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ABSTRACT 

The mechanical characteristics of rocks, such as their strength, elastic modulus, 

porosity and permeability, have been found to be reduced in the presence of water. 

Researches have been contacted in a range of rock types, mostly in sedimentary 

rocks; igneous and metamorphic rocks have been lesser investigated. From all of 

the available literature, it has been found that indeed water has a negative effect on 

such properties However, the magnitude of it is not well defined, since the range of 

the reduction is great through different rock types, or even into the same rock type. 

In the present thesis, the role of clay minerals in the unconfined compressive 

strength reduction of rocks is investigated. The survey starts with providing the basic 

background of clay mineral structure and behavior, after hydration.  

The basic aspects investigated, are the mechanisms related to clay minerals, 

the unconfined compressive strength loss magnitude at different saturation degrees, 

as well as at wetting and drying cycles, the saturation time influence, and how the 

strength loss behavior changes when saturated with cationic solutions. For that, two 

rock groups investigated, with the first group being rocks with high clay content 

(mudstones, siltstones and marls), and the second one being sandstones alone, in 

order to compare the different behavior presented by the two groups, concerning 

their mineral content. 

After that, it is suggested that for rocks with high clay content, the wet 

behavior of clay is the basic reason for the strength loss. Such statements cannot be 

made for sandstones; however, clay seems to have an impact in sandstone strength 

as well.  

After statistical analysis, no clear relation was found between clay content 

and strength loss, for both groups. After discussion, author suggested that the clay 

mineral itself is not sufficient enough to indicate a strong correlation, instead, the 

clay content should be studied in addition to the pore space, for both groups.  
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Other mechanisms affecting the strength reduction are presented in 

Appendixes. These mechanisms concern the presence of quartz and calcite, as well 

as the pore water itself.   
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Chapter 1 Introduction 

In most civil engineering cases, rock formations are considered to be a solid and stable 

foundation background; and for the most common applications, this consideration seems to be 

satisfying. However, for bigger structures, like a tunnel or a dam, or for applications of great 

importance and environmental influence, such as a CO2 storage aquifer, this assumption is not 

safe enough. Thus, the ability of rocks to support such structures should not be taken for 

granted, and their mechanical properties should be further investigated.  

One of the most studied rock property, if not the most studied one, is its compressive strength, 

especially the Unconfined Compressive Strength (UCS), and in a lesser degree, the Triaxial 

Compressive Strength (TCS). Compared to soil materials, most rocks present greater strength. 

But, as in soils, the presence of water in rock body can greatly affect its strength. In 1946, Obert 

et al., (it is available online-given in literature) performed tests on 6 different rocks (marble, 

limestone, granite, slate and two sandstones) in three wetting conditions: air dried, oven dried 

and saturated. They found that the oven-dried samples showed the largest compressive 

strength, followed by the air-dried ones, while the saturated samples showed the lowest 

compressive strength. At that time, the authors did not consider the water-weakening effect 

important, so they proceeded with their tests using only the air-dried samples “as the value 

obtained is intermediate to that for the extreme moisture conditions”. 

Throughout the following years, numerous researches worked on the study of water affect in 

rock strength (Burshtein, 1969; Erguler & Ulusay, 2009; Hadizadeht & Lawi, 1991; Hawkins & 

Mcconnell, 1992; Van Eeckhout, 1976; Wasantha & Ranjith, 2014; Zhao et al., 2021). 

Researchers performed tests on many rock types, using different test methods and procedures. 

In hardly every relative experiment, the trend for rock strength to reduce after the presence of 

water, was confirmed.   

Wong et al. (2016) issued a review in which, among other, they summarized the results of 

previous tests on different rock types. In Table 1, their findings on the UCS loss from dry-state 

to saturation are summarized. From Table 1 and Figure 1, one can see that the fluctuation of 

UCS loss is great, even between rocks of the same type (e.g. sandstones and tuffs).  This fact, 

proves that trying to generalize regarding the UCS loss in rocks due to the presence of moisture 

is risky, because this seems to depend on many factors (like mineralogy, structure, geometry 

etc.) (Atkinson & Meredith, 1981; Cai et al., 2019; Hadizadeht & Law, 1991; Lin et al., 2005; Van 
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Eeckhout, 1976), which show a great difference between different rocks. Thus, more focused 

investigations of the mechanisms affecting the water weakening effect, would be enlightening.   

Table 1 - Summarized results on UCS loss for different rock types (from Wong et al. (2016)) 

 

 

Figure 1 - Fluctuation of UCS loss for some rock types. Data obtained from Wong et al. (2016) 

The present essay focuses on the influence that clay minerals have in UCS loss in rocks. Clay 

minerals are very reactive with water, and thus, their wet behavior is constantly under 
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investigation and concern many engineering applications, such as foundation and underground 

structures design, underground hydraulics, historical monuments preservation, etc. Clay 

reactivity also concerns the field of rock mechanics, since clay minerals are present in almost 

every rock type, and in many cases, have the role of cementing material, i.e., the material that 

keeps rock grains attached. Thus, the study of their behavior into rocks, especially at wet state, 

has attracted the interest of researchers, in order to explain wet rock behavior (Aksu et al., 

2015; Jiménez-González et al., 2008; B. Li et al., 2019; Lu et al., 2017).  

