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It is essential to study the porosity, thermal conductivity, and P-wave velocity of calcarenites, as well as
the anisotropy coefficients of the thermal conductivity and P-wave velocity, for civil engineering, and
conservation and restoration of historical monuments. This study focuses on measuring the thermal
conductivity using the thermal conductivity scanning (TCS) technique and measuring the P-wave ve-
locity using portable equipment. This was applied for some dry and saturated calcarenite samples in the
horizontal and vertical directions (parallel and perpendicular to the bedding plane, respectively). The
calcarenites were selected from some historical monuments in Morocco. These physical properties were
measured in the laboratory to find a reliable relationship between all of these properties. As a result of
the statistical analysis of the obtained data, excellent linear relationships were observed between the
porosity and both the thermal conductivity and porosity. These relationships are characterized by
relatively high coefficients of determination for the horizontal and vertical samples. Based on the
thermal conductivity and P-wave velocity values in these two directions, the anisotropy coefficients of
these two properties were calculated. The internal structure and the pore fabric of the calcarenite
samples were delineated using scanning electron microscopy (SEM), while their chemical and mineral
compositions were studied using the energy dispersive X-ray analysis (EDXA) and X-ray diffraction (XRD)
techniques.
© 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

of the successive rulers since the Romans (Fig. 1). It has many
important architectural heritages that include numerous monu-

The capital of the Moroccan Kingdom, Rabat, has been consid-
ered a world heritage site by the United Nations Educational, Sci-
entific and Cultural Organization (UNESCO) in 2012 (United Nations
Educational, 2012). It contains architectural historical monuments
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ments, such as the enclosure gates of the Kasbah Oudayas, Bab
Laalou, and Bab El Hadd, the minaret of Hassan mosque which rises
55 m and is considered one of the few remnants of this unfinished
building, and the necropolis of Chellah situated near the downtown
(Fig. 2). Thereby, the historical monuments of Rabat city in Morocco
are considered among the most important archaeological Roman
and Islamic sites (United Nations Educational, 2012). These mon-
uments are characterized by the use of calcarenite stones which are
widespread in the urban territory and the Rabat-Salé region.
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Fig. 1. Location map of the historical monuments in Rabat city, Morocco (modified
after Nattah et al., 2015).

In Morocco, conservation of the heritage and historical monu-
ments has always paid much attention to. Nonetheless, the issue of
degradation of these important landmarks persists. Several kinds of
research are being conducted in this context to raise awareness of
the need for multidisciplinary interventions and develop non-
destructive analytical methods and tests suitable for studies of
architectural heritage materials (Bellitir et al., 1998; Zaouia et al,,
2005; Asebriy et al.,, 2009; Samaouali et al., 2010; Hraita et al.,
2014; Benharbit, 2017; Rahmouni et al., 2017; El Rhaffari et al.,
2018; Benavente et al., 2022).

Several authors have examined the behavior of calcarenites of
these monuments. The textural properties of calcarenites are pri-
marily controlled by the weathering process. The geotechnical
properties and chemical composition of calcarenites, and the
presence of soluble salts in the porous system of the calcarenites
were studied in detail by Zaouia et al. (2005). A multidisciplinary
analysis involving geology, geophysics, and environmental prop-
erties of the historical monuments of Rabat was performed by

Asebriy et al. (2009) to propose an innovative restoration and
conservation technique for these monuments. In addition,
Samaouali et al. (2010) investigated the degradation processes of
calcarenite taken from the Chellah monument. They examined this
rock to evaluate the structure of the porous network, the fluid
content, and the type, distribution and amounts of the clays that
were created during the deterioration of some calcarenites
collected from the Chellah monument. The influence of sediment
bedding, porosity, and salinity concentration on salt precipitation,
as well as the evolution of calcarenite permeability and thermal
conductivity over saturating and drying cycles was studied by
Hraita et al. (2014). According to El Rhaffari et al. (2014), calcar-
enites are characterized by significant thermal and physical het-
erogeneity, and their thermal conductivity is closely related to the
porosity.

Tests can be applied, in situ and in the laboratory, to identify the
materials’ physical and thermal properties. In the case of historical
sites, the architectural heritage preservation recommends that
building stone examinations should be conducted with the least
amount of intrusion and respect for physical integrity and that a
non-destructive approach for evaluating the physical and thermal
properties of these building stones should be adopted. Optical
scanning and ultrasonic pulse velocity are two simple low cost
methods that can be applied for estimating the physical parameters
of the construction stones.

Thermal conductivity, diffusivity, and effusivity, as well as the
volumetric heat capacity, and the coefficient of linear thermal
expansion are crucial for designing soil structures such as
geothermal foundations and heat exchange systems. Consequently,
thermal conductivity is required for the study of applied geophysics
and geothermic issues such as determining the heat flow and deep
thermal regime, and reconstructing the thermal history of sedi-
mentary rocks. It is also required in various engineering and con-
struction projects, including tunnels, mineral exploration, oil and
gas extraction, as well as geothermal energy utilization.

Ultrasonic methods have been employed in geotechnical and
civil engineering for many years. They are used in geophysical field
and laboratory studies to determine the physical and thermal pa-
rameters, elastic constants, and rock weathering grades
(Ozkahraman et al., 2004; Yasar and Erdogan, 2004; Kahraman and
Yeken, 2008; Boulanouar et al., 2013; Rahmouni et al., 2013; 2017;
Madhubabu et al., 2016; Chawre, 2018).

