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Abstract. Cementitious materials are typical porous medium, which are widely used in civil 

engineering and thermal buildings. The thermal and hydrate properties of the material are fundamental 

to predict accurately the energy needs and the reliable duration of the structures in a long term. Due to 

the complicated coupling, the thermal capacity, conductivity and source term in energy equation are 

affected by the humidity distribution and the microstructure evolution of the porous materials. The 

coupling relation of thermal and hydrate properties are summarized in this work, the coupled drying 

model is discussed, and the experiment is performed to verify the simulation results for RH (Relative 

humidity) and ML (Mass loss). Two approaches are adopted to estimate the humidity/water content 

profile in the porous medium and to analyse the temperature effect. In addition, the equivalent hydrate 

capacity and conductivity are identified as function of humidity. The significance of this work lies in 

predicting the energy demand, the long-term thermal behaviour, taking into account the change of the 

thermal cementitious materials properties during their service time. Such inner structure is consequence 

of the system durability where the temperature, water content and humidity will act on the cracks 

settling within the material. 

Nomenclature 

𝑐 Heat capacity 

𝐷𝑒𝑓𝑓  Effective diffusivity [𝑚2/𝑠] 

𝑘𝑙𝑎 Relative permeability 

q Source term 

𝐿𝑣 Latent heat [J/kg] 

𝑀 Location at (x,y,z) 

𝑀𝑣 Molecular mass [𝑘𝑔/𝑚𝑜𝑙] 
𝑝 Pressure[𝑃𝑎] 

𝑅𝐻 Relative humidity 

𝑆 Saturation degree 

𝛷 Porosity [%] 

𝜌 Density [ 𝑘𝑔/𝑚3] 

𝜇 Dynamic viscosity [𝑃𝑎 ∙ 𝑠] 
𝜆 Heat conductivity  [𝑊/(𝑚 ∙ 𝐾)] 
𝜇 Dynamic viscosity [𝑃𝑎 ∙ 𝑠] 

Sub/superscript  

𝑣𝑠 Saturation vapour 

𝑎𝑝𝑝 Apparent 

𝑙 Liquid water 

𝑣 Water vapour 

 

1 Introduction  

The performance of thermal building is dependent on the 

properties of wall materials and their evolution overtime. 

The properties control is a key point in predicting 

accurately the energy needs over the time. Such 

cementitious materials are typical kind of complex 

porous medium, which are widely used in civil 

engineering. The building walls are subjected to various 

ambient conditions. During the lifetime of building 

concrete structure, some undesirable pathologies will 

appear after a long induction period, and eventually 

resulting in irreversible structure damages [1]. The most 

important factors that induce such structure changes 

(pathologies) are surrounding temperature and humidity.  

Therefore, to understand the thermal properties which 

are related to the humidity and water contents and 

structure change, we have to be accurate and master the 

mechanisms of moisture transport inside the structure. 

However, the difficulties lie in the complexity of 

cementitious porous media, the strong coupling between 

temperature effect and humidity/water sorption, and the 

inaccurate energy source term induced by the phase 

change (evaporation/condensation process). 

First of all, thermal conductivity as the main heat 

transfer parameter is necessary and often subject of 

measurement for various types of cement-based 
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composites. However, very rare reference quantify the 

dynamic dependence of thermal conductivity on moisture 

and water content. It is complex coupling depending on 

the strong interlink between temperature and humidity 

conditions and the diffusion phenomena. The coupling 

phenomena also includes local aspect as total pore 

volume, pore distribution and connectivity. The porous 

structure (cementitious material) thermal conductivity 

varies in a very significant way due to the difference in 

values between air and cement stone (depending on the 

amount and the type of aggregates). In common service 

conditions, cementitious composites always contain 

certain amount of water. The thermal conductivity of 

water is 0.6 𝑊/(𝑚𝐾), which is more than twenty times 

higher of the air. Therefore, heterogeneous water 

contents in the pores compete with the effect of air, so the 

thermal conductivity of such composite material will 

exhibit important change over space and between the 

identified values by different authors. 

Pavlik and Rovnanikova measured the thermal 

conductivity of a cement-based composite material [2], 

focusing on the dependence of thermal conductivity to 

the moisture content from fully dry state to totally 

saturated state by adopting an impulse technique. Results 

show that the thermal conductivity increase with the 

increase of ambient humidity under the same temperature 

condition. Dell’Isola et al. demonstrated that the 

effective thermal conductivity of some common building 

materials increases with temperature and moisture 

content [3].  

Kim et al. proposed Eq. (1) of thermal conductivity 

for concrete [4], deducing from the regression analysis  

results. In which, the aggregate volume fraction and 

moisture condition are revealed as the main factors 

affecting the concrete conductivity. 

