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ABSTRACT 
OF THE THESIS OF 

 
Hassan Ali Jaber   for  Master of Science 
      Major: Chemical Engineering   
 
Title: The effect of temperature on the mechanical and petrophysical properties of 
sedimentary rocks from Lebanon 
 
Assessing the geomechanical and petrophysical properties of rocks under in-situ 
environmental conditions is required to enhance industrial processes such as oil and gas 
drilling, carbon storage, nuclear waste storage, and building underground facilities. 
Studies have shown that temperature alters these properties differently at various 
temperature ranges. Hence, this work aims at assessing the effect of temperature on the 
Unconfined Compressive Strength (UCS), Young’s modulus, Poisson’s ratio, 
compressional wave velocity, porosity, and permeability of sandstone and carbonate 
rocks collected from southern Lebanon. Sandstone and limestone samples were 
collected from four locations in the areas of Bisri and Jezzine. Cylindrical core samples 
of diameter 44 mm and length 88 mm were drilled to assess both the static properties 
and the compressional velocity, while samples of one-inch diameter were cored to 
measure the rock’s petrophysical properties.  First, rock types were identified via thin-
sectioning and SEM imaging and analyses. Then, stress-strain curves, UCS, Young’s 
modulus, Poisson’s ratio and rock compressional velocity were obtained via uni-axial 
compression test and ultrasonic measurements. Permeability and porosity were 
measured using a gas-permeameter and a Helium-porosimeter, respectively. Properties 
are calculated for temperatures that range between 25oC and 900oC. The SEM and the 
thin sectioning analyses confirm that the collected rocks are mainly bioturbated 
limestone, bioturbated siliceous limestone, bioclastic intraclastic sandstone and quartz 
arenite. The effect of temperature on the static properties is different for sandstone and 
carbonate rocks. For carbonates, the variation of the UCS, Young’s modulus and 
Poisson’s ratio with temperature is not continuous due to the complex structure of the 
rocks, whereas for sandstone samples, these properties decrease slightly between 25 and 
100oC, and then increase for higher temperatures. For all rocks, the compressional 
velocity decreases when temperature increases because of the generation of thermal 
cracks and expansion of intragranular pores. However, the decrease of compressional 
velocity for carbonate rocks is noticeable for temperatures above 300oC whereas that of 
sandstone sample is continous. Furthermore, we observe that permeability decreases 
between 25oC and 85oC because of the narrowing of pre-existing intergranular micro-
cracks caused by the thermal expansion of the porous solid matrix. Beyond 85oC, the 
permeability increases with temperature as thermal cracks form creating interconnected 
pathways. The porosity of rocks, however, increases continuously as temperature 
increases because porosity is controlled by both the inter- and intra-granular pores and 
the presence of cracks which expand as temperature increases.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 
 

With the increase in energy demand, a great focus is given on finding the best 

ways to bestow the industry needs. To assure an optimized consumption and handling 

of underground resources and potential, researchers conducted multiple nuclear waste 

and carbon storage, petroleum, and geothermal underground engineering projects 

(Lintao et al., 2017). In this quest, massive drilling operations were required. The 

drilling of underground facilities is not an easy task due to many onsite problems such 

as pipe sticking, borehole and underground instability and formation damage. The 

dilemma was that such facilities are created at underground depths that reach up to 7000 

m (Lake & Azar, 2007). Hence, it is important to characterize the rock properties to 

ensure safe and efficient drilling and hydraulic fracturing operations (Yehya et al., 2022, 

Khadijeh et al., 2022). These characteristics include rock mechanical properties and 

petrophysical properties such as porosity and permeability. However, as we move more 

in depth, these properties are affected by a variety of in-situ conditions such as 

temperature, pressure, saturation, and salinity. Studies were conducted to test the effect 

of in-situ conditions on different rock properties (Lu et al., 2016, Maruvanchery & Kim, 

2019, Chen et al., 2020, Wu et al., 2021). Temperature, which yields rock properties 

alteration, was also tested, yet variable findings considering the level of its effects on 

rocks was noticed. The analysis of the effect of temperature on the mechanical and 

petrophysical properties of rocks showed varying results in the literature due to the 

complexity and variability of the rock structure (Wei et al., 2019). 



 

 11 

As it is well known, as depth increases, temperature does as well. Petroleum 

reservoirs, for example, are located in areas where the temperature typically varies 

between 80 and 170°C and can sometimes go higher, geothermal reservoirs are located 

in areas with temperatures above 120°C, and nuclear facilities might rise to a 

temperature of 900°C (Smelror et al., 2014). Furthermore, in the case of geothermal 

wells or oil and gas wells, the rocks are constantly undergoing variations of temperature 

due to hydraulic fracturing and to the circulation of a working fluid used to extract the 

heat from the underground formations.  

The first oil and gas exploration well was drilled offshore Lebanon in 2019 

(LPA Group., 2020), moreover, studies have been conducted to study the potential of 

Lebanon for geothermal energy production (Shaban & Khalaf-Kairouz, 2012). Hence, 

there is a timely demand to characterize the properties of formations encountered in 

Lebanon and more specifically to assess the effect of in-situ conditions on these 

properties. Studies have been conducted to test the petrophysical and mechanical 

properties of rocks in Lebanon (Mrad et al., 2017, Salah et al., 2020). Mrad et al. (2017) 

studied the static mechanical properties of limestone rocks. They found that the 

limestone rocks collected from Lebanon have a Young’s modulus that follows a linear 

normal distribution with a mean of 48.2 GPa and standard deviation 8.8 GPa (Mrad et 

al., 2017). Furthermore, Salah et al. (2018, 2020) calculated the petrophysical and 

acoustic properties of samples from Jurassic and Cretaceous rocks to characterize the 

lithology and mineralogy of rocks found in Lebanon. They then correlated the variation 

of the compressional wave velocity with porosity. (Salah et al., 2018, 2020). In these 

studies, the effect of temperature on the properties of the sandstone and carbonate rocks 
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was not conducted. Moreover, the static and dynamic elastic properties of the rocks 

were not measured concurrently. 

Furthermore, rock elastic properties (Young’s modulus, Poisson’s ratio, 

modulus of rigidity, bulk modulus, compressibility, shear modulus, etc.) are needed for 

the analysis, assessment and design of rock excavation projects. They are also used in 

modeling techniques to predict the rock’s behavior under varying stress, pressure, and 

temperature conditions.  Static and dynamic measurements can be used to calculate the 

rock elastic properties (Li et al., 2021). Although the static properties better describe the 

rock, drilling deep wells make it quite challenging to obtain static elastic properties 

(Kareem et al., 2020). Dynamic measurements are used instead by acquiring acoustic 

well logs, then, the static measurements are inferred from dynamic measurements using 

empirical correlations (Fjaer, 2018). The limitation of empirical correlations is that they 

are zone/formation dependent, hence each formation yields a different correlation 

between static and dynamic properties (Li et al., 2021). Therefore, the accurate 

description of rocks necessitates the calculation of both static and dynamic properties. 

In this work, the effect of temperature on the variation of rock mechanical 

properties, porosity and permeability is assessed. The study is conducted on sandstone 

and carbonate rocks extracted from the southern region of Lebanon.  

 

1.1 Rock mechanical properties 

Two methods can be used to calculate elastic properties: static and dynamic 

measurements.   
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1.1.1. Static properties  

For static measurements, a compressive or shear force is applied to a rock 

sample to obtain the stress vs. strain curve from which properties such as Young’s 

modulus, Poisson’s ratio, and shear modulus are calculated. The stress is either 

compressive or tensile, the first leads to a decrease in the length of the sample whereas 

the second extends the sample length. Strain is defined as the amount of deformation 

encountered by the body in the direction of the force applied, divided by the initial 

dimensions of the body. In other words, stress is the force applied on a specific area of 

the rock system leading to the deformation of the rocks which is called strain (Byju, 

2021). 