Different factors such as mineralogical composition, grain size
and shape, presence of fluids filling the pores, density, porosity,
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Fig. 2. Historical monuments of Rabat: (a) The Kasbah Oudayas; and (b) The necropolis of Chellah.
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pore and grain anisotropies, permeability, pressure, temperature,
weathering and alteration zones, bedding planes, and fractures
influence the thermal conductivity and P-wave velocity in all rocks
(Birch and Clark, 1940; Birch, 1960; Horai, 1971; Gregory, 1976;
Gaviglio, 1989; Clauser and Huenges, 1995; Gegenhuber and
Schoen, 2012; Esteban et al., 2015; Wang et al., 2018; El Sayed
et al., 2019; El Sawy et al., 2020; Zhang et al., 2021).

The interrelationship between rock physical properties, thermal
conductivity, and P-wave velocity was investigated by several re-
searchers (Huenges et al., 1997; Ozkahraman et al., 2004; Sharma
and Singh, 2008; El Sayed, 2011; Pimienta et al., 2014; Ding and
AuthorAnonymous, 2016; Mielke et al., 2017; Salah et al., 2020;
Preux and Malinouskaya, 2021). Hartmann et al. (2005) employed
the linear regression analysis to predict thermal conductivities of
rocks using bulk density and P-wave velocity. Also, Kahraman
(2007) applied the regression analysis to examine the P-wave ve-
locity of dry and saturated rocks. They introduced some equations
that could be applied to predict the P-wave velocity of the saturated
rocks from that of the dry rocks. Boulanouar et al. (2012, 2013)
explored the relationship between porosity, thermal conductivity,
and P-wave velocity of the constructing rocks. Measuring the
physical properties, such as porosity and density, are essential for
assigning the quality of building stones. Thus, there are strong re-
lationships between the P-wave velocity and the physical proper-
ties of the calcarenite (Rahmouni et al., 2013), which would be
beneficial for people who are working in stone manufacturing
plants. Selcuk and Nar (2016) studied the relationships between the
P-wave velocity and the rebound number using simple and multi-
ple regression analyses. Mielke et al. (2017) published data on the
measurement of thermal conductivity and acoustic wave velocity of
sedimentary, carbonate, plutonic and volcanic rock samples, and
indicated that the thermal conductivity of dry porous rocks such as
volcanoes and sandstones can be predicted from their acoustic
wave velocity. Using simple regression approaches, strong in-
terrelationships between the P-wave velocities and the character-
istics of quartz-mica schist rocks were assigned (Chawre, 2018).

It is stated that the thermal conductivity and P-wave velocity are
primarily isotropic in numerous rocks, especially volcanic and
plutonic rocks (Clauser and Huenges, 1995; Ezzdine, 2009; Clauser,
2011). In contrast, many sedimentary and metamorphic rocks are
mostly very anisotropic. Hence, information about anisotropy is
often needed. In this context, many researchers have studied the
anisotropy of rocks (Popov et al., 1999; Surma and Géraud, 2003;
Vasanelli et al., 2013; Nabawy and Géraud, 2016; Shen et al., 2020;
Wang et al., 2021). Gaviglio (1989) reported that the wave velocity
also depends on how porous the material is and whether or not the
particles are arranged in an anisotropic way. Ezzdine (2009)
showed that the P-wave velocity of limestone could be measured
along two main axes of anisotropy: parallel and perpendicular to
the stratification direction. Kim et al. (2012) measured the aniso-
tropic elastic moduli, P-wave velocity, and the thermal conductivity
of three types of rocks. They declared that the anisotropy coefficient
is significant, consequently, it should be taken into account to avoid
inaccurate engineering geology applications. Macaulay et al. (2014)
suggested that the difference in thermal conductivity between the
saturated siltstone and sandstone was due to the presence of het-
erogeneity in the mineral compositions, anisotropy and densities.
When estimating the thermal conductivity of the saturated sand-
stone and siltstone, the mineralogy, density, and bedding orienta-
tion should all be considered. Wang et al. (2018) studied causes of
the thermal conductivity and P-wave velocity anisotropy coefficient
variations in oil shale and indicated that the relationship between
the thermal conductivity and P-wave velocity tends to take
anisotropy into account.

Therefore, the present work tends to investigate the relation
between the porosity, P-wave velocity, and thermal conductivity
measurements for dry and saturated calcarenite samples, which
were prepared considering two main axes of anisotropy, i.e. hori-
zontal and vertical directions (parallel and perpendicular to the
stratification, respectively). The anisotropy coefficients of the
thermal conductivity and P-wave velocity are determined by
measuring the thermal conductivity and P-wave velocity in these
two directions.

2. Materials and characterization techniques

The porosity, P-wave velocity, and thermal conductivity of 10
cubic-shaped calcarenite samples of 7 cm side length were
measured at the ambient conditions (room temperature and
pressure) in the horizontal and vertical directions.

2.1. Sampling and samples description

The monumental buildings in Rabat are mainly built of calcar-
enite, a porous sedimentary rock which belongs to the Pliocene-
quaternary coastal calcarenite located between Casablanca and
Larache (Azouaoui et al., 2000). Calcarenite is a terminology
referring to the calcium carbonate with well-developed euhedral
(idiomorphic) or well-rounded anhedral (xenomorphic) crystals of
the sand size, sometimes with a few quartz sand and clay minerals
of mud and clay sizes (Abd El-Aal et al., 2021; Safa et al., 2021;
Kassem et al., 2022). It is composed of calcium (CaCO3) with a small
percentage of silica (SiO3) in the form of quartz grains (Azouaoui
et al,, 2000; Samaouali et al., 2017; El Rhaffari et al,, 2018). The
porosity of this rock was reported to be high and varied between
18% and 36% (Rahmouni et al., 2013; Hraita et al., 2016).

