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Abstract. Bio-based building materials such as earth bricks are attracting renewed interest throughout the world
due to their thermal and environmental properties.
In this work, a numerical study of the hygrothermal behavior of building walls consist of compressed earth bricks
(CEB) and stabilized earth bricks (SEB) was performed. A two-dimensional Luikov model for evaluating the
temperature and the moisture migration in porous building materials was proposed. The coupled heat and moisture
transfer problem was modeled. The governing equations of a mathematical model were solved numerically with the
finite difference method. Input parameters in the model and their dependency on stabilizers content were
determined by laboratory experiments.
In order to specify the effect of chemical stabilization on the heat and mass transfer within studied materials,
average moisture content and temperature were presented as a function of time. Results show that the addition of
chemical stabilizers enhances the heat transfer through the earthen materials and reduces their water vapor
permeability.

1 Introduction

The objective of this paper is to investigate the
hygrothermal behavior of earth-based walls. In order to
study coupled heat and moisture transfer within building
walls, the coupled equations of Luikov's model were
solved. A numerical code, developed for prediction of
heat and moisture transfer in porous materials, was used to
simulate the temperature, moisture content profiles within
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-The initials conditions of the moisture content and
temperature distribution in the wall are uniforms.

the earth-based materials. The results allow to show the
impact of chemical stabilization process on the
hygrothermal behavior of studied materials.
Nomenclature
T: Temperature (K)
w: Moisture content (Kg/Kg d.b)

2
2

D: Mass diffusivity of the porous material (m /s)
Lu: Luikov number

y
Te
Hre

Ti
Hri

Outdoor

Indoor

/s)

Ko: Kosovitch number
Pn: Posnov number
Bi: Biot number

L

x

h

Figure 1
Schematic of building envelope
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2 Problem Formulation

2.3 Governing Equations

2.1 Description of physical problem

The governing equations, based on the theory of Luikov
[11], to model heat and mass transfer through studied
materials, are given by Eqs. (1) and (2):
Energy conservation

The processes of heat and mass transfer are highly coupled
within porous materials. The modeling of this physical
phenomena coupled heat and moisture transfer in building
materials usually involves theories of Philip and De Vries
[10], Luikov[11] and Whitaker[12]. These models differ in
the choice of the variable and driving potential.
The studied earth-based materials considered as open
porous media are containing variable proportion of water
and mixture of vapor and air. The phase changes and the
moisture migration occurring within the building material
are always linked to heat transfer. Hence, the choice of
model is made to take into account the different interaction
between all phases and their contribution on the heat and
mass transfers within the wall.
In this paper, a two-dimension Luikov model is proposed
for evaluating the simultaneous heat and moisture
migration in studied materials subjected to different
boundary conditions. Temperature and moisture content
are chosen as the principal driving potentials. Initially,
uniform temperature and moisture content profiles are
assumed. The boundaries are in contact with the
surrounding hot air. In the model, these boundaries are
represented using convection boundary conditions for the
temperature and moisture content.
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2.4 Initial conditions
For
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2.5 Boundary conditions
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(Surface in contact with external air)
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2.2 Assumptions
The model is based into the following set of assumptions:
-The thermo-physical proprieties are assumed constants,
-Porous material is assumed to be homogeneous, isotrope
and non-deformable,
-The heat transfer by radiation is negligible,

h, y

h,y

2

ti

i

h,y

v

mi

i

mi

i

(7)
(8)

MATEC Web of Conferences 330, 01030 (2020)
ICOME’19

T
y

w
y

0;
x ,0

https://doi.org/10.1051/matecconf/202033001030

(19)

(9)

0
x ,0

The two equations (5) and (7) express the heat flux in
terms of convection heat transfer and the phase-change
energy transfer. Eqs. (6) and (8) show a water content
difference, w, on their right-hand side. The two terms on
the left-hand side describe the supply of moisture flux
under the effect of a temperature and a moisture gradients,
respectively.
In equations (6) and (8), the wall equilibrium moisture, w,
is determined using the following equation:
w

cs
1 cs

w
x

0,622.

