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Abstract: The building sector consumes more than 25% of 

energy consumption in Morocco. So, the reducing of the energy 
cost of building has become a necessity. In this context, the 
objectives of this work are to investigate the thermophysical 
properties and the energy performance of earthen walls made 
from three types of unfired clay bricks. This work is broken into 
two steps. In the first step the apparent thermal conductivity was 
obtained experimentally using the hot plate method. In the second 
step, the thermophysical properties obtained were used to 
calculate the decrement factor and the time lag of complete walls 
mad from these materials by solving the transient heat conduction 
equation with periodic loadings using the eigenfunction 
expansion and the integrating factor methods. The effect of the 
outer and inner combined convection and radiation heat transfer 
coefficient on these dynamic thermal characteristics was studied. 
The optimum thickness of the walls was also calculated. Finally, 
the effect of thermal insulation on energy performance of the 
walls was studied 

Keywords : Energy performance, Thermal inertia, Analytical 
solution, Numerical solution, Earthen walls.  

I. INTRODUCTION 

In Morocco about 95% of energy needs are imported. This is 
why the national energy strategy is based on the promotion of 
renewable energies and energy efficiency, particularly in the 
building sector. Indeed, if the latter is one of the largest 
consumers of energy, it also has great savings potential thanks 
to the rational management of technical equipment, the 
thermal optimization of the walls, etc. The recent 
Construction Thermal Regulation in Morocco (RTCM) is 
timely. Designed for new buildings, its objective is to ensure a 
certain thermal comfort while being more energy efficient 
according to thermal and energy specifications of the 
envelope and equipment.. Despite the disadvantages of earth 
constructions (maintenance, deterioration ...), they can be 
made sustainable and renewable if they are properly 
maintained, thus offering certain advantages such as reducing 
the impact on the environment and energy consumption. 
[1]-[2]-[3]-[4]. 
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The works [21]-[22]-[17] have focused on the evaluation of 
thermal properties and have highlighted the thermal 
performance of composite materials based on earth and fibers 
but their dynamic thermal characteristics have not studied. 
In the following, we present a series of research studies have 
been done concerning the dynamic thermal performances of 
building walls such as the work of El Fgaier et al [5] which 
investigated thermal capacity, time lag and the decrement 
factor  using the NF EN ISO 13786 standard. It should be 
noted that the thickness affect significantly these thermal 
inertia quantity. Another work of El Fgaier et al [6] studied 
the dynamic thermal performance of demonstrative earthen 
construction in real conditions. Ozel[7] analyzed numerically 
the time lag and the decrement factor for composite wall. 
Economical and environmental impact of the insulating layer 
thickness was studied. 
Asan et al. [8] also investigated numerically the time lag and 
the decrement factor by solving one-dimensional transient 
heat conduction equation using Crank-Nicolson scheme. In 
this study the effect of thickness and the type of material were 
evaluated. In Ozel[9]optimum insulation thickness according 
to cooling requirements of buildings in a hot climate was 
investigated numerically. Al-Sanea and Zedan [10] 
investigated the decrement factor of two wall configurations 
using single layers of thermal mass and thermal insulation. 
Ulgen et al [11] analyzed the thermal behavior of walls of 
opaque buildings exposed to solar radiation. They calculated 
the time lag and the decrement factor using experimental and 
theoretical methods. They also examined the effect of 
thermophysical properties on the energy performance of the 
walls studied. Also, Asan et al. [12]investigated numerically 
the effect of wall’s insulation thickness and their position on 
time lag and decrement factor. Önder Kaskaet al. [13] 
conducted an experimental and a numerical investigation to 
determine time lag, decrement factor and total equivalent 
temperature difference values for multilayer walls and flat 
roofs of buildings in Turkey. 
The majority of works the time lag and the decrement factor 
are investigated numerically. In this investigation, the 
dynamic thermal characteristics of multilayer walls are 
determined analytically by solving the transient heat 
conduction equation with periodic loadings using the 
eigenfunction expansion combined with the integrating factor 
methods. 
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II. THERMAL CONDUCTIVITY ESTIMATION BY 