2.2. Porosity

The water saturation method is used to determine the porosity
of the studied samples. The porous space that is available for water
under vacuum conditions is the definition of total porosity. Ac-
cording to AFPC-AFREM (1997), it is measured using the concept of
triple-weighing procedure.

The representative rock samples were weighed to obtain their
dry (Wqyy), fully saturated (Wsa) and hydrostatical (Whyq) masses
using a digital balance (ControLab D0627.058) of precision 0.001 g.
The samples were saturated under vacuum with degassed deion-
ized water. The Wsyt — Wayyy difference gives the weight of water
that has entered the porous network. The Wsax — Whyq difference
gives the weight of the water occupying the same volume as the
sample. This gives

Wsat = Wary = pwVpore (1)

Wsat = Whya = pwVbuik (2)

where p,, is the density of water at the temperature of the exper-
iment, Vpore is the pore volume, and Vpyik is the bulk volume of the
studied sample.

The porosity ¢ of a given sample corresponds to the volume of
pores divided by the bulk volume of the measured sample. It can be
expressed as

- Vpore - Wsae — Wdry

= = 3
? Viui Weat — Wiyq ®)




1690 A. Rahmouni et al. / Journal of Rock Mechanics and Geotechnical Engineering 15 (2023) 1687—1699

2.3. Thermal conductivity scanning method

Several experimental methods have been proposed for
measuring the thermal properties of materials (Beck, 1957; Popov
et al., 1999; Hartmann et al., 2005; Smith et al., 2013; Macaulay
et al., 2014; Nabawy and Géraud, 2016; Korte et al., 2017). The
split bar method is used on cylindrical samples with a diameter
between 30 mm and 50 mm. This technique necessitates the use of
known thermal conductivity standards. The measurement time can
be as short as 10—15 min, the measurement error is just 2%
(Blackwell and Spafford, 1987), but the surface condition of the
sample must be irreproachable to achieve the best thermal contact
(Beck, 1957; Pribnow and Sass, 1995; Popov et al., 1999). The
guarded hot plate method is used for measuring the thermal
characteristics of construction materials. It operates by forcing a
10 °C temperature difference between three parallel plates in a
symmetric design, with the cold plate in the center (typically at
15 °C) and the two hot plates above and below the samples (usually
at 25 °C). Two samples of the same material are placed in between.
The test stops when the thermal equilibrium is achieved and the
subsequently measured values of thermal conductivity are stable.
At a given temperature, several measurements needed to obtain
the validated values last about 6—7 h (Santa et al, 2017).
Abdulagatov et al. (2015) measured the thermal conductivity and
thermal diffusivity of natural sandstone samples using the laser-
flash method. In this method, the thermal system is a sample of
flat surfaces that receives on its front face a heat flux supplied by a
laser, and records the evolution of the temperature on its rear face,
either by contact with thermocouples or without contact with an
infrared detector. It is distinguished by a short measuring duration,
less than other traditional contact methods. Another technique, i.e.
heating needle, is based on the idea that there is a point source of
heat in an infinite medium (Rosener, 2007), and is in the form of a
probe included in a needle. This method permits the measurement
of thermal conductivity based on the sample’s temperature and
saturation with an uncertainty of less than 12%.

For techniques that necessitate direct contact between the
measuring probe and the sample, the contact resistances are hardly
determined because they depend on both the proper contact and
the applied physical conditions. Limiting the contact resistances,
therefore, amounts to limiting errors in the measurement (Popov
et al., 1999). In this study, we are interested in the thermal con-
ductivity scanning (TCS) method for measuring the thermal
conductivity.

Popov et al. (1985) created the fundamentals of the TCS method
and apparatus, which is considered the standard for thermal con-
ductivity measurements on rock materials. The experimental
equipment of TCS is a mobile block with two temperature sensors
and a laser heat source positioned parallel to the axis of movement.
It allows for the measurement of the sample’s temperature before
and after heating (Fig. 3). For a measurement line, the sensors and
laser heat source move at a constant speed (V = 4.99 mm/s) close at
hand the surface of the sample, which makes it possible to obtain a
thermal conductivity profile.

The two temperature sensors (T1 and T2) are used to measure
how much the energy input changes the temperature. After heat-
ing, the difference in temperature between the hot and cold sensors
is used for estimating the thermal properties of the sample. The
relationship between the temperature at x, §(x), and the thermal
conductivity (Popov et al., 1999) is given as follows:

0(x) = 5 (4)

Standard Sample Standard
Source

T2 T

| |

Fig. 3. TCS measurement principle.

where q is the source power, x is the distance between the heat
source and the sensor, and 4 is the thermal conductivity.

The thermal conductivity of the studied sample is obtained by
aligning this sample using a standard with the thermal conduc-
tivity of Astqg = 1.35 W/(m K):

10 = Tags (5)

The range of measured conductivity values is between 0.2 W/(m
K) and 70 W/(m K), and the measurement error is less than 3%
(Popov et al., 1999).

The sample preparation procedure in this study is quite simple.
A layer of black paint is applied to the surface of the sample to avoid
avariation in heat absorption due to color variations on the surface
of the sample. To perform a measurement, it suffices to position the
sample as well as the two standards on the apparatus (Fig. 3).
Measurements can be performed on multiple samples at once using
a computer-controlled system.