(11)

and
the resultant model was validated. Furthermore, the effect
of chemical stabilization on the hygrothermal behavior of
the studied earth bricks is studied.
The heat and mass transfer equations given by Eqs. (14)
and (15) with initial and boundary conditions (16)-(21)
have been discretized by means of an implicit finite
difference scheme. The resulting algebraic system has
been treated by the iterative Gauss-Seidel procedure.

(12)

2.6 Dimensionless formulation

3.1 Model validation

Equations (1)-(2) and boundary conditions (5)-(9) were
transformed by introducing the following dimensionless
variables and functions.

The numerical code has been successfully validated by
comparing the present solutions with data available in the
literature.
The predicted center and surface temperature and
moisture evolutions inside a spruce sample are compared
with the analytical solution of Liu and Cheng [14] for onedimensional problem of heat and mass transfer [15]. The
operating conditions used for the test case is given from
Liu and Cheng [14].
Considerably high agreement was found between the
numerical results and the analytic model. The maximum
difference between numerical and analytical results is less
than 3.0% for temperature distribution and less than 4.0%
for moisture content distribution [15]. Therefore, it can be
stated that this physical model can be used to investigate
hygrothermal behavior of porous building materials.

(13)
On introducing the dimensionless variables (13), Eqs. (1)
(2) can be written in dimensionless form as:
(14)
(15)
where Ko, Lu and Pn are respectively the Kossovitch,
Luikov and Posnov numbers, the definitions of which
are given in the Nomenclature.
In view of this consideration, the initial conditions and the
material balance for heat and moisture at the surface can be
written as:
For

3.2 Materials proprieties

:

In this study, we presented a numerical investigation of
the hygrothermal behavior of compressed earth bricks
(CEB) and stabilized earth bricks with cement (SEBC) or
with lime (SEBL). We have chosen to make mixtures with
an identical matrix and different dosages of chemical
stabilizers by replacing an amount of dry soil with
Ordinary Portland Cement (CEM II A-L 32.5 N) or highcalcium hydrated lime (CL 90-S). A variety of earth
bricks with different compositions of cohesive soil,
cement and lime are studied. The used ratio of stabilizers
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e
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3 Numerical Resolution

P is the atmospheric pressure whereas Pvs is the partial
pressure of saturated vapor at the wall temperature. P vs is
given by the Bertrand formula [13]:
vs

w

The model equations have been numerically translated
using a Fortran program to facilitate calculations. The
objective now, is to determine the distribution of the
dimensionless temperature and moisture content fields,
T(x,y,t), w(x,y,t), respectively in earth brick wall.
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when cs is the wall vapor concentration of air and it can be
expressed from:
cs

Pn.

(18)

0

3

MATEC Web of Conferences 330, 01030 (2020)
ICOME’19

https://doi.org/10.1051/matecconf/202033001030

were respectively 5, 8, 10 and 12% by weight of dry soil.
To determine the effect of stabilization on the hygrothermal
behavior of the studied earth bricks, CEB is considered as
the reference mixture for the study.
The thermo-physical and hygric properties of different
materials are required to solve the simultaneous heat and
mass transfer equations. To guarantee the accuracy of the
input parameters in the mathematical model, the materials
properties are measured in the laboratory.

Where
and

p

(kg/m.s.Pa) is the water vapour permeability

the moisture capacity.

p

can be obtained from

McGregor (2014) [17] and is usually determined by the
slope of the adsorption curve (figure 3), given by the
following equation:
(26)

First, the studied earth bricks specimens were prepared
with a density ( ) of approximately 1750 kg/m3. The
thermal conductivity measurements are carried out using
the method of the box. Stabilizers dependence was
evaluated as (figure 2):
= -0,0041(CC)2 + 0,1135(CC) + 0,3323
(22)
= -0,0051(LC)2 + 0,1138(LC) + 0,3487
(23)
where CC and LC are respectively the cement and lime
content.