Hooke's Law asserts that within the elastic limit of a material, the strain 𝜀𝜀 is 

proportional to the applied stress 𝜎𝜎 , by a constant 𝐸𝐸 which is the Young’s modulus of 

the rock as  

𝜎𝜎 = 𝐸𝐸. 𝜀𝜀                                                                                                                           (1) 

Static elastic properties can be obtained using the Brazilian test (Li & Wong, 2012), 1 

and 3 points load tests (Broch & Franklin, 1972), uni-axial compression test (Moradian 

et al., 2009), tri-axial test (Wang et al., 2018), and shear tests (ASTM, 2017).  In this 

work we use the uni-axial compressive test to calculate static elastic properties by 

following the standardized methodology described by the American Society for Testing 

and Materials ASTM (1984) and the International Society for Rock Mechanics ISRM 

(1981) (Moradian et al., 2009). 

The test uses a cylindrical core set between two horizontal surfaces where a pressure is 

applied to the sample from the lower or upper surfaces. Figure 1 shows the apparatus 

used in a conventional uni-axial compression test (Vavilin et al., 2016). 
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Figure 1 Uni-axial compression test.  
 

Figure 2 shows an example of a stress-strain curve obtained following a uni-

axial compression test on a sandstone sample that illustrates the four stages of loading 

which are compaction, elastic deformation, nonlinear strain hardening and failure. 

  
 

Figure 2 Stress-strain curve of a uni-axial compression test on a sandstone rock showing 
the four stages of loading: a) compaction, b) elastic deformation, c) nonlinear strain 

hardening, and d) failure. 
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The stress is given by  

𝜎𝜎 =
𝐹𝐹
𝐴𝐴

                                                                                                                               (2) 

where F is the compressive force exerted on the core, and A is the cross-section surface 

area of the core. 

The strain is measured as 

ε =
𝐿𝐿 − 𝐿𝐿0
𝐿𝐿0

=
𝛥𝛥𝛥𝛥
𝐿𝐿0

                                                                                                                 (3) 

where ε is the relative longitudinal deformation, 𝐿𝐿0 is the original length of core and 𝛥𝛥𝛥𝛥  

is the variation of length after deformation. 

The Poisson’s ratio, ν, is obtained from the ratio of the lateral strain to the axial strain 

as: 

ν =
𝛥𝛥𝛥𝛥/𝐷𝐷0
𝛥𝛥𝛥𝛥/𝐿𝐿0

=
𝜀𝜀𝑙𝑙𝑙𝑙𝑙𝑙
𝜀𝜀𝑎𝑎𝑎𝑎

                                                                                                                     (5) 

where Do is the initial diameter of the cylindrical core sample,  𝛥𝛥𝛥𝛥 is the change in 

diameter,  𝐿𝐿0 is the initial length of core,  𝛥𝛥𝛥𝛥 is the change in length, 𝜀𝜀𝑙𝑙𝑙𝑙𝑙𝑙 is the strain in 

the lateral direction, and 𝜀𝜀𝑎𝑎𝑎𝑎 is the strain in the axial direction. 

The Young’s modulus is given by: 

𝐸𝐸 =
𝐹𝐹/𝐴𝐴
𝛥𝛥𝛥𝛥/𝐿𝐿𝑂𝑂

=
𝜎𝜎
𝜀𝜀𝑎𝑎𝑎𝑎

                                                                                                                     (6) 

And the modulus of regidity 𝐺𝐺 which represents the resistance of a body to change in 

shape is given by: 

𝐺𝐺 =
𝜏𝜏
𝛾𝛾

                                                                                                                                            (7) 
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where 𝜏𝜏 is the shear stress, and 𝛾𝛾  is the shear strain (Vavilin et al., 2016). 

 
1.1.2. Dynamic properties 

For dynamic measurements, an ultrasonic wave is emitted through the samples 

to obtain a waveform (amplitude vs. time) from which the shear and compressional 

velocities are calculated. The dynamic Young’s modulus E and Poisson’s ratio 𝜈𝜈 are 

obtained from the shear and compressional velocities as follows (Vavilin et al., 2016): 

𝐸𝐸 =
𝜌𝜌. (3. 𝜅𝜅2 − 4)

(𝜅𝜅2 − 1)
                                                                                                                       (8) 

𝜈𝜈 =
𝜅𝜅2 − 2

2. (𝜅𝜅2 − 1)
                                                                                                                            (9) 

where,  𝜅𝜅 =  𝑉𝑉𝑝𝑝
𝑉𝑉𝑠𝑠

,𝜌𝜌 is the density of the dry or saturated rock, 𝑉𝑉𝑝𝑝 is the longitudinal wave 
velocity, and 𝑉𝑉𝑠𝑠 is the shear wave velocity. 
 
The dynamic shear modulus (𝐺𝐺) is given by 

𝐺𝐺 = 𝜌𝜌.𝑉𝑉𝑠𝑠2 =  
𝐸𝐸

2. (1 + 𝜈𝜈)
                                                                                                    (10) 

 

1.2 Rock petrophysical properties 

Porosity and permeability are properties of rock formations that are needed to 

assess the potential of efficiently extracting geothermal energy, producing oil and gas, 

and storing CO2 in underground formations.  

 
1.2.1. Porosity 

Porosity refers to the amount of open space, or pores, within a rock formation. 

In the geothermal energy industry, high porosity is desirable because it means that there 

is more space for hot water to circulate, which is necessary for generating geothermal 

energy. Likewise, in the oil and gas industry, high porosity formations are also targeted 
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to reach higher volumes of oil and gas. In the context of carbon capture and 

sequestration (CCS), the ability to inject and store CO2 in a porous rock formation is 

required. Porous rocks such as sandstones are therefore targeted locations (e.g., depleted 

oil and gas reservoirs) as they can store large amounts of CO2 underground (Granger 

Morgan & McCoy, 2012). The porosity of rocks includes fracture porosity, vugs, 

moldic and fenestral porosity, intragranular and intergranular porosity (Milliken & 

Curtis, 2016). Fracture porosity is obtained when flowing lava cools or when a hard 

rock fails. Even when the host rock is impermeable, coupled fracture networks can 

create channels for fluid flow (Domenico & Schwartz, 1998). Vuggy porosity is created 

by the dissolution of a rock component. Likewise, moldic and fenestral porosity are a 

type of porosity created by the deliberate removal of a single rock component. 

Intragranular porosity however is that created within the grains due to external factors 

such as temperature or pressure (Irajian et al., 2016). Intergranular porosity corresponds 

to the space between detrital grains. The particle size distribution, grain angularity, 

colloidal content, and degree of compaction affect how porous a natural aggregate of 

solid grains, like limestone or sandstone, is (Allen & Allen, 2013). Figure 3 shows the 

porosity distribution in natural rocks. Usually, porosity is calculated by assessing the 

ratio of the void spaces with respect to the bulk space. In section 2.3.5., we would be 

explaining in details the process used for calculating porosity. 
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Figure 3 Thin section of a a) limestone showing cemented fractures and b) sandstone 

rock where the blue region shows intergranular pore space.  

 
1.2.2. Permeability 

Permeability is defined as the ability of a fluid to move through a certain object 

due to interconnected pores. In the geothermal energy industry, high permeability is 

desirable because it means that water can easily circulate, making it easier to generate 

geothermal energy. Likewise, in the oil and gas industry, high permeability is required 

because it means easier and cheaper oil and gas extraction (Yu et al., 2022). As for CCS 

applications, permeable rocks yields faster and safer storage capabilities thus creating a 

potential for effective and cheap storage area (Koteras et al., 2020). Both limestone and 

sandstone are sedimentary rocks, but they have different characteristics which affects 

the permeability of the rock. Limestone is composed mostly of calcite particles that are 

tightly packed together, which makes limestone a relatively low permeable rock. 