2.4. P-wave velocity measurements

P-wave velocity is primarily dependent on the elastic properties
which are influenced by some variables, including mineral
composition, density, porosity, stress, pore pressure, fluid type,
saturation, and pore shape (Nur and Simmons, 1969; Nur, 1971; Han
et al,, 1986; Kassab and Weller, 2015; Yu et al., 2016; Salah et al.,
2020).

The P-wave velocity (Vp) was calculated by measuring the ul-
trasonic wave velocity through the sample. For this objective, a
digital ultrasonic testing instrument Proceq TICO was used. At room
temperature and normal pressure, the P-wave velocity (Vp) was
measured for each sample. It was determined by the tester that
processed the arrival time of the wave between the transmitter and
the receiver. It has a set of cylindrical piezoelectric transducers with
a frequency of 54 kHz. A shear gel was used to improve the
connection, which conformed to the recommendations of the
International Society for Rock Mechanics (1978) for the P-wave
velocity measurements of rocks.

2.5. Anisotropy coefficient

Even if a material is composed of strongly anisotropic minerals,
it is usually either isotropic or anisotropic. If there is anisotropy, it
means that the values of the directional physical properties of rock,
such as thermal conductivity and P-wave velocity, change
depending on how the samples are oriented (parallel to the
bedding plane in the horizontal direction while the other is
perpendicular to the bedding plane in the vertical direction). The
measured thermal values in the directions parallel (4,,) and
perpendicular (4, ) to the bedding plane are used to determine the
thermal anisotropy coefficient (Jorand et al., 2013):
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A
=3t (6)

where A, is the anisotropy coefficient of the thermal conductivity.

For the P-wave measurements, the following expression was
used to estimate the anisotropy coefficient of P-wave velocity
(Kassab and Weller, 2019):

Vp
Av, =yt (7)

where Ay, is the anisotropy coefficient of the P-wave velocity; and
Vp,, and Vp  are the P-wave velocities in the directions parallel and
perpendicular to the bedding plane, respectively.

The determined physical properties and the anisotropy co-
efficients of thermal conductivity and P-wave velocity for dry and
saturated samples are presented in Tables 1 and 2.

2.6. Scanning electron microscopy and energy dispersive X-ray
analysis techniques

For delineating the microstructures and the chemical compo-
sition of the studied samples, some additional samples were
selected representatively, imaged using the scanning electron mi-
croscope (SEM), and analyzed using the energy dispersive X-ray
analysis (EDXA) technique. Samples were prepared firstly by
coating them with a thin layer of carbon to improve the images’
quality. Therefore, caution should be considered during interpret-
ing the C and O, contents. Imaging was applied at a high vacuum
with 10 kV voltage and magnification power of 500—2000. The
scanning microscopy is supported by the EDXA tool so that imaging
and the chemical analysis were performed contemporaneously in
such a way that EDXA was applied for a shot spot selected from the
image area. Two EDXA spots were considered for each sample, i.e.
the vertical and horizontal directions (Table 3). Delineating the
internal structures of porous samples and checking their chemical
composition using EDXA were successfully applied by many au-
thors (Safa et al., 2021). To support the EDXA results and inter-
pretation, the scanned and EDXA analyzed samples were also
investigated using the X-ray diffraction analysis (XRD) technique to
define and reveal the mineral composition of the bulk samples
using EMPYREAN diffractometer system at 4.02—11.2 keV. The data

Table 1
The thermal conductivity, anisotropy coefficient, and porosity of the calcarenite
samples.

Sample Aq, (W/(m A4/, (W[(m Ay (W/(m A, (W/(m Ay Ay ¢ (%)
K)) K)) K)) K))

1 1.227 1.185 1.905 1.989 0.97 1.04 19.62
2 1.198 1.149 1.822 1.94 0.96 1.06 22.31
3 1.102 1.052 1.794 1.851 0.95 1.03 25.69
4 1.068 0.971 1.761 1.803 0.91 1.02 27.86
5 1.005 0.899 1.731 1.71 0.89 0.99 29.82
6 0.884 0.802 1.69 1.746 0.91 1.03 31.07
7 0.876 0.768 1.681 1.667 0.88 0.99 33.5

8 0.946 0.866 1.716 1.75 0.92 1.02 34.6

9 0.912 0.852 1.675 1.688 0.93 1.01 35.07
10 0.87 0.79 1.673 1.69 0.91 1.01 35.83
Mean 1.009 0.933 1.745 1.783 0.92 1.02 29.54
Min 0.87 0.768 1.673 1.667 0.88 0.99 19.62
Max  1.227 1.185 1.905 1.989 0.97 1.06 35.83
SD 0.133 0.15 0.076 0.111 0.03 0.02 5.59

Note: SD is the standard deviation; Min and Max mean the minimum and maximum
values, respectively; and subscripts ‘d’ and ‘s’ denote the dry and saturated samples,
respectively.

Table 2
The P-wave velocity and anisotropy coefficient of the studied samples.