Figure 2
The variation of thermal conductivity with cement and lime
contents of the stabilized earth bricks

Figure 3
Experimental and predicted (Henderson model)
adsorption isotherms of CEB, SEBC (a) and
SEBL (b)

The main sorption isotherms were determined
gravimetrically at 25°C using climatic chamber that can
create environment at Hr between 40% and 97%. Figures
3(a-b) show the experimental results, for relative humidity
up to 40% of the main desorption isotherms.
The experimental data are fitted with the
semi-theoretical model [16], which expresses the
relationship between the equilibrium moisture content and
the relative humidity at a given temperature:

4 Results and discussions
The set of the results presented in this paper relates to the
study of simultaneous heat and mass transfers that occur
in wall made with CEB, three walls made with cement
stabilized earth bricks (SEBC8, SEBC10, SEBC12) and
three walls made with lime stabilized earth bricks
(SEBL8, SEBL10, SEBL12). Initially, the earth brick
wall is subjected to an initial temperature T 0=20°C lower
than the ambient temperature (Te=45°C).The initial water
content is around w0=0,2Kg/Kg d.b.
Figures 4 and 5 show the temporal evolutions of the
average temperature and average moisture content within
the different earth bricks walls for 12 hours.
We observed that these curves have a same shape and that
the average temperature increase and the moisture content
decrease as time progresses. This due to the temperature

(24)
The Henderson model is considered to be among the most
appropriate sorption model for this purpose. It allows us to
obtain water content for relative humidity less than 40%[6].
The mass diffusivity of the porous material (D) is
determined using the following equation:
(25)
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gradient between wall and the surrounding medium. The
heat supplied at the surfaces is used in the change of phase
of the moisture from the liquid to the vapor at the surface.
The moisture migrates toward the exchange surfaces by
means of capillary, under the influence of a moisture
content gradient [18].
Figures 4a and 5a show that, at the same conditions, the
average temperature of the CEB wall is lower than the
average temperature of the others walls. This is explained
by the fact that the CEB thermal conductivity is small
compared to that of SEB [6].In fact, experimental results
show that the addition of cement or lime increase the
thermal conductivity of the studied materials (figure 2).
The thermal conductivity of stabilized soil lies in range of
0.8014 1.1 W/(mK) and 0.7902 0.9785 W/(mK) for
respectively the cement content and the lime content. The
increase of chemical stabilizer in earth bricks makes it less
thermally insulated. Also, it can be seen from figures 4b
and 5b that the rate of initial moisture loss decreases with
an increase in chemical stabilizer content. These results
indicate that moisture transfer in earth brick wall depend on
the nature and dosage of the used chemical stabilizer.
This can be explained by the fact that the incorporation of
the cement or the lime in the compressed earth bricks
decreases its hygroscopicity and thus decreases the wall
moisture diffusion toward the exchange surfaces. This
result is in agreement with the experimental results (figures
3a and 3b).
The superposition of sorption curves of CEB and SEB with
different content of stabilizers (figure 3) indicates that
stabilization considerably reduced the moisture sorption
capacity of compressed earth brick. At high relative
humidity (97%) the maximum moisture content of cementearth brick are about 5.69 and 3.7% for cement content of
0% and 12% respectively. Lime stabilization reduced the
maximum moisture content from 5.69% for 0% lime
content to 3.76% when lime contents was 12% (figure 3).
This is explained by the fact that the chemical stabilization
influences the pores size of soil-brick. Increasing stabilizer
content increases the hydration products filling the spaces
between soil particles and reducing the paths for water
ingression. Therefore, the addition of chemical stabilizers
enhances the heat transfer through the earthen materials
and reduces their sorption capacity.

Figure 4
Average temperature (a) and average moisture
content (b) of the SEBC walls

5 Conclusions
The objective of this paper was to investigate the behavior
of building walls made with compressed earth brick and
stabilized earth brick with incorporation of cement or
lime. We have performed numerical simulation to study
the hygrothermal behavior of walls subject to climatic
conditio
of the equations governing the heat and mass transfer
phenomena. The problem was tackled by a numerical
approach based on the implicit finite difference scheme.
The obtained results illustrate the temporal evolutions of
the temperature and the moisture content within the
different walls for 12 hours.
We can conclude that the addition of chemical stabilizer
(cement or lime) in earth bricks during its mixing makes it
less hygroscopic and less thermally insulated.
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