THE STATE HOT PLATE METHOD  

The method of the stationary hot plate permits to estimate 
the thermal conductivity at the steady state . Its schematic 
principle is described in the Figure 1  
This method  is based on temperature measurements at the 
center of heating element inserted between the sample and an 
insulating polyethylene foam layer. The heating element is a 
flat and thin electrical resistance .The power dissipated by 
joule effect is known and the flux is considered uniform over 
its entire surface of the sample. Once the system reaches the 
steady state regime and assuming one-dimensional heat 
conduction, we can write: 
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 ø is the total heat flow emitted by the heating element. λ1 
The thermal conductivity of the sample, e1 the thickness of 
the sample; λ2= 0.047 W.m-1.K-1and e2 = 10 mm: are 
respectively thermal conductivity and thickness of the 
insulating foam. 

 
Fig. 1.  Schema of hot plate in steady state regime 

III. DYNAMIC THERMAL CHARACTERIZATION 

OF THE WALL WITH SINUSOIDAL LOADINGS  

A. Mathematical model 

This section is dedicated to the Analytical study of the thermal 
dynamic response of a wall located in city of Marrakech and 
composed of materials studied in the first section.  

The time lag and decrement factor describe the dynamic 
thermal behavior of a building component when subjected to 
time-dependent conditions limits. The decrement factor is an 
indication of the external thermal load penetration, and is 
defined as the ratio of internal thermal temperature peak to 
external thermal temperature peak. The time lag indicates 
how long exterior temperature changes take to affect interior 
conditions. 

The time lag is defined as: 
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Where
 max

0t T
 and 

 max
et T

 ,(h) represent the time in 
hours when inside and outside surface temperatures are at 
their maximums, respectively, and P (24 h) is the period of the 
wave. 

While the decrement factor is defined as:  
max min
0 0
max min
e e

T T
f

T T





                                                                 (6) 

max
0T ,

min
0T ,

max
eT and 

min
eT are the maximum and the 

minimum temperature at inside and outside surface during a 
24-hour period  P respectively. 

Figure 2 shows the schematics decrement factor and time 
lag.       

       

    
Fig. 2. The schematic representation of decrement  factor 

and time lag 
  If we assume one-dimensional transient heat conduction 

through an opaque finite length wall without any heat sources, 
the temperature in the wall is governed by the following 
equation  : 

   2

2

T x, t1T x, t   
.

a tx




                                                   
(7) 

Two boundary conditions on both sides of wall and one 
initial condition are needed to solve this equation: 

At the inner surface 

 
 x 0 1 1 i
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. h .T 0, t h .T .
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
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While at the outer surface  

 
   x e 2 2 s a

T x, t   
. h .T e, t h T t

x  


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                    
(9)  

These two boundary conditions are nonhomogeneous 
time-dependent third kind’s  

In the above equations (7,8 and 9) a is the thermal 
diffusivity of the wall, h1 and h2  are the inside and outside 
combined convection and radiation heat transfer coefficient 
respectively. The inside temperature Ti is set at 25 °C [13].  
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In order to model the external excitation of the wall, we 
have adopted the approach of the sol-air temperature Ts-a(t). 
It's about finding the outside temperature that, in the absence 
of any external radiative solar gain, gives a convective 
thermal flux on the external surface equivalent to that of the 
combination between the radiative flow and the convective 
flow through this surface. It is given by the following 
formula[8]: 

 

  max min max min
s a min
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T t Sin T

2 P 2 2
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 
              (10) 

According to the temperature variation of the city of 
Marrakech during a 24-hour period of day on 15 August 2019 
[14].Sol air temperature is given by the following equation: 
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(11) 

The initial condition is determined by solving the system 
(12) at t=0 [12]. 

 

 
 

 
   

2

2

1 1
x 0 i

2 2
x e s a

g x, t   
0.

x
g x, t   h h

.g 0, t T .
x

g x, t   h h
.g e, t T t .

x



 


 

 



 
  


  

  


              (12)  

 g x, t A(t)x B(t)                                      (13) 

1 1
i

h h
x 0 A(t) .B(t) .T    

 
                           (14)  

 2 2 2
s a

h h h
x e A(t) 1 .e .B(t) .T t

 
        

            (15)   

The initial condition can be written as: 
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We notice that we have nonhomogeneous boundary 
conditions and they are time functions (Ts-a(t)). 