Sample Vpg, (km/s) Vpq,, (km[s) Vps, (kmfs) Vps;, (km[s) Ay, Ay,

1 437 4.18 4.5 4.26 096 0.95
2 4.2 4 4.39 4.2 095 0.96
3 3.8 3.56 4.1 3.87 094 0.94
4 3.94 3.55 4.04 3.75 09 093
5 3.83 342 3.88 3.46 0.89 0.89
6 3.52 3.1 3.69 3.34 0.88 0.91
7 3.64 3.15 3.55 3.21 0.87 09

8 3.45 3.12 3.78 343 09 091
9 3.61 3.27 3.65 33 091 09

10 3.49 3.09 3.72 3.37 0.89 0.91
Mean 3.79 3.44 3.93 3.62 091 0.92
Min 345 3.09 3.55 3.21 0.87 0.89
Max 4.37 4.18 4.5 4.26 0.96 0.96
SD 03 0.38 0.32 0.37 0.03 0.02

were identified according to the PANalytical XRD software. The
samples were ground carefully to an adequate size and then
analyzed in the range of 26 up to 90°. Results of the XRD data
interpretation are presented in Table 4.

3. Results and discussion

In this study, the physical properties measured for dry and
saturated calcarenite samples are the porosity (¢), thermal con-
ductivities in the horizontal and vertical directions (4,, and 4, ) and
P-wave velocities in the horizontal and vertical directions (Vp,, and
Vpo)

Generally, porosity affects the physical properties such as den-
sity, thermal conductivity, seismic velocity, permeability, pore size,
and pore size distribution. The mean porosity obtained by aver-
aging all porosity data is 29.54%. Table 1 displays porosity values
ranging from 19.62% to 35.83% for all the studied samples, indi-
cating that the sample compositions are heterogeneous.

Thermal conductivity values were determined for all the studied
dry and saturated samples in both the horizontal and vertical di-
rections. The horizontal conductivity (4,,) in the dry and saturated
states ranges from 0.768 W/(m K) to 1.185 W/(m K) and from
1.667 W/(m K) to 1.989 W/(m K), with the average of 0.933 W/(m K)
and 1.783 W/(m K), respectively. The vertical conductivity values
range from 0.87 W/(m K) to 1.227 W/(m K) and from 1.673 W/(m K)
to 1.905 W/(m K) in dry and saturated states, with the average of
1.009 W/(m K) and 1.745 W/(m K), respectively. The thermal con-
ductivity values of the saturated samples are much higher than that
of dry samples (Table 1). The anisotropy coefficient of thermal
conductivity is obtained from Eq. (6) for all samples. This anisot-
ropy coefficient refers to the ratio of conductivities in two main
directions, i.e. parallel and perpendicular to the bedding plane. The
anisotropy coefficient varies between 0.88 and 0.97 for dry samples
and between 0.99 and 1.06 for saturated samples.

The vertical velocity (Vp, ) of most calcarenite samples studied
is slightly greater than the horizontal velocity (Vp,,). In the dry and
saturated states, the vertical P-wave velocity ranges from 3.45 km/s
to 4.37 km/s and from 3.55 km/s to 4.5 km/s, while the horizontal P-
wave velocity ranges from 3.09 km/s to 4.18 km/s and from
3.21 km/s to 4.26 km/s, respectively. The average vertical velocity is
3.79 km/s and 3.93 km/s for the dry and saturated samples, and the
corresponding average horizontal velocity is 3.44 km/s and
3.62 km/s, respectively (Table 2). All samples show similar P-wave
anisotropy coefficient in both dry and saturated states, with values
ranging from 0.87 to 0.96.

Principally, the thermal conductivity of rocks is controlled by
their mineralogical composition, porosity, texture, and pore fluids.
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Table 3
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The chemical analysis (in mass %) and mineral composition of the studied samples using the EDXA technique. Analysis was applied to some spots in the same imaged sample to
reveal the overall composition.

Sample C (0] Mg Al Si Ca

S-2 1 41.55 + 0.12 2945 +0.23 0.52 + 0.44 2.08 + 0.06 59 + 0.1 20.49 + 0.28
S-2// 39.82 +0.11 29.59 + 0.27 - 0.54 + 0.04 1.03 + 0.05 29.02 + 0.35
S-2 Av. 40.69 + 0.12 29.52 £ 0.25 0.26 +£0.22 1.31 £ 0.05 3.47 £ 0.08 24.76 £ 0.32
S-4 1 23.87 £ 0.09 37.66 +0.28 — 0.52 + 0.04 232 £+ 0.07 35.64 + 0.37
S-4// 24.4 £0.12 35.52 4+ 0.32 0.39 + 0.04 1.3 + 0.06 5.81 +0.12 32.59 + 0.43
S-4 Av. 24.14 £ 0.11 36.29 + 0.3 0.2 + 0.02 0.91 + 0.05 4.07 + 0.09 34.11 £ 04
S-7 1 28.71 £0.12 49.48 + 0.36 - 1.1 £ 0.06 1.61 + 0.08 19.1 £ 035
S-7]/ 32.43 £+ 0.24 49.1 + 0.67 - - 1.92 +0.16 16.55 + 0.61
S-7 Av. 30.57 + 0.18 49.24 + 0.52 - 0.55 =+ 0.03 1.77 £ 0.12 17.83 +£0.48
S-10 L 24.17 £0.14 38.97 £ 0.45 - - 2.11 £0.11 34.75 + 0.59
S-10// 38.76 + 0.22 35.53 4 0.52 - - 1.66 + 0.12 20.36 + 0.57
S-10 Av. 31.47 £ 0.18 37.25 + 0.49 - - 1.89 + 0.12 27.56 + 0.58

Note: L and//refer to the measurements in the direction perpendicular and parallel to the bedding plane, respectively; and Av. Denotes the average value.

