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This paper presents a study on the thermal and petrophysical characteristics of porous calcarenites, sampled from a 

quarry located near the historical monument of Chellah (Rabat). 
We measured the thermal conductivity using box method and Thermal Conductivity Scanner (TCS). The sample’s thermal 

conductivity map generated by exploiting the values produced by (TCS), gives a clear view of the thermal heterogeneity of the 
studied rock. 

The measurement of mercury intrusion porosimetry shows two porous networks (macropores and micropores); the value 
of porosity is between 16,52% and 34,9%. We have also found that porosity is one of the main parameters that control the 
transfer of heat in the calcarenites of Rabat. 
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1. Introduction 

 
The first traces of the use of the Moroccan 

construction stones go back to Roman times and 
are located near the ancient cities of Volubilis, 
Lixus, Chellah. Ancient massive extractions date 
back to the time of the Almohads (XII-XIII century) 
and are particularly the calcarenites as well as the 
consolidated and metamorphosed limestones, 
which were used in the construction of their main 
historical monuments [1].  

Degradation of monumental stones is an 
unavoidable phenomenon that has been 
accelerated under the effect of humidity and urban 
pollution. Rocks are disintegrated by various 
physical, chemical, mineralogical, petrophysical and 
mechanical processes. 

The thermal conductivity of a geo-material 
(stone, rock) depends on its porosity and its 
mineralogy, these two characteristic parameters of 
the material evolve with alteration [2,3]. The 
measurement of the thermal conductivity can be 
used to characterize the alteration of the material. 
Indeed, the thermal fluctuations (daily and 
seasonal) decrease its quality and can also be the 
cause of fractures of the material’s microstructure. 
Some  minerals  have  a  high  anisotropy  of  the  

 thermal expansion, particularly the calcite which 
has a high expansion in its main axis but a 
contraction in its direction perpendicular [4]. 

In this paper we study the thermal and 
petrophysical behavior of a calcarenite rock from 
Rabat (Morocco). The study focuses on the 
measurement of the thermal conductivity by the 
box method and the thermal conductivity scanner 
TCS as well as a petrophysical analysis using 
mercury intrusion porosimetry. 

Heat transfer in a heterogeneous material is 
influenced by various factors, such as the 
distribution of solid phases, pores, and cracks. 
There are many models which express the thermal 
conductivity taking into account the geometry and 
distribution of the pores. In this study, we have 
adopted a porosity model as a function of the 
thermal conductivity average values of the sample 
heterogeneity. 

The results identify the nature of the 
calcarenite stone used in the construction of 
historical monuments of Rabat city. They show that 
the studied rock presents an important thermal and 
petrophysical heterogeneity. We have also 
demonstrated that the thermal conductivity 
depends on porosity. 
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2. Description of method of work 
 

2.1. Sampling 
The materials used in archeological Chellah 

site are numerous; one finds various limestones, 
granite, red bricks of various periods as well as 
cob. In this study, we were interested in materials 
used mainly in the Roman part for the current 
buildings and in the Islamic part for the 
monumental doors. 

These materials correspond to calcarenite 
stone, which is the stone most commonly used in 
the construction of the historical monuments in the 
city of Rabat. They are located between 
Casablanca and Larache (Morocco) (Figure 1). 
[2,5-7]. 

Geologically, it is a calcareous limestones, of 
Plio-Quaternary age in the form of a system of 
dune ridges running parallel along the Atlantic 
coast. The deposit calcarenite took place under the 
action of a substantially aeolian dynamics with 
plenty of round quartz grains mats which 
remobilized sand beach, and by the large 
horizontal stratifications [8]. Chemical analyzes of 
several samples of calcarenites Plio-Quaternary in 
the city of Rabat indicate that the main component 
of these deposits is calcium carbonate (CaCO3), its 
content varies between 50 and 57%, reflecting the 
importance of bioclasts marines. In contrast, the 
content of silica (SiO2), which is in the form of 
quartz grains, is very low [6,9,10]. 

The E tested sample is a calcarenite stone 
block of (27x27x4) cm3 dimensions (Figure 2), 
sampled from a quarry located near the historical 
monument of Chellah (Figure 3). Indeed, the most 
monuments are protected by the Moroccan 
authorities in order to keep their value and 
importance.  
 