We assume that the solution T (x, t) of Eq. (7) under the 
boundary conditions (8) and (9) and the initial condition 
Eq.(16)  has the following from: 

     T x, t R x, t M x, t 
                          

(17) 

        Where R(x,t) is a function satisfying only the 
boundary conditions: 
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We take for R(x,t) the following from: 
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C1 and C2 can be calculated using the boundary conditions  
Eq.(18) : 
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R(x,t) can be written as: 
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Then the function M(x, t) must be the solution of the 
problem: 
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With:
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(25) 

we use the method of Eigenfunction expansion to solving  
Eq.(23).  

The first step of the Resolution of Eq.(23) we consider 
temporally the homogeneous PDE : 

p(x, t) 0  
By using separation of variables we obtain: 

      M x ,t A x B t
 

The eigenvalues fn are solutions of the transcendental 
equation: 
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For this problem the corresponding normalized 
eigenfunctions are: 
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Orthogonality properties of the normalized eigenfunctions  
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We obtain: 
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We express the unknown solution M(x,t) as a generalized 

Fourier series of eigenfunctions with time dependent 
coefficients 
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After replacing in Eq.(23) we obtain: 
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Replacing  Eq.(32) in  Eq.(31): 
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Next we also expand p(x,t) as a generalized Fourier series 
of eigenfunctions with time dependent coefficient 
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Multiply Eq.(34) by An(x) : 
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n 10 0

A x p x ,t dx A x P t A x dx
 

(36) 

Assume term-by-term integration is allowed (Assuming the 
uniform  convergence)  

         




    
e e

m n n m
n 10 0

A x p x ,t dx P t A x A x dx
  

(37) 

The orthogonality relation of the normalized 
eigenfunctions: 

          
e e

2
m n n

0 0

A x p x ,t dx P t . A x dx
 

     
e

n n0
P t p x, t .A x dx                                     (38) 

Replacing  Eq.(38) in  Eq.(34): 

      
 

 n 2
n n n n n

n 1 n 1

B t
P t .A x A x a.f .B t

t

 

 

 
  

 
    (39) 

Which yields: 

 
   n 2

n n n

B t
a.f .B t P t

t


 


                                         (40) 

To solve  Eq.(40) we use the integrating factor method: 
We pose that : 

   
t

0

k t r d    

With: 

   2
nr a.f    

  2
nk t a.f .t  

                                                           
(41) 

Multiply Eq.(40) by 
 k te

can be written as:  

   
     k t k tn 2

n n n

B t
e . a.f .B t P t .e

t
   

  
 

                

                   k t k t
n nB t .e P t .e

t
 

 


                   (42) 

Integrate Eq.(42) from 0 to t :  

       
t

tk k
n n

0
0

e .B e P .d       
  

 

           
t

k t k 0 k
n n n

0

e .B t e .B 0 e P .d   
    

 
 k 0 0
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           
t

k t k k t
n n n

0

B t e . e P .d e .B 0 
    

 Which yields: 

     
2 2 2
n n n

t
a.f .t a.f .t a.f .

n n n

0

B t B 0 .e e . e .P d                (43) 

We use the initial condition to obtain the initial coefficient 
Bn(0): 

     




   n n
n 1

M x ,0 B 0 .A x 0 at t 0  

Assuming the uniform convergence of series and the 
orthogonality properties of the eigenfunctions  An(x): 

 

     
e

n n0
B 0 M x,0 .A x dx 0        

(44)
 

Eq.(43) becomes : 
 

   
2 2
n n

t
a.f .t a.f .

n n

0

B t e . e .P d   
        

(45) 

Finally the solution M(x,t) can be written as : 

     


 



   
2 2

n n

t
a.f .t a.f .

n n
n 1 0

M x ,t A x .e . e .P d
    

(46) 

 
      

   






 
 

   
 

     
       
    



       
  

  
       

  







 
  

 



2
n

2
n

2 2 2 2
1 n 1 n 1 n n

a.f t 2
2 n n

a.f t 1
n n

n

n 1

M x ,t
G.Q

2 t 2 t
26 . .Cos 43200 a.