Sandstone, on the other hand, is a sedimentary rock composed mostly of sand-sized 

particles of quartz, feldspar, or other minerals. These particles are not tightly packed 

together, which means that fluids can flow through sandstone relatively easily. 

Sandstone is considered to be a relatively high permeable rock. Figure 4 shows the 

permeability distribution in some natural rocks. Calculating permeability can be done in 

a number of ways, including numerical simulation, field testing, and laboratory 
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measurements. Laboratory testing are very accurate, although they can be expensive and 

time-consuming. Albeit less accurate, field testing is more useful and practical. 

Although numerical simulations can also be used to calculate permeability, they are 

usually combined with other techniques to ensure the accuracy of the results. In section 

2.3.5., we would be explaining in details the process used for calculating permeability. 

 
Figure 4 (a) Permeable path of a fractured rock and (b) in a sedimentary rock. 

 
1.3 Effect of temperature on rock mechanical properties 

Temperature alters the mechanical properties of rocks, particularly carbonates 

and sandstone. Studies show that in the range of 25-90°C, temperature has a small effect 

on the unconfined compressive strength (UCS) and Young's modulus (E) of carbonate 

rocks and has no effect on Poisson’s ratio (ν) (Mehrgini et al., 2015). However, other 

studies confirm that as the temperature rises above 100°C, the mechanical properties of 

both carbonate and sandstone samples vary significantly as temperature reaches a 

threshold value that varies between 100°C and 800°C depending on the rock type. This 

behavior is attributed to the thermal expansion of minerals in the rock matrix and the 

formation of microcracks due to thermal stresses (Wei et al., 2019). Meanwhile, a study 

done by Feng et al. (2017) shows that as temperature increases to 100°C, the stress and 

Young’s modulus of rocks increase slightly. Then as temperature increases, the 
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properties decrease gradually until T=600 °C, after which they drop rapidly (Feng et al., 

2017). Li et al. (2013) found that the strength of sandstone decreases by approximately 

50% when heated to 900°C, while the strength of limestone decreases by only 20% at 

the same temperature. This difference in behavior is attributed to the higher content of 

quartz in sandstone, which is more prone to thermal degradation than the calcite found 

in limestone (Lie et al., 2013). Another study by Waqas et al. (2018) shows that the 

increase in thermal deterioration within different rocks is due to brittle-plastic behavior, 

mineral alteration and elongation, disintegration of cementation between the grains, and 

increase in volume and porosity. Thus, the different compositions between similar rock 

types might lead to a different relation between mechanical properties and temperatures 

(Waqas et al., 2018). Nikolenko et al. (2020) showed that the compressional velocity of 

limestone increases linearly with temperature up to a certain temperature value after 

which it decreases. The temperature at which the transition occurs, according to the 

authors, is influenced by the porosity of the limestone sample. Lower temperatures were 

required for the transition to occur in samples with higher porosity (Nikolenko et al., 

2020). Other studies show that the rise in temperature yields a decrease in 

compressional velocity for sandstones due to the high permeability and porosity (Hu et 

al., 2019). Accordingly, temperature significantly affects how fast carbonate and 

sandstone deform. However, predicting the behavior of rocks with the variation of 

temperature is complicated and depends on the rock's mineralogy, strength and porosity. 

Hence, the main differences observed between sandstone and carbonates are attributed 

to the mineralogy. For instance, carbonates are sedimentary rocks whose main 

component is calcite (CaCO3). Calcite can experience thermal breakdown at high 

temperatures, which reduces velocity (Yavuz et al., 2010). Contrarily, sandstone is a 
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sedimentary rock made up of quartz sand-sized grains (SiO2). The compressional 

velocity of sandstone is typically not impacted by heat interruption, but it can be by 

other elements including grain size and the existence of pores or cracks (Wang & Nur, 

1992). 

 
1.4 Effect of temperature on permeability 

At high temperatures, the generation of fractures and the increase in fracture 

network significantly increase the permeability of both limestones and sandstones. 

Ozguven & Ozcelik, (2014) showed that a rise in temperature causes the pore spaces of 

limestone rocks to expand which increases their permeability. Thermal expansion of the 

mineral grains at higher temperatures, which results in a decrease in the surface tension 

of the pore fluid, is the factor contributing to the permeability increase (Ozguven & 

Ozcelik, 2014). A study by Ge (2018) made similar observation when studying the 

relationship between temperature and permeability in sandstone. The author revealed 

that the increase in temperature causes an increase in permeability because the pore 

spaces expand and minor cracks initiate (Ge, 2018). However, it should be noted that 

the effect of temperature on permeability is not always linear. For instance, the rock 

permeability of two sandstone and shale samples that were tested decreased as 

temperature increased from 20 to 100°C, due to the closure of microfractures. The 

permeability then increases as the temperature surpassed 100°C due to the re-opening of 

the fractures and the mobility of the minerals (Guo et al., 2017). For some granite 

samples, the permeability K increases with temperature according to the K = A*1.01T, 

(where K is the permeability in m2, A is a fitting coefficient in m2/°C and T is the 

temperature in °C) (He et al., 2018). 
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1.5 Effect of temperature on porosity 

Several studies have investigated the effect of temperature on the porosity of 

limestone rocks. Hassanzadegan et al. (2013) suggest that as temperature increases from 

25 to 140°C, the porosity of the rock decreases (Hassanzadegan et al., 2013).  However, 

Ozguven & Ozcelik (2014), found that porosity increases with increasing temperature in 

a high-porous limestone sample. The authors attributed this increase to the expansion of 

pores due to thermal expansion and formation of micro-cracks after heating. With the 

increase of temperature between 22 and 400°C, porosity undergoes a complex behavior 

in limestone mainly related to the structure of the rock itself. Meanwhile, porosity 

increases when the temperature exceeds 400oC (Ozguven & Ozcelik, 2014). For 

sandstone samples, the relationship between temperature and porosity depends on the 

strength of the rock where the granules forming these rocks and their bonds strength 

play an important role in defining the impact of temperature on these rocks. According 

to Lintao et al. (2017), a temperature rise can result in an increase in porosity as a result 

of the mineral grains' expansion or contraction. This behavior might be caused by the 

various sandstone sample compositions and grain sizes, as well as the various heating 

rates used in the studies (Lintao et al., 2017). 

 
1.6 Properties of rocks from Lebanon 

Although the effect of temperature on rock mechanical properties and 

permeability has been investigated on sandstone and shale rocks, there is no work on 

the effect of temperature on the mechanical and petrophysical properties of rocks in 

Lebanon. Mrad et al. (2017) and Salah et al. (2018) recently published articles on the 

petrophysical properties of rocks from outcrops in Lebanon, however, the temperature 

effect on mechanical properties, cracks and permeability was not considered. Mrad et al. 
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(2017) tested about 80 cores from different limestone formations across Lebanon to 

relate the elastic modulus to the uniaxial compressive strength. Salah et al. (2018) tested 

35 drilled core samples from Lower Cretaceous (sandstones and limestones) rocks and 

used lab tests backed up by both scanning electron microscope (SEM) and x-ray 

diffraction (XRD) to obtain the microfacies, bulk density, porosity, and the seismic 

wave velocities of the rocks. They deduced that porosity and lithology are closely 

related to the elastic properties of the studied rocks, however, different petrophysical 

properties of rocks (bulk density, porosity, and the seismic wave velocities) cannot be 

easily correlated because they depend on the rock mineral composition, its texture, and 

the related diagenetic evolutions which differ between one rock and the other (Salah et 

al., 2018). 