2.2 The box method 

The measuring cell EI-700, named the box 
method, is particularly designed to determine the 
thermal conductivity and diffusivity. This method, 
developed in the Laboratory of Solar and Thermal 
Studies of Claude Bernard University Lyon 1 
[11-14], includes:  

- A strongly isolated chamber “A” is 
maintained at a low temperature (-4°C) by cooling 
water, coming from a cryostat. 

- Two identical measuring boxes, which are 
independent and isolated from the inside by 
polystyrene, allow the measurement on the 
samples of (27x27x4) cm3 dimensions.  

One box is for the measurement of thermal 
conductivity in a steady state, the other one is for 
the determination of thermal diffusivity in a 
transient state. 

The measurement of the thermal 
conductivity by the box method, in a steady state, 
consists of making two atmospheres one of them is 
hot  and  the  other is  cold  from both sides of the  

 

 
 

Fig. 1 -  Map of Morocco. 
 

 
Fig. 2 - Digital image of E Sample (27 x 27 x 4) cm3. 

 

 
 
Fig 3 - The quarry is to the altitude of 56 m (latitude: 

33,944499, longitude: -6, 729126) 
(a) Zone of quarry where the calcarenite rock (b) has 

been taken. 
(b)The rock from which the samples (dimensions:  

270x270x40 mm3) were cored. 
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tested sample: A chamber “A” is strongly isolated 
at a low temperature; and a box B is equipped with 
a heating film which is controlled by a rheostat that 
maintains temperature Tb near the ambient 
temperature Ta (Figure 4). 

The surface temperatures of the sample, 
the temperatures of the hot and cold atmospheres, 
and the ambient temperature are all measured by a 
Type K thermocouple. 

 

 
Fig. 4 - Thermal conductivity measuring Box 

 
The value of the thermal conductivity λa 

(W.m-1.K-1) is calculated using the following 
expression: 
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ST: Sample Surface (m2) 
Tc: Temperature of the hot surface (°C) 
Tf: Temperature of the cold surface (°C) 
Ta: Ambient temperature (°C) 
Tb: Temperature of the hot atmosphere (°C) 
e: Sample Thickness (m) 
V: Voltage across the heating resistance element 
(V). 
R: Heating resistance element (Ω) 
C: Coefficient of heat loss (W.C-1)  
The overall loss coefficient C is given by the 
manufacturer of the device: C = 0.16 W.C-1. 
 
2.3 TCS Method (Thermal Conductivity 

Scanner) 
The technique presented below is based on 

the temperature variation of the sample surface 
resulted from a known and controlled heat report. 
The device is therefore in the form of a mobile  

 element composed of two temperature sensors 
and a heat source, aligned parallel to the axis of 
movement, so that we can measure the 
temperature of the sample before and after 
heating. This block moves at a constant speed 
near the sample surface, along a measuring line 
and thus allows obtaining a profile of thermal 
conductivity (Figure 5). 

The sample preparation is relatively simple. 
To avoid a variation of absorption of heat due to 
the variations of colors on the surface of the 
sample, a black coat of paint is applied to the 
sample so that its coefficient of absorption is close 
to the unity. The range of the measurable 
conductivities is between 0,2 and 70 W.m-1.K-1, the 
error of measure is less than or equal to 2 % 
[15 -17]. 

To get a map of thermal conductivity, the 
sample is carefully positioned in the apparatus; the 
scanner gives the thermal conductivity 
measurement for each profile (a sample line) by 
scanning millimeter by millimeter. 
 
2.4 Mercury intrusion porosimetry 

Different techniques are used to estimate 
the values of porosity and highlight geometric 
properties of the porous network [18,19]. In this 
work, the technique used is the Mercury intrusion 
porosimetry. 

Mercury is a non-wetting fluid, the contact 
angle between mercury and the surface of the 
sample is greater than 90 °. It is therefore 
necessary to apply a pressure on mercury to 
penetrate it inside the porous network. According 
to the law of Laplace and Young, the relationship 
between the capillary radius and the pressure 
applied is: 

c
c R

P θσ cos2
=      (2) 

With: 
θ : Contact angle between mercury and solid, θ = 
140° for non-wetting fluid 
σ : Air-mercury interfacial tension (0,486 N/m at 
25°C) 
Rc : The radius of the capillary tube (µm) [2,20] 
Pc: Mercury pressure (bar) 

The capillary pressure is the pressure 
difference between the non-wetting fluid and the 
wetting fluid for mercury is: 

 