8640

e.h f h Sin e.f e.h .f Cos e.f

k

h f e f Sin

h
e Cos x .f .Si

0 86400

n x .f
.f









 

With   

        2 23 2 2
n 1 n n

K 2. f h f Sin 2.e.fe

    
2 1 2 1

G h h h. he  

             4
n 1 n

2 4 2
1n n

f h .f eQ f 186624 10 .h Cos.a 2.e.f2  

The analytical solution T(x,t) for this problem is:  
 

   

        
                      

  
     

   

       
                    

 
 

 

 

1 2 2

1 2

1 2 1

1

h h h 2 t
.e 1 .e .25 .e 32 8 Sin

86400 2
.x

h h
1 .e 1 .e 1

h h h2 t
1 .e .e 32 8 Sin .e 25

86400 2

h
1 .e

T x ,t M x ,t

 
  
 

2
h

1 .e 1

 

 

It is should be noticed that this new analytical solution 
converge very quickly. Few numbers of terms are sufficient to 
have a good accuracy. In this work we use the first four terms 
(n=4). The analysis of the results of figure 3, can validate this 
choice. 

 
Fig. 3. The effect of number of terms n on the result 

accurate: (h1=40 h2=30 e=40 cm   x=0 cm a=9×10-7m2/s  
λ=1.7) 

B. Comparison with solution derived from the Laplace 
transform technic  

The validation of the analytical solution has been carried 
out with a semi analytical solution obtained by numerical 
inversion of the Laplace transform. 

First the initial condition is reformulated as: 
 

 

 

1 2

2 1 2 1
i s a

1
1 2 1 2

2 1 2
i s a

2
1 2 1 2

T x,0 A x A

with

h h h h
.T .T 0

A
h h h h

.e

h h h
1 .e .T .T 0

A
h h h h

.e





 

     
      

        


  
    

     

    
     
      


  

    
     

 

And then we apply the Laplace transform according to the 
variable time t on Eq.(8) (9) and  (10) we obtain the following 
system 

   

 
 

 
   

2
1 2

2

1 1
x 0 i

2 2
x e

A Apx,p   
. x,p x

a a ax
x,p   h h

. 0,p .T . at x 0
x .p

x,p   h h
e,p .F p . at x e

x






      

 



   
  


     

  


(47) 

The solution of Eq.(47) in Laplace space can be written as : 
 

 
   

 









  
 

     
         
        

     
      

        


  
    

     

    
     
      



q .x q .x

e .q e .q1 2 2 1

2 1 2 1
i s a

1 2 1 2

2 1 2
i s

W L .e D I .e
x ,p

h h h h
e q q e q q

h h h h
.T .T 0

1
. x

p h h h h
.e

h h h
1 .e .T .T

1
.

p

 

  
    

     

a

1 2 1 2

0

h h h h
.e

  

(48) 
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With: 



 
   

    
    

1 1
1 2 i

e .q 2

h h
A .A .T

h
W .e q

p
 

    
     

                    
 
 

2 2
1 2

2 1

e.h h
A 1 A

h h
L F p . q

p

 



    
     

                   
 
 

2 2
1 2

e .q 2 2

e.h h
A 1 A

h h
D e F p q

p

 

 
   

    
    

1 1
1 2 i

e .q 2

h h
A .A .T

h
I e . . q

p
 

 
With F[p] is the Laplace transform of the sol air 

temperature Ts-a(t) (Eq.(11)). 
The solution T(x,t) in the reel space is obtained by 

inversing numerically (Eq.(48)) using the Zakian method 
[15,16,17].This method was chosen because it converges very 
quickly and it is easy to implement on the computer. It doesn’t 

need any additional arbitrary regularization constant. In the 
case of functions with oscillatory behaviors (our case), the 
Zakian method is applicable with acceptable accurate at low 
time range[18].That is sufficient to study the validation of the 
analytical solution.  

Zakian's algorithm approximates the solution in the reel 
space using the following equation: 



  
   

    


n
j

j th
j

ma i
1

1 i 2
T ( x ,t ) e ,T ,a,b ,

t
b ,

2
Re K

t
                  

(49) 

For n=5 the constants Kj  and αj are listed in [15]  
Where : 

 i 1  
 

The  figures 4 and 5 show  the curves  given  by  the new  
analytical solution and  the solution obtained  by numerical  
inversion using  Zakian method. As we can see there is  a good 
agreement  between the two solutions. This validate the 
obtained analytical solution which in addition, it less time 
consuming. 
 