Table 4
The mineral composition of the studied samples based on the XRD interpretation.
Sample Mineral composition (%)
Calcite Quartz
2 94.02 5.98
4 94.61 5.39
7 94.54 5.46
10 97.97 2.03

In both the horizontal and vertical directions, the thermal con-
ductivity of the studied samples is displayed as a function of
porosity in Fig. 4.

The relationship between the porosity and the thermal con-
ductivity indicates that the thermal conductivity decreases as the
porosity increases. In the literature, some correlations have been
presented to determine the porosity of rocks employing thermal
conductivity data (Popov et al., 2003; El Sayed, 2011; Boulanouar
et al., 2012; Korte et al., 2017; Zerrouki et al., 2019). In the direc-
tion parallel to the bedding plane, Popov et al. (2003) discovered a
relationship between the thermal conductivity and porosity of
limestone and sandstone with regression coefficients of 0.97 and
0.9, respectively. According to Ozkahraman et al. (2004), the ther-
mal conductivity versus porosity of sedimentary rocks has a cor-
relation coefficient of 0.97. Boulanouar et al. (2012) found a linear
relationship between dry and saturated rock properties, with cor-
relation coefficients of 0.91 and 0.68, respectively. For sedimentary
rocks, Zerrouki et al. (2019) estimated the correlation coefficients
between the thermal conductivity and porosity, 0.44 for cemented
samples and 0.73 for uncemented samples.

In this study, the relationship between the thermal conductivity
and porosity can be represented by the following equations:

ha; = 1.680 —0.025¢ (R2 - 0.88) (8)
Aq, = 1.682 —0.022¢ <R2 - 0.9) (9)
Ay = 2336 - 0.018¢ (R? = 0.89) (10)
A, = 2.130 — 0.013¢ <R2 - 0.91) (11)

where R? is the coefficient of determination.
The P-wave velocity depends on various characteristics,
including mineral composition, porosity, presence of cracks and

fractures, and fluid content. In both the horizontal and vertical di-
rections, the results of P-wave velocity measurements versus
porosity are shown in Fig. 5. Several correlation equations have
been developed to evaluate the porosity of rocks based on P-wave
velocity measurements (Martin and Brown, 1996; Koesoemadinata
and McMechan, 2004; Boulanouar et al., 2013; Kassab and Weller,
2015; Yu et al.,, 2016; Chawre, 2018; Salah et al., 2020; Miah,
2021). Good coefficients of determination have been identified
(R? = 0.9, 0.86, 0.89, and 0.88 for dry and saturated samples,
respectively), indicating that a reliable estimation of the porosity of
the studied samples may be derived from P-wave velocity data
using the proposed equations:

Vpay, = 5.377 — 0.065¢ <R2 - 0.9) (12)
Vpg, = 5314 -0.051¢ <R2 - 0486) (13)
Vps/, = 5.516 — 0.064¢ (R2 - 0.89) (14)
Vps, = 5.535— 0.054¢ (R2 - 0,88> (15)

Many researchers have previously correlated the P-wave ve-
locity and thermal conductivity using regression analysis
(Ozkahraman et al, 2004; El Sayed, 2011; Kim et al, 2012;
Boulanouar et al., 2013; Esteban et al., 2015; Wang et al., 2018; El
Sayed and El Sayed, 2019). In this study, good relationships be-
tween the P-wave velocity and thermal conductivity in the hori-
zontal and vertical directions are observed, as shown in Fig. 6. It is
found that the increase in the thermal conductivity increases the P-
wave velocity. The following equations can be used to describe the
fitting lines:

Vea, = 1.123 + 24861y, (R? = 0.92) (16)
Vg, = 1.611 4215424, <R2 - o.se) (17)
Vps/) = —2.54+3.461)s/, (R2 - 0.89) (18)
Vps, = —3.191 +4.0814, (R2 = 0.93) (19)

The correlations between the directional parameters, i.e. the
thermal conductivity and P-wave velocity in both the vertical and
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horizontal directions for dry and saturated samples are illustrated
in Fig. 7. The cross plot between the horizontal thermal conduc-
tivity (4,/) and the vertical thermal conductivity (4, ) shows that
the vertical thermal conductivity is greater than the horizontal
thermal conductivity in the dry state (Fig. 7a). In saturated state, the
horizontal thermal conductivity is greater than the vertical thermal
conductivity for the majority of samples. Implication of water
saturation on the thermal conductivity anisotropy coefficient is
shown in Fig. 7a. Saturating the calcarenite samples with degassed
water caused the thermal anisotropy coefficient values to shift
much closer to the unity (isotropic line) than that of the dry sam-
ples, i.e. saturating the studied samples with water reduced their
thermal anisotropy coefficient. Dry samples are more thermally
anisotropic than the saturated samples. Several experimental
studies (Clauser and Huenges, 1995; Popov et al., 2003; Gruescu
et al,, 2007) revealed that the pore form and water saturation de-
gree affect the thermal conductivity. Clauser and Huenges (1995)
and Gruescu et al. (2007) found that for clays, the closer the pore
shape is to spherical, the less the conductivity is influenced by
saturation, and the more flattened the pore shape is, the greater the
effect of water saturation is. The results of the measurements
described in the work of Popov et al. (2003) showed that for
saturated porous rocks, thermal conductivity values are larger
compared to dry rocks. Wang et al. (2018) measured the thermal
conductivity of dry oil shale in the directions perpendicular and
parallel to the bedding planes. The results showed that the con-
ductivity values are higher in the parallel direction.