 
1.7 Objectives 

Determining the effect of various parameters such as saturation, confining 

pressure, bed layering, and temperature, on rock properties is a critical issue in any 

lithology related topic (Maalouf et al., 2020; Gallardo Giozza et al., 2020). Petroleum 

studies, geothermal energy extraction, civil engineering applications such as tunnel 

construction, earthquakes damage prevention and building nuclear plants depend on 

rock characterization. This research has two main objectives: (1) Determine the effect of 

temperature on mechanical properties, porosity and permeability of rocks. (2) Improve 

the characterization of rocks in Lebanon to further enhance the safe drilling of oil and 

gas, water, and geothermal wells. This will be achieved by calculating and determining 

the rock type and fabric, then calculating the mechanical and petrophysical properties of 

two abundant rock types in Lebanon which are sandstones and limestones.  
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CHAPTER 2 

METHODOLOGY 
 
2.1. Method 

The objective of this work is to measure the effect of temperature on the properties 

of sandstone and carbonate rocks from Lebanon. The steps followed are: 

1- Collect rock samples from sandstone and carbonate formation outcrops. 

2- Drill the samples to obtain 44 by 88 mm cylindrical cores to be used in non-

destructive and destructive assessments, and 1-inch diameter cores to be used to 

measure permeability and porosity. 

3- Perform SEM measurements and thin sectioning to identify the rock type and 

rock mineralogy. 

4- Use a high temperature furnace to estimate the effect of temperature on 

properties.  

5- Perform non-destructive and destructive measurements on the samples while 

testing the effect of temperature on each. 

6- Calculate the porosity and permeability of rocks at various temperatures.  

      7- Compare the results, generate correlations and draw conclusions. 

2.2. Samples collected 

Rocks were collected from different locations from Southern Lebanon. One 

sample from Bisri and three samples collected from Jezzine. Figure 5 shows the 

location of the rocks collected from the outcrops which were selected to represent the 

most abundant sedimentary rocks observed in Lebanon. Figure 6 shows the samples 

collected from these different locations, the samples were named according to the 

location they were collected from, Bisri, Jezzine 1, Jezzine 2 and Jezzine 3. 
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Figure 5 Locations of the outcrops used for sample collection done using ARC GIS 
(Geographic Information System). 

 

Figure 6 Rocks collected from Bisri and Jezzine: a) Bisri, b) Jezzine1, c) Jezzine2, and 
d) Jezzine3. 

 
Figure 7 shows the stratigraphic column of the formations in Lebanon and their 

lithology where the four geologic formations located in the Early Cretaceous are the 
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Chouf Formation, the Abeih Formation, the Mdairej Limestone Formation, and the 

Hammana Formation (Walley 1983). 

  The strongest sandstones are exposed in the Chouf region in southern central 

Lebanon, thus the name Chouf Formation. These sandstones range in grain size from 

fine to medium, are ferruginous, cross-bedded, and colorful. They occasionally go 

together with lignites, shales, and clays. Fragments of wood or coal may be found in the 

deeper levels together with pyrite, marcasite, and amber (Walley 1997, 1998). However, 

particularly at its lower base, the overlying Abeih Formation is composed of vast 

fossiliferous limestones, common marls, and thin sandstone strata. This formation is 

divided into two parts, the lower and the upper portions. The lower portion ages as a 

Barremian formation whereas that of the upper is an earliest Aptian (Walley 1997). The 

Mdairej Formation, which lies on top of the Abeih formation, has a thickness of 170 m 

on average in the Chouf region (Walley 1997). The Mdairej Formation is made up of 

the overlaying unique limestone cliffs, which may be easily identified by its sheer-sided 

cliff. This formation's ferruginous calcarenite bottom part transitions to finely massive, 

bedded, pale gray limestone as it rises. This deposit contains unusual macrofossils that 

are slightly dolomitized. The enormous reddish-brown limestones are massively 

overlain by green clays near the highest limit of this formation. It is older than the lower 

Aptian and has a thickness of roughly 50 m (Walley, 1997). 

The rocks we collected from Bisri are limestones originating from the upper Abeih 

Formation, while the rock denoted as Jezzine1 is a limestone from the Mdairej 

Formation, Jezzine2 is a sandstone from the lower Abeih Formation and Jezzine3 is a 

sandstone from the Chouf Formation. In the Results section, we discuss the rock fabric, 

matrix, cementation, visible porosity and permeability. 
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Figure 7 The stratigraphic column of the formations studied in Southern Lebanon (Salah 
et al., 2018). 

2.3. Experiments 

2.3.1 Drilling cores 

After collecting the samples, a HILTI DD-120 drilling machine was used to core 

five different cores of diameter of 44 mm and length of 88 mm from each rock type. 

The cores were used for the uni-axial compression test and the ultrasonic 

measurements.  

Eight samples were also drilled via a portable drilling machine and used for porosity 

and permeability tests. These samples have a diameter of 1 inch and different lengths. 

Figure 8 shows both the fixed and the portable machines used for the coring of the 

samples. 
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Figure 8 a) Hilti DD-120 drilling machine mounted by a 44 mm drilling bit. b) Portable 

drilling machine mounted by a 1-inch drilling bit. 

2.3.2 SEM imaging 

Two small cuttings were extracted from each rock type and were tested at the 

Central Research Science Laboratory (CRSL) at the American University of Beirut for 

SEM analyses. First, a sputtering machine was used to render the rocks conductive and 

thus applicable for the scanning electron microscope (SEM) imaging. Then, the samples 

were covered by platinum, and tested using the SEM (MIRA3 LMU) with OXFORD 

EDX detector machine to acquire the images. Figure 9 shows the sputtering and SEM 

machines used for preparing and testing the cuttings. 
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Figure 9 a) Sputtering machine and b) SEM machine at the CRSL at AUB. 

2.3.3 Thin sectioning 

 Small disk-shaped cuttings from each rock were sent to Core Lab, Abu Dhabi. 

There, the samples were cleaned by soxhlet extraction in toluene and methanol, dried 

and impregnated with blue-dyed epoxy to preserve the original fabric and allow for 

visible estimation of porosity. Thin sections were prepared by fixing a cut and polished 

surface of the impregnated sample to a glass slide and then by cutting, lapping and 

polishing the slice to a 30-micron thickness. The thin sections were stained for 

carbonates in a solution of Alizarin red and potassium ferricyanide and for potassium 

feldspars in a solution of cobalt nitrate and sodium nitrate. Finally, the sections were 

examined and analyzed via the existing microscope. 

2.3.4. Uni-axial compression test 

A uni-axial loading setup (Figure 10) was used to obtain the stress-strain curves and 

calculate the Young’s modulus and the Poisson’s ratio of the samples. Beside the main 

uni-axial load, four Linear Variable Differential Transformers (LVDT) were added 

around the sample to calculate and plot the load-displacement curves. Two 10 mm 

strain gauges were installed horizontally and vertically on the surface of the samples to 
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calculate both lateral and axial strains, respectively, and hence obtain the Poisson’s 

ratio. Loads were added in an increment of 1 mm/min while recording the stress and 

strain values using the acquisition system.  

 
Figure 10 Uni-axial loading apparatus mounted by four LVDTs and two strain gauges. 

2.3.5. Ultrasonic measurements 

An ultrasonic setup was used to calculate the primary wave velocities (Vp) of 

the rocks at frequencies varying between 400 kHz and 800 kHz. The ultrasonic 

measurements yield amplitude vs. time, and the time is then used to calculate Vp. The 

setup includes a generator, an amplifier and an oscilloscope. For Vp measurements, four 

types of piezometric transducers were tested with diameters of 7 mm, 10 mm, 15 mm, 

25 mm. along with a Normal Incidence Shear Wave transducer for high accuracy. 

Figure 11 shows the setup used for measuring the compressional wave velocities of the 

cores.  
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Figure 11 Ultrasonic setup used to calculate Vp of rocks. a) PZT of diameter) from left 
to right) 7 mm, 10 mm, 15 mm, 25 mm, b) the Olympus  

Normal Incidence Shear Wave transducer and c) the setup including the core, the wave 
generator, the oscilloscope and the amplifier. 