 

Fig. 4. Comparison between the analytical and the 
numerical solutions (h1=7.7   h2=25 e=30 cm   x=30cm 

a=3.6×10-7m2/s  λ=0.46) 

 
 

 
Fig. 5. Comparison between the analytical and the 

numerical solutions (h1=4   h2=3 e=20 cm   x=20cm 
a=3.6×10-7m2/s  λ=0.46) 

IV. RESULTS AND DISCUSSION 

Table- I: The thermophysical properties of the used 
materials 

Sample 
λ 

[W.m-1.K-1] 
a×10-7 

[m2.s-1] 
Cp 

[J/(kg.K)] 

 
ρ [kg/m3] 

 
Clay (CT) 0.368 3.22 706.8 1616.83 
Clay (CE) 0.34 2.99 705.9 1616.16 
Clay(CM) 0.457 3.503 690 1890.25 

Expanded 
cork [20] 

0.038 2.44 1560 
100 

A. Dynamic thermal characteristics as a function of the 
wall thickness 

Thermal resistance is a heat property and a measurement of 
a temperature difference by which an object or material resists 
a heat flow. Figure 6 shows that the thermal resistance 
increases linearly with increasing wall thickness. 

Earthen wall adduce thermal storage capacity but little 
insulation performance (low R-value).Figure 6 indicates  that 
for a large thickness wall, the thermal resistance is lower than 
the value required by the Moroccan Thermal Regulation of 
Construction (MTRC). The use of a wall, purely constructed 
of unfired clay bricks, need the use of a complementary 
insulation to reach the target values of thermal resistance 
requested in the MTRC. 

 
Fig. 6. Variation of thermal resistance as a function of 

wall thickness for the three types of unfired clay brick. 

This paragraph is devised into two part, The first part aims 
to evaluate the dynamic thermal characteristics of wall purely 
constructed from three types of unfired clay bricks in order to 
determine the optimum thickness wall to achieve a highest 
values of thermal inertia.  

 
 

https://en.wikipedia.org/wiki/Heat_flow
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The presence of mortar joints used for built unfired clay 
brick wall can be neglected in calculations[5].  

The effects of outer and inner combined convection and 
radiation heat transfer coefficient and thickness wall on the 
dynamic thermal behaviors, are studied in this part. After 
identification of the optimum thickness of earthen wall we 
will discuss in the second part the effect of application 
thermal insulation on the energy performance. The thickness 
of thermal insulation is determined in order to reach the target 
values of thermal resistance of external wall in (MTRC). 

According to the results presented in figure 7 it is noticed 
that the decrement factor decreases with increasing thickness 
wall. This result is explained by the fact that increasing the 
thickness increases the resistance to heat transfer from the 
outside to the inside. so the amount of heat transfer across the 
wall decreases with thickness. Figure 8 shows that the 
thickness makes it possible to damp the fluctuations of the 
thermal wave coming from outside. Peak-to-peak amplitude 
of the internal temperature decreases with the thickness. 
However, Peak-to-peak amplitude of the external temperature 
is almost constant (figure 9). consequently, the decrement 
factor decreases with increasing thickness. 

from figure 8, it should be noticed that for a thickness 
higher than 0.4m a large part of fluctuation is damped and the 
internal temperature becomes stable and almost constant (low 
value of decrement factor). So exceeding this value is 
unnecessary. 

 

 
Fig. 7. The effect of wall thickness on the decrement factor 

for the three types of unfired clay bricks 

 
Fig. 8. The effect of wall thickness on the internal 

temperature for the unfired clay brick (CM) 
However reducing the decrement factor can improves 

energy efficiency and reduces the energy consumption of 
earthen construction. The obtained results in this work 
demonstrate that reducing decrement factor has the effect of 
decreasing daily peak fluctuations of the thermal wave 
coming from outside which may decrease energy 
consumption in two ways. First, the attenuation of external 
temperature fluctuation will minimize the overall energy 

needed to maintain an interior set point temperature. Second, 
this effect can reduce the size requirements of the building 
heating and air conditioning equipment. Consequently, 
enabling these equipments to run at more efficient operating 
loads. 