The cross plot of the horizontal P-wave velocity (Vp,,) versus the
vertical P-wave velocity (Vp, ) (Fig. 7b) reveals that the vertical P-
wave velocity is greater than the horizontal P-wave velocity for all
dry and saturated samples. Many researchers have investigated the
vertical and horizontal variations of P-wave velocity (Martin and
Brown, 1996; Koesoemadinata and McMechan, 2004; Kahraman,
2007; Ezzdine, 2009; Wang et al., 2018; Kassab and Weller, 2019;
Zerrouki et al., 2022). Kahraman (2007) conducted ultrasonic tests
perpendicular to the bedding plane for sedimentary rocks. The
obtained results showed that the P-wave velocity in saturated
samples was greater than that in dry samples. Wang et al. (2018)
determined the P-wave velocity of dry oil shale in the vertical
and horizontal bedding directions, and the results indicated that
higher values of the P-wave velocity were obtained in the hori-
zontal direction. Kassab and Weller (2019) presented experimental
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results measuring the P-wave velocity of dry carbonate rocks. They
found that the vertical velocity was slightly greater than the hori-
zontal velocity.

Fig. 8a shows that there is a very good direct proportional
relationship between the thermal conductivities of dry and satu-
rated samples in the horizontal and vertical directions, with co-
efficients of determination of R? = 0.92 and 0.93, respectively. This
means that the thermal conductivity of saturated samples can be
predicted from the thermal conductivity of dry samples according
to the following equations:

Ay = 11194 0.7112g, (R2 :0.92) (20)

ds. = 1.188+ 0551, (R2 - 0.93) (21)

The relationship between the P-wave velocities of dry and
saturated samples, as indicated in Fig. 8b, shows a good propor-
tional relation with coefficients of determination of R?> = 0.91 and
0.84 in the horizontal and vertical directions, respectively.

From the P-wave velocity of dry samples, it is possible to predict
the P-wave velocity of saturated samples. These relationships are
shown below:

Vps/; = 0.377 +0.941Vpq,, (R2 - 0.91) (22)

Vps, = 0.321+ 0.953Vpy, (R2 = 0.84) (23)

Fig. 9 illustrates the relationship between the anisotropies of P-
wave velocity and thermal conductivity for dry and saturated
samples. As a result of P-wave velocity and thermal conductivity
studies, it is possible to identify and differentiate between the
structural and cracking anisotropies. Results show that the
anisotropy of thermal conductivity is directly related to the
anisotropy coefficient of the P-wave velocity, with coefficients of
determination of R?> = 0.91 and 0.8 for dry and saturated samples,
respectively. These findings are useful because they can be used to
estimate the anisotropy of a given property. The anisotropy co-
efficients of the P-wave velocity and thermal conductivity are
therefore correlated to each other, and can be estimated as follows:

4.6

®  Dry samples P
® Saturated samples »

:h
N
1

=

[N}
1
o

=
o
1

Wi
~ o
1 1
ol
=]

©
N
1

30 T T T T T ¥ T T
30 32 34 36 38 40 42 44 46

P-wave velocity, V;,, (km/s)
()

Fig. 7. The cross plots (a) between the horizontal thermal conductivity (4,/) and the vertical thermal conductivity (4, ) and (b) between the horizontal P-wave velocity (Vp,,) and

the vertical P-wave velocity (Vp, ) for dry and saturated samples.
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Ay, = (24)

—0.0163 + 1.0025A,4 (R2 = 0.91)

Ay, = —0.0757 + 0.9761A; (R2 = 0.8) (25)

SEM is a successful technique for revealing the microstructures
of the studied samples. Imaging sample S-2 indicates a highly
porous structure with intergranular porosity and many intersecting
pore channels and vugs (Fig. 10a). Crystals are primarily in the
pseudo sparite sizes (17.5—28 pm, Fig. 10a). Micrite to micro-sparite
sizes (calcilutite, 1.9—5.18 um, Fig. 10b) are also encountered indi-
cating a secondary phase of diagenetic cementation by Ca-bearing
solutions. Dissolution and leaching out the cement of this sample
may be indicated by the presence of some microfossil relics
(500 um length) and fossil molds increasing the secondary porosity
value (Fig. 10c). For sample S-4, crystallization seems to be more
well-developed than sample S-2 with dominated pseudo sparite
crystal sizes (12.96—34.94 pm, Fig. 10d) and intercrystalline
porosity slightly reduced by the developed tinny micrite (calcilu-
tite) filling the pore spaces (1.14—2.11 pum, Fig. 10e). Also, traces of

dolomicrite (dololutite) crystals and clay minerals (mostly kaolinite
booklets) are present as attachments to the crystals’ surface and as
a pore-filling material. The crystal size of sample S-7 is much
coarser than the other samples, where the crystals are described as
well-developed sparite to micro-sparite crystals (36.28—82.92 um,
Fig. 10f), which seem to adhere to each other with relatively low
intercrystalline porosity (negligible to poor porosity (<10%),
Fig. 10f). For sample S-10, the crystal size decreases to the pseudo
sparite sizes. Surfaces of the sparite crystals are covered by many
tiny micrite crystals and micro-sparite crystals (calcilutite) as a
diagenetic cementation phase (Fig. 10g). Pore spaces are filled by
many tinny crystals and clay minerals as a pore-filling material, i.e.
porosity has been improved (15%—20%, Fig. 10h).