 

Fig. 5 - Thermal Conductivity Scanner (TCS). 
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vapHgc PPP −=                                            (3)  
The mercury vapor pressure cannot exceed 

the saturation vapor pressure of mercury which is 
0,002 Torr (≈ 2,6 Pa) at ambient temperature (25 
°C), we can approximate the capillary pressure 
using the mercury pressure injected fluid :  

Hgc PP ≈                                                        (4) 
Thus, each pressure corresponds to a pore 

radius of access. Replacing the constant σ and θ 
by their values in the equation (2), we obtain the 
following relationship:  

c
Hg RP 5,7=                                                 (5) 

PHg in bar and Rc in µm. 
These porosimetry measurements are 

performed using an apparatus Micromeritics Pore 
Sizer 9320 which makes it possible to inject 
mercury with pressures ranging between 0.001 and 
300 MPa. So, the access threshold ranges 
between 400 and 0.003 µm. This technique 
determines the connected porous volume and its 
distribution according to the injection pressure and 
the thresholds access.  

Cylindrical samples, of 10 mm length and 17 
mm in diameter, were dried at 60°C, weighed and 
placed in an injection cell. After a degasification 
step under a 50 µm mercury depression, the 
injection cell is filled with mercury, and then the 
vacuum is broken gradually until atmospheric 
pressure. The intrusion measurement, i.e. the 
volume of mercury injected into the sample, is 
made for low pressures (between 0.001 and 0.15 
Mpa) and for high pressures (between 0.15 and 
300 Mpa). The pressure rises are carried out in 
stages; after each stage, the injected mercury 
volume is measured. From these data, it is 
possible to determine the saturation curve 
according to the injection pressure. The precision 
of the measurements is about 4%. 

 
3. Results, interpretations and discussion 
 
3.1 Thermal conductivity: 

The measurement of the thermal 
conductivity by the box method is made in a steady 
state and requires a relatively large time (≈ 4 
hours). The measurement error, given by the 
manufacturer of the apparatus, is 10%.  

The value of the apparent thermal 
conductivity of the sample E, measured by box 
method, is: 

11..1,07,1 −−±= KmWaλ                           (6)  
3.2 Thermal conductivity map: 

270 Thermal profiles were performed on 
sample E; the data is stored in an MS Excel 
workbook as a square matrix of 255 x 255 cells. 
The values of a matrix line represent the profile of 
the thermal conductivity along a line of the sample.  

 15 lines have been omitted to avoid side effects. 
We calculated the average value of the thermal 
conductivity λm of the sample based on all the 
values of the matrix: 

11..02,073,1 −−±= KmWmλ                    (7) 
We find that the value of the apparent 

thermal conductivity measured by box method (6) 
is consistent with the value of the effective thermal 
conductivity determined by TCS (7).  

The sample’s thermal conductivity map has 
been generated by exploiting the values of the 
matrix, using a Matlab program (Figure 6). 

 

 
 

Fig. 6 - Map of sample E thermal conductivity. 
 

The Thermal map, produced by TCS, shows 
the distribution of the values of the thermal 
conductivity on the sample surface. The enclosed 
color scale shows a fairly large dispersion of the 
thermal conductivity values and thus gives a clear 
view of the thermal heterogeneity of the studied 
rock. Therefore, the mass distribution is not 
uniform on the surface of the sample; high 
conductivity region has high surface density. 

 
3.3 Mercury intrusion porosimetry 
 

 
 

Fig. 7 - The areas of 10 cylindrical samples to be studied. 
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To confirm the profiles obtained on the 
thermal map and to better understand the porous 
structure, we have superimposed the digital image 
of the sample E on the thermal map, using an 
image processing tool which allows us to select the 
areas to be studied (Figure 7). To perform the 
analysis by the mercury intrusion porosimetry 
method, 10 cylindrical samples were extracted by 
an electric core drill with a diamond crown cooled 
by water (Figure 8). 

The results of the mercury porosity analysis 
of each cylindrical sample are represented on two 
types of graphs: 

- The curves in a logarithmic scale represent 
the cumulative injected mercury volume as a 
function of the distribution of pore access ray. 

- The curves represent the injected mercury 
volume for each pore access ray. 
 

 
Fig. 8 - Ten cylindrical samples extracted by coring. 

 

 

 
 

Fig. 9 - The mercury injection Curves for 10 samples. 
 