 

Fig. 9. The effect of wall thickness on the external 
temperature for the unfired clay brick (CM) 

Time lag  as function of thickness wall of the three types of 
unfired clay bricks is shown in figure 10. It increases 
quasi-linearly with increasing wall thickness. Increasing wall 
thickness retards the penetration of the exterior thermal load 
wave inside the interior ambiance. The raison of this result is 
that the thermal storage and absorption capacity of wall 
increases with thickness. The analysis of the results in figure 8 
demonstrate that the maxima position of the internal 
temperature is shifted from the left to the right with the 
increases in thickness (phase lag increases). While this 
position remains almost fixed for the external temperature 
(figure 9).Consequently, the time lag increases with 
increasing thickness. 

 
Fig. 10. The effect of wall thickness on the time lag for 

the three types of unfired clay bricks 
The heat flux during 24 hours at the inner surface (x=0) is 
calculated by : 

 



 
  
 
 


t 24 h

x 0
0

T x ,t   
Q .dt

x
                                (50) 

As seen from Figure 11 , increasing the wall thickness 
causes a decrease in heat flux Q during 24 hours at the inner 
surface for the three types of unfired clay wall. Consequently, 
the energy consumption of earthen construction would be 
reduced with  increasing the wall thickness. While the initial 
costs of the earthen construction increases. For this reason the 
identification of optimal thickness is necessary by an 
optimization in the viewpoint of the thermal inertia 
parameters of these materials such as time lag and decrement 
factor. 
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Fig. 11. Wall thickness effect on heat flux during a day 
(24 hours) for the three types of unfired clay bricks 

In order to limit the risk of overheating during hottest 
period, It is noticed that the time lag must be have a values 
between 10 and 12 hours [5]. In this work the optimum 
thickness is defined as the thickness that conduct a low value 
of decrement factor and a time lag between 10 and 12 hours. 
The results show that the ideal thickness to reach the desired 
parameters of thermal inertia is between 30 cm and 35 cm for 
the unfired clay bricks (CT) and (CE) and between 30 cm and 
40 cm for the unfired clay brick (CM). 

A similar conclusion on the effect of thickness on time lag 
and decrement factor has reported by several 
researchers[5][8]. 

B. Dynamic thermal characteristics as a function of the 
outer and inner combined convection and radiation heat 
transfer coefficient 

Figures 12 and 14 show the variation of the decrement 
factor and the time lag as a function of inside combined 
convection and radiation heat transfer coefficients h1. In 
order to illustrate the influence of h1 the values of h2 is fixed 
at (h2=25W/m2.K and different values of h1 are considered 
for various wall thickness mad from the unfired clay brick 
(CM).The results shows that h1 affect significantly the 
dynamic thermal characteristics.  

As shown in Fig 12 that as the decrement factor decreases 
with the increase in the inside combined convection and 
radiation heat transfer coefficient h1. This result can be 
explained by the fact that the increase in h1 increases the 
convective heat flow at the inner surface, which leads to an 
increase in the cooling rate whereas, the fluctuation of inside 
temperature damps significantly. The figure 13  demonstrate 
this effect. Consequently, the decrement factor decreases with 
the increase in h1. 

 

Fig. 12. Inside combined convection and radiation heat 
transfer coefficient effect on the decrement factor for 
different wall thickness of the unfired clay brick (CM) 

 

Fig. 13. Inside combined convection and radiation heat 
transfer coefficient effect on the internal temperature  

(unfired clay brick (CM)). 

As seen as from fig 14 that the time lag decreases with h1. 
For wall thickness smaller than 40 cm the relationship 

between decrement factor and time lag with h1 can be divided 
into the three separate parts. The first part corresponds to h1 < 
25W/m2.K. In this case time lag and decrement factor 
depends severely on the variation of h1. In the second part 
time lag and decrement factor depends slightly on h1 
(correspond to 25<h1<40 )whereas in the third part time lag 
and decrement factor goes to be almost constant and can be 
considered independent of  h1 (correspond to h1>40 
W/m2.K). 

For wall thickness higher than 40 cm time lag and 
decrement factor can be considered independent of  h1. 