λR = 0.8 × [1.62 − 1.54 × (W/C)] + 0.2 × RH (1) 

In which, λR is a modification index associated with 

average relative humidity (𝑅𝐻)  and water-to-cement 

ratio (W/C). Bristow provided equivalent reliable 

measurements of soil thermal properties as a function of 

water content [5]. 

As consequence of change in thermal conductivity, it 

will modify the density and heat capacity as well.  Hillel 

studied the thermal diffusivity varying with water content 

[6]. It indicated that the thermal diffusivity is small at low 

water contents, and it increases as water content 

increases, reaches a maximum, and then slowly decreases 

as water content continues to rise to saturation state. In 

addition, the thermal conductivity of humid air is also 

function of temperature, pressure, and mole fraction of 

water. Beirão et al. performed research on humid air, and 

it indicated that thermal conductivity increase with 

temperature under the same pressure for same humidity, 

and specific capacity of moist air increase with 

temperature under all humidity cases [7]. Bednarska and 

Koniorczyk also verified the negative influence of 

moisture on thermal properties of material. The values of 

thermal conductivity coefficient increase with the 

increase of liquid content in pore [8].  

Another coupling of heat and mass during drying or 

wetting process is the local energy source term, 

representing the evaporation or condensation. The phase 

change induces the energy loss or gained accompanied 

with the local moisture and water contents transfer 

process. Such energy source term in porous medium is 

related to the water changing quantity. Such energy 

source at location M, i.e. q(M), is the latent heat of the 

evaporation/condensation multiplied by the local water 

content change. The transient heat transfer equation with 

source term is given by Eq. (2). 

(ρc)𝑀

∂T

∂t
= ∇( λ(M) ∙ ∇ T) + q(M) (2) 

Heat capacity and thermal conductivity are function 

of the solid material, fluid, porosity, local water content, 

and HR. Such inhomogeneity could be expressed as: 

(ρc)𝑀 or λ(M)~function(𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦, 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, 𝑔𝑎𝑠, 𝐻𝑅) 

The water evaporation/condensation quantify the 

source term and it takes major weight because the latent 

heat value is 2260(𝑘𝐽 ∙ 𝑘𝑔−1), which is much higher than 

the sensible heat 4182 (𝐽 ∙ 𝑘𝑔−1 ∙ 𝐾−1). The question (2) 

could be rewritten without the q(M) term by adopting the 

technique of apparent heat capacity.   

It is the strategy of variable heat capacity with 

temperature in order to incorporate the released or 

absorbed energy during the phase change. The partial 

differential equation is expressed by Eq. (3). 

(ρ𝐶𝑝(𝑀))
𝑎𝑝𝑝 ∂T

∂t
= ∇( λ(M) ∙ ∇ T) 

(3) 

The advantage of this method is to avoid the 

complexity in transform the latent heat term and simplify 

the calculation in source term. Therefore, to estimate this 

energy, we need to quantify the water that transformed in 

phase during the drying or wetting process. On the other 

hand, the drying process is quite slow in comparison to 

the time needed to reach temperature equilibrium. So in 

most studies, the drying or wetting of cementitious 

materials are considered as isotherm process.  

In this work, aiming to obtain the local and global 

information of the hydrate state inside the porous 

material, we firstly performed the experimental trials. 

The inner relative humidity and the global mass loss are 

traced, which will be taken as the reference for the 

simulation results. Secondly, the analytical solution for 

hydrate state prediction is put forward. It is a simplified 

method to estimate the humidity profile because the 

solution is based on linear partial differential equation 

with constant diffusion coefficient instead of non-linear 

model. Afterwards the non-linear drying model for 

porous medium is presented and computational results 

for relative humidity and mass loss are obtained by 

CAST3M programming. Results are compared with the 

experimental one. At last, the equivalent diffusion 

coefficient and equivalent hydrate capacity is calculated 

as function of humidity. This information is fundamental 

for optimizing the hydrate and thermal properties and in 

the long-term predicting the durability of the 

cementitious materials. 
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2 Experiment and analytical solutions 

For the experiment part, the porous specimen is concrete 

B11, which has been widely studied and properties are 

mostly know [9].  The geometry is prismatic with size 

of 7 × 7 × 28 𝑐𝑚3, which is subjected to drying inside 

the climate chamber on two lateral faces, and the other 

four lateral faces are well enclosed by aluminium. The 

climate chamber (see Fig. 1a) is automatic regulation at 

temperature of 38 ± 0.5 °C, and relative humidity of 32 ± 

1%. The evolution of mass is recorded by balance, and 

humidity sensors are fixed at the preserved holes in the 

samples, which are 1.5, 3.0 and 6.0 cm to the drying 

surface, respectively (see arrows), as illustrated in Fig. 

