, we obtain 

the following expression:  
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2.2  Energy conservation equation 

The macroscopic energy balance equation is: 

       

 

Where the rate of water vaporization per unit volume appearing in equation 

(13) takes the form: 

 

 
The heat capacity is expressed as: 

    

2.3  Momentum conservation equation 

The mechanical equilibrium equation, with the hypothesis of elastic behaviour 

of material: 

                                            

The total strain of a dried media could be written as:  

   

2.4  Boundary condition 

The boundary condition associated with equations (10), (11), (12), (13) and 

(16): 

At the drying surface: 

                                                                                            

                                                                                                                           

                                                                                                                                 

                                                                        

At the symmetric surface: 
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3  Results and discussion 

The equations (10), (11), (12), (13) and (16), associated with boundary condi-

tions, were resolved to determine the five variables of the problem  , , , T 

and . The model is implemented in a finite element solver. The Arbitrary La-

grange-Eulerian (ALE) formulation was used to solve the problem with moving 

boundaries; this allowed consideration of a drying process of a shrinking body as 

is the case of the present study. 

 

Fig. 1. Schematic representation of the bi-dimensional configuration 

The physical and mechanical properties of the material injected in the model 

are summarized in table 1.  

 

In order to visualise the effect of drying of hardened cement paste sample at 

constant and variable conditions, the drying kinetics and induced normal stresses 

were determined. The changes of air parameters was applied periodically at the 

end of the constant drying rate period (in our case at time=500s) with period equal 

to 800s. Figure 2 shows the time evolution of average moisture content, tempera-

ture and gas pressure at the centre for stationary drying at 80°C and 5% of relative 

humidity and for three cases of non stationary drying: drying with periodical 

variation of air temperature between 80°C and 30°C, drying with periodical varia-

tion of air relative humidity between 5% and 50% and combined periodical varia-

tion of air temperature and relative humidity.  
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Table 1.  Input parameters 

Parameter Expression 

Sorption curve   

 

 

 
 

Relative permeability[11] Liquid permeability 

 
Gas permeability 

 

 

 
Capillary pressure[10] 

 

 

 

 
Water vapour diffusion[10] 

 

 

 
Elastic modulus  

Poisson coefficient  

Intrinsic solid density  

Effective thermal conduc-

tivity 
 

Initial conditions  

 

 

 
 m/s 

L=0.02m   l=0.01m 
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(a) 

 
(b) 

Fig. 2. Drying kinetics of hardened cement paste sample: (a) time evolution of average 

moisture content and temperature (b) time evolution of gas pressure at the centre 

Moisture content starts from an initial value equal to 0.2 kg/kg d.b. that corre-

sponds to initial saturation  and initial porosity . At the begin-

ning of drying at constant conditions, sample temperature increases until to reach 

the wet bulb temperature. A constant drying rate phase was noticed, corresponding 

to a linear diminution of moisture content. Then, the media enters the hygroscopic 

range and free water was totally evaporated that develops gas pressure inside the 

porous media up to 1.05 10
5
 Pa at 1500s. When humidity distribution becomes 

more homogenous, the moisture content approaches to its equilibrium value and 

the gas pressure goes down to the atmospheric pressure. Note that the influence of 

periodical changes of air temperature on moisture content is insignificant.  How-

ever, it has a considerable effect on sample temperature and gas pressure. This is 
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manifested by the formation of great oscillations and the reduction of the peak of 

gas pressure to 1.02 10
5
 Pa. It is seen that drying at variable temperature accom-

panied with humidity variation slows down the drying process. Sample tempera-

ture and gas pressure curves are similar to drying curves at variable temperature.  

 

 
       (a) 

 
     (b) 

Fig. 3. Time evolution of saturation of hardened cement paste sample: (a) at the surface (b) 

at the centre 

On the other hand, the changes of relative humidity cause immediate reduction 

of drying rate and insignificant oscillations of temperature. The increase of rela-

tive humidity causes direct falling of gas pressure. Figure 2 (b) shows that the 

peak of gas pressure reached in stationary conditions is not influenced by the 
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changes of air humidity. The time of drying is the same for both constant and vari-

able conditions. 

 

In figure 3, the effect of drying conditions on the time evolution of saturation at 

the surface and within the material was presented. It is noticed a significant conse-

quence of periodical changes of air conditions on surface saturation profile. The 

air relative humidity decrease induces an instantaneous growth of surface satura-

tion. Compared to stationary drying these changes slow down the drying rate but 

do not affect the equilibrium value of surface saturation ( ). Following 

the development of saturation at the centre, curves indicate a very small swings 

and a slight increase of saturation in the cases of relative humidity variation and 

temperature accompanied with relative humidity variation.  

 

Figure 4 presents the normal stresses development at the surface in P(0,0.01) 

during stationary and alternating drying. It is clearly seen, during drying at con-

stant conditions, the normal stresses increase with time and achieve a maximum 

value just after the end of the constant drying rate. At this maximum the risk of 

material fissure is the top. Compared to drying with periodical diminution of air 

temperature, the maximum normal stresses is slightly reduced from 6.14 MPa  (at 

740s) for constant conditions to 5.9 MPa. Drying with periodical changes of rela-

tive humidity causes a more decrease of stresses to 5.14 MPa. Curves in figure 4 

allow us to affirm that the lowest normal stresses are obtained in drying with both 

air temperature and relative humidity changes. The maximum value is reduced to 

3.88 MPa. Kowalski and Pawlowski [7,8] investigated experimentally the station-

ary and intermittent drying (with periodical variation of temperature and relative 

humidity) of wood and kaolin-clay. It was demonstrated that the best quality is 

achieved in drying with changeable relative humidity and the worst is obtained in 

drying at stationary conditions. Thus, our results are in good agreement with this 

similar study. 

 

Fig. 4. Time evolution of normal stresses of hardened cement paste sample 
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4  Conclusions 

A multiphase model was developed to describe the hyro-thermo-mechanical 

behaviour of hardened cement paste during drying. The aim of this analysis is to 

examine the advantages of non stationary drying. The results allow us to state that 

drying with periodical changes of air conditions reduces generated stresses with-

out extending drying time. The combination of air temperature and relative humid-

ity variation during drying assures the smallest development of normal stresses. 

Consequently, it can be confirmed that drying in this case guarantee the best qual-

ity of hardened cement paste. 

Nomenclature 

Cp   Heat capacity  (J kg-1 K-1) 

Deff Effective diffusion coefficient (m2 s-1) 

E     Young modulus (Pa) 

Fm Mass flux (kg m-2 s-1) 

h Heat transfer coefficient (W m-2) 

hm Mass transfer coefficient (m s-2) 

hv Evaporation latent heat (J kg-1) 

k Intrinsic permeability (m2) 

ki   Relative permeability  

n Normal 

P Pressure (Pa) 

Pc Capillary pressure (Pa) 

                Water saturation  

T Temperature 

t Time (s) 

 Velocity (m s-1) 

w Moisture content (dry basis) 

                Poisson coefficient 

   Dynamic viscosity (kg m-1 s-1) 

 Porosity 

 Stain 

 Stress (Pa) 

 Density (kg m-3) 

 Effective thermal conductivity (W m-1 K-1) 

 Convective heat flux (W m-2) 
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Mathematical symbols 

 Tensorial symbol 

 Vector symbol 

 Apparent average of i phase 

 Intrinsic average of i phase 

Subscripts and superscripts 

a Dry air  phase 

g Gaseous phase 

l Liquid phase 

s Solid phase 

v Vapour phase 
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