2.3.5. Porosity and permeability measurements 

Eight 1-inch diameter samples were tested via a Vinci GPE-100 permeameter 

and a Vinci HeP porosimeter. The permeameter used nitrogen gas whereas the 

porosimeter used helium gas (Figure 12).  

 
  

Figure 12 a) Permeameter and b) porosimeter used to measure the permeability and 
porosity of the different samples. 

For each sample, four measurements were acquired to ensure higher fidelity of 

the permeability measurements.  The API RP 27 standard that was used to calculate the 

permeability using the Darcy’s equation for the ideal horizontal laminar flow of gas 

under steady-state isothermal conditions which is given by 
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𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔 =
2𝜇𝜇𝜇𝜇𝜇𝜇𝑃𝑃𝑏𝑏𝐿𝐿𝑄𝑄𝑏𝑏 
𝐴𝐴𝑇𝑇𝑏𝑏(𝑃𝑃1 − 𝑃𝑃2)

                                                                                                               (11) 

where 𝑘𝑘𝑔𝑔𝑔𝑔𝑔𝑔 is gas permeability, 𝜇𝜇 is gas viscosity, 𝑍𝑍 is the mean gas compressibility 

factor, 𝑇𝑇 is the mean temperature of flowing gas, 𝑃𝑃𝑏𝑏 is the  base or atmospheric 

pressure, 𝐿𝐿 is the length of sample, 𝑄𝑄𝑏𝑏 is the atmospheric gas flow rate at base pressure 

𝑃𝑃𝑏𝑏, 𝐴𝐴 is the cross sectional area of cylinder, 𝑇𝑇𝑏𝑏 is the  base/ambient temperature and 𝑃𝑃1 

and 𝑃𝑃2  are the upstream and downstream absolute pressure, respectively. The 

correction for Klinkenberg’s effect was accounted for and the permeability was 

calculated accordingly. 

The porosity was obtained using a helium porosimeter by measuring the grain volume 

(solid volume) of the core sample and applying the Boyle-Mariotte law.  The grain and 

pore volumes are calculated by measuring the sample length, diameter and pressure via 

the machine. 

The porosity is calculated as  

𝛷𝛷 =
𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 

=
𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑉𝑉𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 
                                                                                                  (12) 

where 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the bulk volume obtained by measuring the diameter and length of the 

sample, 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the pore volume and 𝑉𝑉𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 is the grain volume. 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is measured 

using the Boyle-Mariotte’s law where the gas (helium) is first held at a reference 

pressure in a reference tank before being expanded into the core holder. 

The reference (initial) pressure (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟), volume (𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟) and temperature (𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟) of 

the gas are related to the expanded (final) pressure (𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒), volume (𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒) and 

temperature (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒), as follows: 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑉𝑉𝑟𝑟𝑟𝑟𝑓𝑓
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

=
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒

                                                                                                                 (13) 

The grain volume is then calculated as  
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𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 ∗
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒

                                                                                 (14) 

where Vmatrix is the matrix volume measured by the porosimeter as explained in HeP 

Educ operating manual (VINCI Group, 2015).  
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CHAPTER 3 

RESULTS AND DISCUSSION 
 
 
3.1 Samples drilled 

Five 44 mm diameter by 88mm length samples were cored from each rock 

outcrop. The samples were drilled as perfect right cylinders with strictly parallel edges 

to be tested via destructive and non-destructive tests. The size of the samples is based 

on the ASTM standards. Figure 13 shows the 44×88 mm cores drilled from each rock. 

 

Figure 13 44 mm diameter by 88 mm length samples drilled from (left to right) Bisri, 
Jezzine1, Jezzine2, and Jezzine3. 

 

Two 1-inch core diameter samples were drilled from each rock type using a 

portable drilling machine to calculate porosity and permeability. Both the permeability 

and porosity apparatus fit cores of diameters 1-inch and have adjustable length. Figure 

14 shows the 1-inch diameter cores drilled from each formation.  
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Figure 14 1-inch diameter samples drilled from (left to right) 

 Bisri, Jezzine1, Jezzine2, Jezzine3. 

3.2 Rock type and fabric 

After performing the SEM and thin sectioning analysis, the rocks were identified 

by microfacies, fabric, matrix, cementation, visible porosity and permeability.  

The Bisri sample is a Bioturbated Limestone consisting mainly of sponge 

spicules nodular wackestone burrow patch, cross-cutting microfractures/fractures 

commonly completely cemented, minor irregular, discontinuous, organic 

matter/bitumen-infilled microfractures (Fr+Om/Bit; 10-30μm wide), and monoaxon 

forms (Spi). The SEM images show a moderate visible porosity (5-7%) with a poor 

visible permeability (Figure 15-a).  

The Jezzine 1 sample is identified as a Bioturbated Siliceous Limestone 

consisting mainly of planktonic foraminifers and radiolarians, bioturbation and burrows 

(Bur), planktonic foraminifers (PlFor) siliceous microfossils radiolarians (Rad), 

monoaxon sponge spicules, calcispheres (Cal), thin-shelled bivalves, benthic 

foraminifers (Lenticulina) and undifferentiated bioclasts (Bio). The rock shows 
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moderately good visible porosity (10-12%) with poor visible permeability (Figure 15-

b).  

 
 

Figure 15 SEM and thin sectioning images for a) Bisri and b) Jezzine1. 

 

 The analysis of the Jezzine 2 sample revealed that it is a Bioclastic 

Intraclastic Sandstone consisting mainly of hematitic cements and iron-stained clay 

matrix, ferroan dolomite and non-ferroan calcite, quartz (Qtz), K-Feldspar (KFld), and 

Plagioclase (Plag). The rock has moderately good visible porosity (12-14%) with poor 

visible permeability (Figure 16-a). Likewise, Jezzine 3 rock is a sandstone consisting 

mainly of quartz (Qtz) and plagioclase (Plg+Dissϕ) with a good visible porosity (15-

17%) and moderate visible permeability (Figure 16-b).  A detailed description of the 

properties of each rock type is given in Appendix A. 
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Figure 16 SEM and thin sectioning images for a) Jezzine2 and b) Jezzine3 rocks. 

 
 
3.3 Core analysis 

The UCS, Young’s modulus, Poisson’s ratio, compressional velocity, 

permeability and porosity of the cores were first measured at room temperature. Tables 

1-3 show the properties of each rock at room temperature. 

Table 1 Static properties of the 44 mm diameter samples measured at room temperature 

Sample name Formation Type UCS (MPa) Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

Bisri1 Abeih Bioturbated 
Limestone 

78.45 23.1 0.103 

Jezzine1 Mdairej Bioturbated 
Siliceous 
Limestone 

41.76 10.3 0.1 

Jezzine2 Abeih Bioclastic 
Intraclastic 
Sandstone 

61 11.9 0.23 

Jezzine3 Chouf Sandstone 13.6 5.4 0.18 
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Table 2 Compressional velocity of the 44 mm samples measured at room temperature 

Sample name Formation Type Vp (m/s) 
Bisri  Abeih Bioturbated 

Limestone 
5987 

Jezzine 1  Mdairej Bioturbated 
Siliceous 
Limestone 

3150 

Jezzine 2 Abeih Bioclastic 
Intraclastic 
Sandstone 

4635 

Jezzine 3 Chouf Sandstone 3264 
 
 

Table 3 Properties of the 1-inch samples measured at room temperature 

Sample 
name 

Formation Type Permeability 
(mD) 

𝜌𝜌Bulk 

(g/cm3) 

𝜌𝜌Grain 
(g/cm3) 

Porosity 
(%) 