 

 
Fig. 10 - Tangent method to determine graphically the 

thresholds access of the pores. 
 

The mercury injections Curves contain two 
inflection points (Figure 9). It explains that the pore 
volumes distribution of the sample E is bimodal 
(two families of pores are dominant). Graphically 
by the tangent method (Figure 10), we can 
determine two thresholds pores Ra1 and Ra2 
corresponding to the access pores rays which for a 
weak increment pressure give access to a large 
pore volume [21 - 24]. These results are confirmed 
by the calculated dispersion coefficient Cd equals 
1,2 for all samples [18,19,25,26]. 
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P20, P50 and P80 are injection pressures and 
R20, R50 and R80 are access radius correspond to 
the invasion of 20%, 50% and 80% of the porous 
media respectively. 

On the curves representing the injected 
mercury volume for each pore access ray, two 
thresholds pores are observed (Figure 11). 
 

 
 
 
 
 
 
 

Fig. 11 - The injected mercury 
volume for 10 
samples. 
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Table 1 
 

The results of the analysis by the mercury intrusion porosimetry 

Samples Porosity (%) Thresholds of the pores 
Ra1(µm) 

Thresholds of the pores 
Ra2(µm) 

Ech 1 16.52 16.2 0.027 
Ech 2 18.62 28.03 0.022 
Ech 3 26.37 25.14 0.037 
Ech 4 33.74 16.2 0.16 
Ech 5 25.52 74.26 0.037 
Ech 6 21.45 60.91 0.022 
Ech 7 27.94 15.64 0.06 
Ech 8 34.9 39.22 0.126 
Ech 9 25.07 54.41 0.037 

Ech 10 33.58 46.85 0.262 
 

Table 2 
 

Values of the average thermal conductivity of each area of the E sample surface as function of the values of the porosity 
Samples Ech 1 Ech 2 Ech 3 Ech 4 Ech 5 Ech 6 Ech 7 Ech 8 Ech 9 Ech 10 

λ (W.m-1.K-1) 1.78 1.87 1.66 1.52 1.53 1.62 1.35 1.45 1.53 1.32 

Porosity (%) 16.52 18.62 26.37 33.74 25.52 21.45 27.94 34.9 25.07 33.58 
 

These curves show two populations of 
pores, forming two porous networks: macropores 
and micropores. 

We observe a strong increase in porosity for 
macropores (from 5 to 300 µm) and a medium 
increase for micropores (0.01 to 1 µm). So, it can 
be concluded that the most dominant population is 
the macropores. 

In macropores family, the values of the 
thresholds access of the pores are between 15.64 
µm (Ech 7) and 74.26 µm (Ech 5). In micropores 
family, the minimum value is 0.022 µm (Ech 2 and 
Ech 6), while the maximum value is 0.262 µm (Ech 
10) (Table 1). 

Porosity of the studied rock is between 
16,52% (Ech 10) and 34,9% (Ech 8). 

 
3.4 Porosity in relation to thermal conductivity 

For each cylindrical sample, we have 
calculated the average of the thermal conductivity 
from the Excel matrix determined by TCS (Table 
2). Figure 12 shows the values of the porosity as 
function of the average thermal conductivity of the 
ten samples. The results obtained show that the 
porosity decreases when the thermal conductivity 
increases. 

 

 
Fig. 12 - Porosity of the E sample surface as function of the 

average thermal conductivity.  

 4. Conclusion 
In this paper, we have examined the thermal 

and petrophysical behavior of a calcarenite sample 
E. This type of rock is often used as construction 
material of Rabat historical monuments (Morocco). 

The value of the apparent thermal 
conductivity determined by box method is in 
accordance with the average value of thermal 
conductivity obtained by the optical method TCS. 

The thermal conductivity profile obtained by 
TCS method shows clearly the mass heterogeneity 
of sample E. The low thermal conductivity areas 
correspond to the areas of high porosity and vice 
versa. 

The results obtained by mercury porosity 
method have revealed more information about the 
petrographic structure of the sample E. They have 
shown a bimodal pore network where two pore 
access ray families coexist (micropores and 
macropores). We have concluded then that 
macropores are more dominant than the 
micropores. 

Porosity is one of the main parameters that 
affect the transfer of heat and mass in the 
calcarenites of Rabat. The heat transfer is very 
sensitive to the structural heterogeneities as well 
as the chemical composition of the material. 
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