 

 

Fig. 14. Inside combined convection and radiation heat 
transfer coefficient effect on the time lag for different wall 

thickness of the unfired clay brick (CM). 

 

Fig. 15. Outside combined convection and radiation 
heat transfer coefficient effect on the decrement factor for 

different wall thickness of the unfired clay brick (CM). 
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The effect of outdoor heat-transfer coefficient h2 on time 
lag and decrement factor is presented in figures 15 and 16. to 
highlight this effect the values of h1 is fixed (h1=7.7 
W/m2.K) while various values of h2 and different thickness 
are investigated  for wall built from the unfired clay brick 
(CM). The results show that the time lag and the decrement 
factor is almost constant and independent on the variation of 
h2. 

   
Fig. 16. Outside combined convection and radiation 

heat transfer coefficient effect on the time lag for 
different wall thickness of the unfired clay brick (CM). 

C. Dynamic thermal characteristics as a function of the 
thermal insulation thickness 

The methodology presented in Salazar [19] for calculating 
the equivalent thermophysical properties of a multilayer wall 
is adopted here, to examine the effect of thermal insulation on 
the dynamic thermal characteristics of earthen walls. 

According to [19] the equivalent thermal conductivity is 
define as: 
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                                                                (51) 

Where v1and v2 represent the volumetric proportion of the 
wall made from unfired clay brick and the  insulating layer 
respectively  
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And  
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The equivalent heat capacity per unit volume and the 
equivalent thermal diffusivity are  then: 
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Figure 17 shows that the thermal resistance increases 
linearly with increasing insulation thickness. So adding an 
insulating layer to the earthen wall decreases the amount of 
heat transfer across the wall. It is noticed that a wall with 5 cm 

of thermal insulation meets the MTRC requirements which 
stipulates for Marrakech a thermal transmittance inferior than 
0.55 w.m-2.k-1 

 

 
Fig. 17. Variation of thermal resistance as a function of 

thermal insulation thickness for the unfired clay brick 
(CM). 

It is clear from Fig 18 that as the decrement factor 
decreases with the increase in the insulation thickness. The 
decrement factor is reduced about 91% for wall with 5 cm of 
insulation layer. Adding an insulation layer to the earthen wall 
acts as a barrier of exterior thermal load wave and permits to 
damp a large part of the temperature fluctuation. 
Consequently, the internal temperature becomes stable and 
almost constant(figure 19). 

 

Fig. 18. the effect of thermal insulation thickness on the 
decrement factor 

 

Fig. 19. the internal temperature (5cm of insulation) 

 

Fig. 20. insulation thickness effect on heat flux during a 
day (24 hours) 
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As seen from Figure 20, Using an insulation layer causes a 
decrease in heat flux Q during 24 hours at the inner surface. 
Consequently, the energy consumption of earthen 
construction would be reduced by  Adding an insulation layer. 

V. CONCLUSION 

This work presents  theoretical and experimental 
investigations to evaluate the thermophysical properties and 
the energy performance of earthen walls mad from three types 
of unfired clay bricks. From the results, it can be noted the 
conclusions below : 

1. Wall thickness and the inner combined convection and 
radiation heat coefficient (h1) affect significantly the 
decrement factor and the time lag. 

2. Time lag and decrement factor almost constant and 
independent on the variation of the outer combined 
convection and radiation heat coefficient (h2). 

3. For wall thickness higher than 40 cm time lag and 
decrement factor can be considered independent of  h1. 

4. For wall thickness smaller than 40 cm time lag and 
decrement factor decreases with increase in h1. For    h1 < 25 
W/m2.K time lag and decrement factor depends severely on 
the variation of h1.While time lag and decrement factor 
depends slightly on the variation of h1 for 25 ≤ h1  ≤ 40 
W/m2.K. Therefore, for h1>40 W/m2.K time lag and 
decrement factor can be considered independent of  h1. 

5. The optimum thickness to achieve a highest value of 
thermal inertia (low value of decrement factor and time lag 
between 10 and 12 hours) for the walls mad from the three 
types of unfired clay bricks was identified between 0.3m and 
0.4m. 

6. Decrement factor decreases with increase in thermal 
insulation thickness. 
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