Bisri 1 Abeih Bioturbated 
Limestone 

0.588 2.638 2.696 2.13 

Bisri 2 Abeih Bioturbated 
Limestone 

1.024 2.656 2.685 1.05 

Jezzine 
11 

Mdairej Bioturbated 
Siliceous 
Limestone 

0.732 1.881 2.138 11.9 

Jezzine 
12 

Mdairej Bioturbated 
Siliceous 
Limestone 

0.924 1.924 2.273 15.35 

Jezzine 
21 

Abeih Bioclastic 
Intraclastic 
Sandstone 

0.985 2.451 2.738 10.47 

Jezzine 
22 

Abeih Bioclastic 
Intraclastic 
Sandstone 

1.191 2.442 2.727 10.44 

Jezzine 
31 

Chouf Sandstone 1230 2.076 2.685 22.67 

Jezzine 
32 

Chouf Sandstone 1970 2.161 2.69 19.66 

 
3.4. Effect of temperature on static rock properties 

Both limestone and sandstone rocks show a variation in UCS, Young’s modulus, 

Poisson’s ratio and stress-strain curves while changing temperature, however, the 

behavior and magnitude of change varies for different properties. Figure 17 and Table 4 
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illustrate the values of the UCS, Young’s modulus (E), Poison’s ratio (ν) and stress-

strain curves at temperatures 25°C, 100°C and 300°C (Table 4). 

Table 4. The effect of temperature on UCS, Young's modulus and Poisson's ratio 

  25°C 100°C 300°C 

UCS (MPa) 

Bisri 78.45 65.89 98.8 

Jezzine 1 41.76 48.6 36.4 

Jezzine 2 61 59 44.1 

Jezzine 3 13.6 12.8 7.8 

E (GPa) 

Bisri 23.1 22 24 

Jezzine 1 10.3 10.9 9.43 

Jezzine 2 11.9 11.1 8.9 

Jezzine 3 5.4 5.1 2.9 

ν 

Bisri 0.103 0.102 0.15 

Jezzine 1 0.1 0.11 0.09 

Jezzine 2 0.23 0.227 0.22 

Jezzine 3 0.18 0.174 0.155 

 

 

Figure 17 Variation of a) UCS, b) E and c) v with temperature for the four samples. 
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For the Bisri sample, the UCS and E decrease when temperature increases from 

25°C to 100°C and then increase as temperature increases to 300oC, which indicates that 

the sample weakens slightly as the temperature reaches 100°C, but then the elastic 

properties increase for higher temperatures. Furthermore, Figure 18 shows that the 

sample breaks along a vertical plane which indicates that the fracture angle is around 90 

degrees.  

However, for Jezzine1, the UCS, E and ν increase slightly as temperature 

reaches 100oC and then decrease when the temperature hits 300oC. Notably, this 

variation indicates that the rock is only slightly affected by temperature in the range of 

25 and 300oC. Figure 18 shows that Jezzine1 breaks along the weak planes which are 

located along the pre-existing cracks. Furthermore, when heated to 600°C, this rock 

witnesses the creation of a macro-fracture yielding a sharp decrease in both Young’s 

modulus and Poisson’s ratio. Figure 19 shows the crack forming after heating Jezzine1 

sample to 600oC. 
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Figure 18 Limestone samples of Bisri a) before the loading test and b) after the loading 
test, and of Jezzine1 c) before the loading test, and d) after the loading test. 

 

 

Figure 19 Jezzine1 sample at 300°C (left) and 600°C (right) which shows the fracture 
forming after heating. 

The sandstone samples (i.e., Jezzine 2 and Jezzine 3) showed different behaviors 

when increasing temperature. For Jezzine2, the UCS and Young’s modulus decrease 

slightly between 25°C and 100°C. After increasing the temperature to 300°C, both 

values decrease sharply assuring that the rocks strength and ability to handle loading 

decreases as temperature increases above 100°C.  However, Poisson’s ratio does not 

show significant variation at different temperatures. This shows that even while a 

weakening phenomenon is present, this sandstone has seen significant deformation. 

Thus, because the relative deformation is already large, even with the addition of the 

temperature effect, it would essentially remain constant. Figure 20 shows that Jezzine 2 

breaks along a vertically oriented fracture when it undergoes loading. 

For Jezzine 3, the UCS and Young’s modulus decrease slightly when 

temperature increase from 25 to 100°C. However, both parameters decrease by 45% at 

300°C. This indicates that the increase in temperature has a high weakening effect on 

this rock due to its high permeability and porosity, and weak structure. Furthermore, the 

decrease of Poisson’s ratio at 300oC shows that for this sandstone, an increase in 
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temperature leads to variations in deformation parameters which confirms that the rock 

is fragile. Figure 20 shows the sandstone rocks pre- and post-loading where the fracture 

forms along the pre-existing fractures and weak points. 

 

Figure 20 Sandstone samples of Jezzine2 a) before the loading test, b) after the loading 
test, and of Jezzine3 c) before the loading test, and d) after the loading test. 

Both Jezzine 2 and Jezzine 3 samples were heated to 600oC to determine the 

effect of higher temperatures on the overall macro-structure. Figure 21 shows the macro 

fractures generated yielding a decrease in the UCS and Young’s modulus. 

Figure 22 shows the stress-strain curves of the four rocks at different 

temperatures. All rocks show a four-staged trend for the stress-strain curves at room 

temperature: compaction, elastic deformation, yielding or nonlinear strain hardening 

and post-peak softening or failure. Figure 2 illustrates the four stages observed for 

Jezzine2 after being subjected to loading. 

In the first stage, the curvature is concave upward because of the closing of 

cracks that were present during compression. Long compaction phases at higher 

temperatures suggest that the sample is more likely to develop microcracks at higher 
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temperatures. After compaction, elastic deformation occurs in which the stress-strain 

curve is a straight line, demonstrating a good linear connection and the material's elastic 

properties. Then, the specimen exhibits inelastic deformation, and the stress-strain curve 

bends downward. The rock specimen's with lower internal strength initially yields and 

breaks gradually. Finally, the stress increases to a point where the sample can no longer 

withstand pressure. Here, the micro-cracks penetrate the sample and form a 

macroscopic slip and failure occurs. After failure, the rock loses its bearing capacity. 

 

Figure 21 a) Jezzine2 and b) Jezzine3 samples at room temperature (left) and after 
heating to 600°C (right). The arrow shows the location of the generated thermal 

fractures. 

Increasing the temperature alters the stress-strain curve trend for all rocks. For 

Bisri, the increase in temperature changes the strength of the rock but has no significant 

effect on the shape of the stress-strain curve due to the strong internal structure of the 

rock. A similar observation is witnessed for Jezzine 1. However, the stress-strain curves 

for Jezzine 2 and Jezzine 3 samples do not change significantly between 25 and 100oC. 

Yet, at 300oC, the Jezzine 3 sample fails. 
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Thus, the effect of temperature on rock static properties is more complex for 

limestones. In the Bisri case, a temperature of 300oC, leads to an increase in strength 

due to the fact that the limestone is composed of relatively strong and well-bonded 

grains, which are less susceptible to temperature-induced changes in strength and 

deformation. However, for Jezzine1 an increase in temperature leads to a decrease in 

strength due to the presence of temperature-sensitive minerals or microcracks in the 

limestone, which are more susceptible to temperature-induced changes in strength and 

deformation. Meanwhile, for sandstones, rising temperatures cause a decline in strength 

and an increase in deformability. This is because sandstone is made up of relatively 

weak and weakly connected grains, which are more vulnerable to variations in strength 

and deformation brought on by changes in temperature. Similar observations were 

observed in the literature; Mehrgine et al. (2015), Wei et al. (2019) and Waqas et al. 

(2018) concluded that the increase in temperature will have a great effect on breaking 

the bonds within the grains and thus affecting directly the rock’s strength. 
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Figure 22 Stress-strain curves of a) Bisri, b) Jezzine1, c) Jezzine2, and d) Jezzine3 at 
temperatures 25, 100, and 300°C. 