1b. The relative humidity of the fixed points are recorded 

continuously. Further details for the devices and protocol 

can be referred to previous work [10]. 

 

 

a) 

  

b) 

Fig. 1. The climate chamber used for drying a); and prismatic 

concrete block with sensor locations b). 

 

As a consequence of the pressure difference inside the 

domain, the complexity of the non-linear coupling of 

vapour diffusion and liquid water displacement feature 

the local phenomena. In order to have a global idea of the 

humidity distribution inside the porous medium, an 

analytical method with constant diffusion coefficient will 

be applied.  

We will illustrate the physical tendency, to avoid the 

complexity by using a simplified linear model. A 

constant property without phase change is considered in 

order to use the existing analytical solution of the 

humidity distribution. The constant diffusion coefficient 

is used instead of variation function of humidity and 

temperature and no liquid displacement is considered. 

The resulting analytical solution of the internal relative 

humidity (RH) as function of dimensionless time and 

relative length are plotted in Fig. 2a. It shows the initial 

dimensionless humidity was unity as initial condition and 

the used boundary condition is zero concentration (𝑥 =
1.0, RH = 0).  

The relative humidity decrease fast at the vicinity of the 

external boundary. The central positions (such as 𝑥 ≤
0.2) exhibit a slowly decrease over the considered time. 

The corresponding three experimental dimensional 

positions of the humidity sensors are chosen to have a 

clearer visualization of the local humidity time evolution, 

as showed in Fig. 2b. 
 

 

a) 

 

b) 

Fig.2. Analytical solution for dimensionless humidity versus 

dimensionless time and space in 3D a); and RH time evolution 

at different positions to drying surface b). 

3 Drying model 

The drying model is fundamental for simulating the 

drying phenomenon in porous medium, and quite a few 

of literatures can be found in previous researches [11, 

12]. For the drying model, it is assumed that the water 

transport in the concrete induced from the combination 

of the diffusion of water vapour and the permeation of 

liquid water. If the concrete porous network is saturated, 

the latter mechanism plays predominant role, whereas for 

a low degree of saturation, the movement of water in the 

form of vapour diffusion cannot be neglected. The 

simplified approach involves water transfer coefficient 
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that is a function of saturation degree or the specific water 

[13,14]. The liquid water flow can be expressed by 

Darcy’s law, which relates the fluid mass flow through 

the medium to the pressure gradient of this fluid. The 

water vapour flow can be expressed by Fick’s law, 

representing the flow of water in form of vapour due to a 

gradient in vapour pressure in the considered porous area. 

The two driving forces expressed as pressure gradient, 

could be related to the relative humidity by Kelvin 

equation. The relation between the capillary forces and 

the relative humidity in concrete is expressed in Eq (4),  

𝑝𝑐 =
−𝜌𝑙  𝑅 𝑇 𝑙𝑛(𝐻𝑅)

𝑀𝑤

 (4) 

Deducing from the mass balance of water and the 

equilibrium driving forces, the final drying model is 

given in Eq. (5). 

𝜌𝑙 [𝛷
𝜕𝑆𝑙

𝜕𝐻𝑅
(1 −

𝜌𝑣

𝜌𝑙

)]
𝜕𝐻𝑅

𝜕𝑡
= div [(𝑘𝑙𝑎

1

𝐻𝑅

𝜌𝑙
2𝑅𝑇

𝜇𝑙𝑀𝑣

+ 𝐷𝑒𝑓𝑓

𝑀𝑣𝑝𝑣𝑠

𝑅𝑇
) 𝑔𝑟𝑎𝑑(𝐻𝑅)] (5) 

 

Among which, the desorption isotherm on the left-

hand of the equation (5) links the saturation degree (𝑆𝑙) 

to the relative humidity and contribute to the water 

storing capacity. The most widely used expression is 

given by Eq. (6) [15], where 𝑎𝑣𝑔  and 𝑏𝑣𝑔  are two 

parameters that can be obtained by fitting experimental 

results of the desorption isotherm for the tested material. 

𝑆𝑙 = (1 + (−𝑎𝑣𝑔𝑙𝑛(𝐻𝑅))
𝑏𝑣𝑔

)
−𝑐𝑣𝑔

 (6) 

On the right hand side of the Eq. (5), it suggests that 

the diffusion coefficient term (or hydrate conductivity) is  

associated with temperature, both for liquid permeation 

and vapour diffusion term.  𝑘𝑙𝑎 is the apparent 

permeability of liquid, which can be expressed by 

intrinsic water permeability 𝑘0 multiplied by relative 

permeability 𝑘𝑟𝑙  (0 < 𝑘𝑟𝑙 < 1). This latter term can be 

determined by the Mualem empirical relation shown in 

Eq. (8), where 𝑆𝑙 is the saturation degree, 𝑝𝑘𝑟𝑙  is a fitting 

parameter [11].  