Thereby, the SEM studies indicate different pore types (inter-
granular, pore molds, vugs, and microfractures), which are scat-
tered randomly. Also, it is worth mentioning that the thermal and
sonic anisotropies of the saturated samples depend on the spatial
distribution of the crystals and the pore spaces, while in the dry
state, anisotropies are dependent only on the spatial distribution of
solid constituents (crystals). This means that the final anisotropy
coefficient values of the saturated calcarenite samples are primarily
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attributed by two anisotropic components, namely the crystal
network and the spatial distribution of the pore space network
which is complicated and highly connected due to the high porosity
values of the studied calcarenite (19.62%—35.83% with the average
of 29.54%, Table 1).

Eventually, the EDXA of the studied samples indicates the
dominance of calcite composition (CaCOs) in all samples with a
small sand and clay content (Table 3 and Fig. 11). The absence of
potash feldspars and plagioclase or the presence of some relics of

(b

Fig. 10. Revealing the microstructures of the studied samples using SEM techniques: (a—c) Sample S-2; (d, e) Sample S-4; (f) Sample S-7; and (g, h) Sample S-10.

their altered crystals (Table 3 and Fig. 10) may be the reason for the
presence of a few traces of Al-silicate clay content. However, the
highest sand content is assigned for samples S-2 and S-4 (Fig. 11a
and b) with traces of dolomite or Mg-rich calcite in these two
samples (Table 3). Concerning the EDXA results of S-7 and S-10, it is
stated that these two samples are chemically and mineralogically
homogeneous in composition. Therefore, the mineral composition
impact and the spatial distribution of grains/crystals on the
anisotropy coefficient of dry samples are somewhat limited.
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Fig. 11. The chemical composition of the analyzed samples using the EDXA technique applied for samples (a) S-2, (b) S-4, (c) S-7, and (d) S-10.

Similarly, the XRD data interpretation of the bulk samples in-
dicates that the studied samples are mineralogically homogeneous
with a dominance of the calcite composition (~94.5%, Table 4).
However, the sample 10 indicates a slight increase in the calcite

content (~98%, Table 4)
the physical behavior o

which is considered ineffective to control
f this sample. The counts versus 26 plot

indicates sharper counting peak of the calcite at 26 of ~29° for
sample 10 than that for sample 2, and less sharpening peak for the

main quartz peak at 26

of ~26.6° (Fig. 12). However, the slight

difference in the physical behavior of this sample should be
attributed to a slight increase in the effective porosity (35.85%,
Table 1) than the other samples due to the dissolution and leaching
out process as a predominate diagenetic factor.

4. Conclusions

(1) The internal crystal structure and the pore network spatial

distribution were imaged using SEM, which indicated that
most samples are composed of calcarenite (sparite) crystals
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with some calcilutites (micrite) with low contents of quartz
grains and clay minerals. The pore network is highly con-
nected but also highly complicated in three-dimensional
(3D) cases, which is composed of intergranular, intercrys-
talline, microfractures, and vuggy pore spaces.

(2) The thermal conductivity and P-wave velocity measure-

ments are performed on dry and saturated samples in the
horizontal and vertical directions relative to the bedding
plane.

(3) The TCS technique allows the estimation of the thermal

conductivities of the studied samples. The results indicate
that the thermal conductivity of calcarenites decreases with
increasing porosity and that the water saturation has an
impact on the thermal conductivity. These results indicate
that the thermal conductivity of the calcarenite is dependent
on its porosity, pore network structure, and the interstitial
fluid saturation.

(4) The P-wave velocity measurements reveal that the sonic

velocities of the saturated samples are greater than those of
the dry samples. Besides, the P-wave velocity of the dry and
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Fig. 12. The mineral composition of the analyzed samples based on the XRD data applied for samples (a) S-2 and (b) S-10.
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saturated calcarenites decreases as the porosity increases.
The thermal conductivity and P-wave velocity versus
porosity plots for the dry and saturated samples indicate the
dependence of both parameters on the porosity, where the
obtained best-fit lines for these two plots are characterized
by high coefficients of determination.

(5) The thermal conductivity and P-wave velocity values are
higher in the saturated state than those in the dry state.
However, plotting the thermal conductivity and the P-wave
velocity for the dry samples against those for the saturated
samples indicates that values of these two parameters in the
saturated state are closely related to the corresponding
values in the dry state. This is due to the fully-saturated pore
network system in the velocity and thermal conductivities of
the saturated samples. However, somewhat similar anisot-
ropy coefficients are obtained for the P-wave velocity and the
thermal conductivity values for all dry and saturated samples
(with the ratios of average values of Ay,, : Ay, = 0.91: 0.92
and A;q: A;s = 0.92:1.02, respectively). The EDXA results
indicated that the studied samples are chemically homoge-
neous and in turn homogenous in their mineral composition.
This means that the anisotropy coefficient of the calcarenite
samples in the dry state is relatively low due to the homo-
geneity of their solid components.

(6) The XRD data interpretation supported the EDXA technique,
where it revealed the homogeneity in the mineral compo-
sition of the studied samples (with the calcite content of
94.02%—97.97%).

(7) The strongest correlations were obtained between thermal
conductivity and P-wave velocity anisotropies. These results
can be used to estimate the anisotropy coefficient of other
physical properties when the anisotropy coefficient of a
related property is known.

(8) Measurements of the thermal conductivity and P-wave ve-
locity may be used to estimate the porosity as well as the
anisotropy coefficient. It is important to consider the con-
servation and restoration of historical monuments in this
setting, which allows the existence of a quantifiable quantity
on the site at a low cost and without causing any damage.
This is a very interesting point because the P-wave velocity
can be directly linked to the porosity and thermal
conductivity.
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