 
3.5 Effect of temperature on Vp 

The compressional velocity of the rocks was first measured at room temperature. 

For Bisri Vp = 5987 m/s, for Jezzine1 Vp = 3150 m/s, for Jezzine2 Vp = 4635 m/s, and 

Jezzine3 Vp = 3264 m/s. This indicates that Bisri samples are composed of tight grains. 

Meanwhile, Jezzine 1 contains inner fractures leading to the low compressional 

velocity. Jezzine 3 is the weakest rock which is also verified from the static 

measurements.  

Figure 23 shows that the compressional velocity for the limestone samples (Bisri 

and Jezzine1) decreases gradually at a low rate before reaching a breaking point, 

whereas the sandstone samples (Jezzine2 and Jezzine3) decrease linearly and at a higher 

rate before breaking. 

The compressional velocity of the Bisri sample decreases slightly until T=300oC 

where a crack appears leading to a 45% decrease in Vp. At 500oC a fracture forms in 

the rock preventing further measurements. Similarly, the compressional velocity of 

Jezzine1 decreases gradually till 300oC where a macro fracture is created and no further 

measurements could be conducted. 

Meanwhile, the compressional velocity of both Jezzine 2 and Jezzine 3 

decreases steeply till the rocks break. Jezzine 3 breaks at 200oC although no visible 

fractures were observed as temperature was increasing, but, tests could not be 

conducted due to the high friability of the rock.  The steep decrease in velocity is due to 

the enlargement of pore spaces and crack generation with temperature increase. 

Appendix B shows the effect of temperature on the compressional velocity of each of 

the rock independently. 
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Both limestone and sandstone exhibit a strong temperature-dependent 

compressional wave velocity where the increase in temperature cause a decrease in 

compressional wave velocity. Similar to the results mentioned in the study of Nikolenko 

et al. (2020), limestones are strongly affected by the cracks generated as a result of 

temperature leading to a sharp and sudden decrease in compressional velocity at a 

specific temperature value. Wang & Nur (1992) also confirm that sandstones are more 

sensitive to temperature variations than limestone due to their brittle structure, and the 

magnitude of the temperature effect varies depending on the porosity, grains and 

channels existing within the rock. 

 

  
 

 

 

 

 
 
 
 

 

Figure 23 The effect of temperature on the compressional wave velocity. 

 
3.6 Effect of temperature on permeability 

Figure 24 shows the variation of permeability with temperature. The 

permeability decreases slightly when temperature increases from 25 and 85°C.   This is 

due to the closure of pre-existing channels within the rock. For example, the 

permeability of Bisri at 25oC is 0.588 mD and becomes 0.422 mD at 85oC. This can be 

explained by the presence of thermal effects that leads to the partial closure of the inter-
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granular channels existing within the rock. Furthermore, we observe that the partial 

closure of micro-fractures and the obstruction of macroscopic circulating channels, 

eventually cause the rock permeability to decrease.  We note that the decrease in 

permeability in this temperature range is more pronounced for Bisri and Jezzine 3 than 

Jezzine 1 and Jezzine 2. Figure 25 shows the narrowing of pre-existing channels in the 

Bisri sample after being heated to 85oC. This led to a relative decrease in permeability 

within the rock.  

 
 

Figure 24 Variation of permeability with temperature for a) Bisri, Jezzine1 and 
Jezzine2, and b) Jezzine 3 for T≤500°C and c) Jezzine 3 for T≥600°C. 

For temperatures above 100oC, the permeability increases as temperature 

increases. The permeability variations is due to thermal stress effects which alters the 

permeability and porosity whereby rock pores enlarge and cracks initiate. 
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For all the rocks, noticeably Bisri and Jezzine 3, as temperature increases, new 

fractures appear due to the opening of microfractures. Beyond 100°C, the cracks expand 

and due to the internal structural changes both permeability and porosity increase.  

At 600°C, Bisri1 sample and all Jezzine2 samples broke due to the high number 

of cracks. Jezzine3 samples became fragile and broke under low stress, therefore, 

smaller cores were prepared instantly from the remaining fragments. The smaller 

samples were then used to measure permeability at higher temperature, and fractured at 

900°C. We note that Figure 24 shows the permeability of Jezzine 3 on two graphs for 

T≤500°C (Figure 24-b) and T≥600 oC (Figure 24-b) to illustrate that the samples tested 

were different. Jezzine1 samples did not show any noticeable changes below 600°C. 

When temperature exceeds 600°C, the permeability of Jezzine1 and Jezzine3 increased 

significantly.  

 Appendix B shows the effect of temperature on the permeability for each rock 

separately. 
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Figure 25 SEM image of the Bisri sample at temperatures a) 25 and b) 85°C. The image 
shows the narrowing of the pre-existing cracks within Bisri. Letters indicate the same 

crack on each of the images. 

3.7 Effect of temperature on porosity 

Porosity increases continuously with the increase in temperature (Figure 26). 

For Bisri, the porosity increases slightly when temperature increases from 25 to 600oC. 

Beyond this temperature, Bisri 1 sample broke and Bisri 2 sample fractured which led 

to the sharp increase in porosity. When the temperature reached 700°C (see Figure 27), 

Bisri 2 was severely damaged and new cracks were created. At this temperature, 

minerals migration was observed as calcite particles formed a white shell-like surface 

along the circumference of the sample. 

 
Figure 26 Variation of porosity with temperature for a) Bisri, Jezzine1 and Jezzine 2, b) 

Jezzine 3 for T≤500°C and c) Jezzine 3 for T≥600°C. 
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Figure 27 Bisri2 sample after heating to 700°C. 

Furthermore, the initial porosity of Jezzine 3 was high and increased 

continuously as T increased. The porosity of Jezzine 1 increased in three stages. The 

initial increase in porosity is observed from 25 to 100°C, the porosity is then constant as 

temperature increases to 600°C. Finally, the porosity increases sharply as T increases to 

900 °C. This high increase in porosity was due to the creation of a new crack within 

Jezzine 1 sample after heating it to 800°C (see Figure 28).  

Similarly, the porosity of Jezzine 2 increased rapidly between 0 and 100°C, and 

then we observe a gradual increase from 100 to 900°C due to crack initiation and 

increase in pores space. Appendix B shows the effect of temperature on the porosity for 

each rock separately. 

 
Figure 28 The creation of a new crack in Jezzine12 sample after being heated to a 

temperature of 800°C. 

3.8 Effect of temperature on the overall rock structure 

We showed previously that when temperature increases from 25oC to 85oC, pre-

existing cracks narrow leading to a decrease in permeability. However, when 

temperature rises, new cracks are created within the granule and inter-granular spaces 

leading to an increase in porosity and permeability. Figure 29 shows that at 600oC, 
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multiple cracks were generated and that the crack intensity increased. However, the 

relative increase in permeability and porosity is higher for some rocks than the others 

and depends on the structure and rock type. For example, the permeability and porosity 

of Bisri increases gradually till 600oC, which is the temperature at which macro-

fractures appear leading to the sharp increase in the values. 

 

Figure 29 SEM images taken at 50 micrometer scale from the Bisri sample showing the 
effect of temperature on rock structure. From left to right the rock was heated at a) 

25°C, b) 85°C and c) 600°C. 

Figure 30 shows the SEM images of Jezzine1 at 25°C, 85°C and 600°C. It can 

be noticed that the size of pores is enlarged as temperature increases and that the 

intensity of smaller pores increases. It should be noted that the effect of these small 

pores was observed when conducting the porosity measurements of the Jezzine1 

samples, as the time to saturate the core increased by a factor of three. However, as 

temperature increased, the time to saturate the sample decreased due to the enlargement 

of pre-existing pores and the creation of new micro cracks. Figure 30 shows the 

increase in pores intensity and the pore sizes as temperature increases. 
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Figure 30 SEM images taken at a 50-micrometer scale from the Jezzine1 samples 
showing the effect of temperature on rock structure. From left to right the rock was 

heated at a) 25°C, b) 85°C and c) 600°C. 