𝑘𝑙𝑎 = 𝑘𝑟𝑙 ∙ 𝑘0 (7) 

𝑘𝑟𝑙 = 𝑆𝑙
𝑝𝑘𝑟𝑙 (1 − (1 − 𝑆𝑙

1
𝑎𝑣𝑔)

𝑎𝑣𝑔

)

2

 (8) 

For the diffusion coefficient of vapour, the effective 

diffusivity 𝐷𝑒𝑓𝑓  can be expressed by Eq. (9) and (10) 

[16]. 

𝐷𝑒𝑓𝑓 = 𝑑𝑟𝑙𝐷0 (9) 

𝑑𝑟𝑙 = 𝛷𝑎𝑚𝑞  (1 − 𝑆𝑙)𝑏𝑚𝑞 (10) 

The apparent diffusion is related to the relative 

diffusion function 𝑑𝑟𝑙 and to the diffusion coefficient of 

water in air 𝐷0. In a similar way, the diffusion of water 

vapour is highly dependent on the saturation degree. In 

addition, the tortuosity of the concrete porosity also 

affects these parameter 𝑎𝑚𝑞  and 𝑏𝑚𝑞 . 

What is worth noticing is that in the drying model, 

some parameters are not only function of humidity, but 

also function of temperature. In Eq. (5), despite of the 

apparent temperature, there is some other parameters 

affected by temperatures.  The following Eqs. (11-13) 

illustrate the dependency to temperature, for the diffusion 

coefficient of water in air 𝐷0  , the saturation vapor 

pressure 𝑃𝑣𝑠, and the dynamic viscosity of liquid water 

𝜇𝑙 . This also indicates the complex coupling between 

moisture and heat transfer, as well as the identification of 

parameters affecting the thermal property and hydrate 

property. 

𝐷0 = 2.17 × 10−5 . 
𝑃𝑎𝑡𝑚

 𝑃𝑔

 . (
 𝑇

𝑇0

)
2.88

 (11) 

𝑃𝑣𝑠 = 𝑃𝑎𝑡𝑚 . 𝑒
𝑀𝑣.𝐿𝑣

 𝑅
 (

1
𝑇0

−
1
𝑇

)
 (12) 

𝜇𝑙 = 𝜇0 . 𝑒−1.94−4.8 
𝑇0
𝑇

+6.74 (
𝑇0
𝑇

)
2

 (13) 

4 Results and discussion 

Computational results of the drying model and the 

experimental results are compared in Fig. 3. Both the 

relative humidity evolution at the point of 1.5 cm (to 

drying surface) and relative mass loss (ML) are 

presented.  The relative humidity provide a local 

information of the moisture distribution, while the mass 

loss is the integral of water content over the domain, 

meaning the global water loss during the drying process. 

The local humidity exhibit the decrease over time as 

consequence of the applied boundary condition of 32%. 

This evolution has the same tendency as what was 

presented in the previous linear-simplified approach in 

Fig. 2b. During the test duration of 160 days, the 

simulation results Eqs. (5-12) match well with the 

experiment data using all the identified properties of the 

different contributing phenomenon. 

In comparison to the first linear simplified case, this 

numerical model, which is more close to the reality, uses 

a variable volumetric capacity in the transient term and 

variable hydrate conductivity (humidity and water 

diffusion). We illustrate in the figures below (Fig. 4) the 

profile of the hydrate capacity and hydrate conductivity 

versus relative humidity in the present drying model. 
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Fig. 3. Experimental and simulation results of mass loss a); 

and relative humidity evolution b). 
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Fig.4. Profile of equivalent hydrate capacity a); hydrate 

conductivity b) versus RH. 

 

It demonstrates that both of the parameters are highly 

dependent to the water content level. This is obtained 

under the assumption of isotherm process, but it is worth 

noting that the humidity has effect on thermal properties 

as well, inducing the heat and mass transfer process.  

5 Conclusion 

This work emphasized on the hydrate transfer properties, 

and it is fundamental and necessary for accurately 

estimating the real local density, heat capacity, thermal 

conductivity and the heat source term in the heat transfer 

equation. The analysis can be applied to optimizing the 

hydrate and thermal properties and in the long-term 

predicting the durability of the cementitious materials. 

This information also allows to resolve the drying model 

and to predict the temperature history and the exchange 

between the wall and the living area (air). In further level, 

it will be able to predict the durability of the inner 

structure and cracks within the material, with taking into 

account the change in properties and especially the 

permeability (water redistribution). 

In short, the practical meaning of predicting the real 

distribution of hydrate state over space and time, 

including the evaporation or condensation, is to estimate 

accurately the real local density, heat capacity and 

thermal conductivity, as well as the source term in the 

heat transfer equation.  
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