Jezzine2 samples show internal structural changes due to the creation of micro-

cracks with the increase in temperature. Figure 31 shows Jezzine2 rock after being 

heated to 600oC. Likewise, granular and inter-granular cracks were created for T>85oC 

leading to the increase in permeability and porosity. 

 

Figure 31 SEM images taken at a 50-micrometer scale from the Jezzine2 samples 
showing the effect of temperature on rock structure. From left to right the rock was 

heated at a) 25°C, b) 85°C and c) 600°C.  

Figure 32 shows the SEM inage for the Jezzine3 samples, as temperature 

increases cracks increase and thus the higher permeability and porosity reported. 
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Figure 32 SEM images taken at a 50-micrometer scale from the Jezzine3 samples 
showing the effect of temperature on rock structure. From left to right the rock was 

heated at a) 25°C, b) 85°C and c) 600°C.  

 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 4 

CONCLUSIONS 
 

The present study shows that the four targeted outcrops from Southern Lebanon 

from which the samples were collected are from the Lower Cretaceous Formation. It 

was found that Bisri samples are Bioturbated Limestone from the upper Abeih 

Formation, Jezzine 1 are Bioturbated Siliceous Limestone from the Mdairej Formation, 

Jezzine 2 are Bioclastic Intraclastic Sandstone from lower Abeih formation and Jezzine 

3 are sandstones from the Chouf Formation. The thin section analyses demonstrates that 

Bisri samples are low permeable low porous samples. Likewise, Jezzine1 samples are 

low permeable, moderately porous, Jezzine2 moderately permeable, moderately porous 

and Jezzine3 highly permeable and moderately porous. 
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The effect of temperature on the geomechanical and petrophysical properties of 

the rocks were analyzed. The static elastic properties of carbonate rocks sampled from 

Bisri and Jezzine1 show a fluctuation in static characteristics between 25-300oC. This is 

due to the complex structure of the rocks.  For temperatures above 300oC, the static 

elastic properties of the rocks decrease due to the initiation of micro-cracks within the 

rocks. Furthermore, the static elastic properties of the sandstone samples from Jezzine 2 

and Jezzine 3 decrease for temperatures above 100oC due to the weak inter-granular 

structure and high volume of pores. Similarly, the compressional wave velocity 

decreases when temperature increases because of the generation of thermal cracks and 

expansion of intergranular pores. The compressional wave velocity of the limestone is 

relatively constant when T<200oC for Bisri and T<300oC for Jezzine1 after which it 

decreases sharply, whereas that of the sandstone samples decreases continuously and at 

a higher rate due to the presence of intergranular pores. 

The effect of temperature on porosity and permeability was also measured. The 

permeability decreases when temperature increases from 25oC to 85oC because of the 

narrowing of pre-exiting inter-granular microcracks. Beyond that temperature, the 

permeability increases with temperature as new cracks form creating interconnected 

pathways. On the other hand, porosity increases with temperature due to the opening of 

new cracks and enlargement of existing intergranular pores. Alternatively, porosity 

increases with temperature due to the opening of new cracks and enlargement of 

existing intergranular pores. Most samples exhibit thermal damage at temperatures that 

range between 600 and 700oC due to the creation of cracks which prevented 

measurements above these temperatures. 
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APPENDIX 
 
Appendix A: Rock type and composition 
 
 Bisri Jezzine1 Jezzine2 Jezzine3 
Rock type Bioturbated 

Limestone 
Bioturbated 
Siliceous Limestone 

Bioclastic 
Intraclastic 
Sandstone 

Sandstone 

Classification Bioclastic (Spiculitic) 
Packstone to 
Wackestone 

Bioclastic 
(Foraminiferal, 
Radiolarian) 
Wackestone 

Sublitharenite Quartzarenite 

Rock fabric 1.Sponge spicules 
nodular wackestone 
burrow patch 
2.Mud-rich, 
cemented tight host 
limestone 
3.Cross-cutting 
microfractures/fract
ures are commonly 
completely 
cemented 
 4.Partly cemented, 
by calcite (Fr+Cc; 

1. Planktonic 
foraminifers and 
radiolarians 
2. Bioturbation and 
burrows 
(Bur) 
3. planktonic 
foraminifers (Pl 
For) 
siliceous microfossils 
radiolarians (Rad) 
4. monoaxon sponge 
spicules, 

1. Hematitic 
cements and 
iron-stained clay 
matrix 
2. Ferroan 
dolomite and 
non-ferroan 
calcite 
3. Qtz, KFld, Plag 

1. Qtz 
2. Plag 
3. plagioclase 
(Plg+Dissϕ) 
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50μm up to 3.25mm 
wide) 
5.Minor irregular, 
discontinuous, 
organic 
matter/bitumen-
infilled 
microfractures 
(Fr+Om/Bit; 10-
30μm wide) 
6. Monoaxon forms 
(Spi) 
7. Calcispheres, thin-
shelled bivalves, 
planktonic 
foraminifers and 
indeterminate 
calcite-replaced 
skeletal grains 
(Ca_sk) 
8.Ostracods, algae, 
echinoderms and 
undifferentiated 
micritized bioclasts 
(Bio) 

calcispheres (Cal), 
thin-shelled 
bivalves, benthic 
foraminifers 
(Lenticulina), 
undifferentiated 
bioclasts (Bio) 

Matrix Micrite matrix (Mic 
Mtx) 

Siliceous micrite 
matrix (Si+Mic Mtx) 

Minor to 
moderate iron-
stained 
(hematitic) clay 
matrix 

None observed 

Cementation 1. Crystalline calcite 
spar (Cc) occludes 
moldic and grain 
dissolution 
(Dissϕ+Cc) 
2. (Fr+Cc) 
3. Authigenic 
kaolinite booklets 
(Kao) 
occlude molds. 
Trace amounts of 
pyrite (Py) partially 
occlude moldic 
(Mpϕ+Py) and grain 
dissolution 
(Dissϕ+Py) pores 

1. Quartz cements 
(Qc), including 
chert and 
chalcedony 
2. Crystalline calcite 
spar occludes moldic 
and intraparticle 
pores. 

1. Reddish-
brown hematitic 
cements (Hem) 
2. Crystalline, 
non-ferroan to 
weakly 
ferroan blocky 
calcite cements 
(Cc) 
3. Crystalline, 
ferroan dolomite 
cements (Fe Dc) 
4. (Cc+Dissϕ) 

1. Reddish-
brown 
hematitic 
cements (Hem) 
2. Rounded 
intergranular 
pores (red 
arrows - Plate 
B). 

Visible porosity Moderate (5-7%) Moderately Good 
(10-12%) 

Moderately 
Good (12-14%). 

Good (15-17%). 

Visible 
permeability 

Poor Poor Poor. Moderate 
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Appendix B: Effect of temperature on compressional wave velocity, 
permeability and porosity 

 

 
Figure 33 Effect of temperature on compressional velocity in a) Bisri, b) Jezzine1, c) 

Jezzine2 and d) Jezzine3 

 
 

 
Figure 34 Effect of temperature on permeability for: a) Bisri samples, b) Jezzine1 

samples and c) Jezzine2 samples 
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Figure 35 Effect of temperature on permeability for: a) Jezzine31 and b) Jezzine32  

 

 
Figure 36 Effect of temperature on porosity for: a) Bisri, b) Jezzine1, and c) Jezzine2 

samples 
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Figure 37 Effect of temperature on porosity for: a) Jezzine31 and b) Jezzine32 
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