In Chapter 2, the basics of clay minerals will be presented, such as its structure, water sorptivity, 

the behavior after hydration and its following effects on their properties. The point of this chapter 

is to provide readers with no relative background, the basic knowledge of clay mineralogy, in 

order to understand the different ways clay affect rock strength.  

In Chapter 3 and Chapter 4, two rock groups are studied. The first group is mudstones, 

siltstones and marls, where clay minerals are dominant, and the second one refers to 

sandstones, where clay minerals can be found in proportions from 0% to 20-25%. The purpose 

of this separation, is to investigate the different behavior that these two groups exhibit after 

saturation, to discuss about the role clay has in each case and to extract some basic conclusion 

about the impact of clay minerals in wet UCS. However, this chapter could also be useful as a 

general review of these two rock groups behavior after saturation, not only from clay mineral 

concern.  

In Chapter 5, the basic conclusion extracted from the aforementioned research are presented.  

In addition, in the Appendixes, a brief introduction in other mechanism affecting the wet UCS of 

rocks, is given. Specifically, Appendix 1 presents how quartz reacts with water and its impact on 

crack propagation, the reactivity of calcite with water is summarized in Appendix 2, while the 

behavior of pore water itself is concerned in Appendixes 3, 4 and 5, e.g. water distribution in 

rock samples, pore water pressure under loading and capillary phenomena.  

Please note that the present thesis deals with common environmental conditions, like water and 

air temperature, or the overburden pressure. Thus, any reference or data used refer to such 

conditions; the behavior of clay or rocks under high temperatures or under high confining 

pressures, as these exhibited in geological applications, are not part of the present thesis.  
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Chapter 2 Basics of clay minerals 

There is no global definition of what is called a “clay mineral”. According to Guggenheim & 

Martin (1995), the term “clay mineral” refers to phyllosilicate minerals and to minerals which 

impart plasticity to clay and which harden upon drying or firing”. The term “phyllosilicate” (or 

“layer silicate” or “sheet silicate”) refers to the nature of the structure of the clay minerals, which 

consists of different sheets of cations -tetrahedra and octahedra- more commonly of Silica (Si), 

Aluminium (Al) and Magnesium (Mg), that form layers. Because of their structure, clay minerals 

exhibit a platy or flaky shape (Barton & Karathanasis, 2002; Guggenheim, n.d.). Figure 2 shows 

a SEM picture of the clay mineral kaolinite, where the alternate flaky layers can be seen. 

 

Figure 2 – Ordinary kaolinite under an electron microscope. Credit: Yonsei University, Yongjae Lee, Accessed 05 
July 2022 <https://phys.org/news/2017-11-clay-mineral-earth-mantle.html> 

2.1 Structure 

2.1.1 Tetrahedral units and sheets 

As shown in Figure 3a-b, a single tetrahedral unit consists of one Silicon cation (Si4+) 

surrounded by four Oxygen anions (O2-). Oxygen atoms can be considered as the edges of a 

tetrahedron, whilst the planes defined by them as the sides of it. From this group of atoms, three 

out of four oxygen anions are also shared with other tetrahedral units, with each of those 

oxygen atoms shared among two tetrahedra, while the remaining one is not. The shared oxygen 
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atoms are known as “basal”, whilst the non-shared one is known as “apical” (Kumari & Mohan, 

n.d.). The sharing of the oxygen atoms among different tetrahedra leads to the formation of a 

tetrahedral sheet (Figure 3c-e). Note how a hexagonal network is formed (Figure 3c), because 

every basal oxygen atom belongs to two tetrahedra. 

In terms of electric charge, a single tetrahedral unit in a tetrahedral sheet is negatively charged. 

This is due to the fact that basal anions are shared with other tetrahedra, while the apical anion 

is not; so, the negative electric charge is 3 X 1- + 1 X 2- = 5- while the positive is 4+, leading to 

an electric charge of 1-. 

 

Figure 3 – Single tetrahedral unit and tetrahedral sheet 

2.1.2 Octahedral units and sheets 

A single octahedral unit is formed by one Aluminium (Al3+) or Magnesium (Mg3+) cation, 

surrounded by six Oxygen (O2-) or Hydroxyl (HO1-) anions (Figure 4a-b and Figure 5a-b). 

Sometimes, the cation can be Iron (Fe2+) (Al Ani & Sarapaa, 2008; Hillier, n.d.). Here again, 

oxygen or hydroxyl anions can be considered as the edges of the octahedron, and the planes 

defined by them, as the sides of it. All the anions of an octahedral unit are shared with other 

octahedral units, forming an octahedral sheet. Depending on the valency of the dominating 

cation, and in order to maintain an electric neutrality (Barton & Karathanasis, 2002; Hillier, n.d.), 

the octahedral sheet can be dioctahedral in the case of trivalent cations (such as Al3+) or 
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trioctahedral in the case of divalent cations (such as Mg3+ or Fe2+). In a dioctahedral sheet 

(Figure 4c-e) every anion is shared by two octahedral units, while in a trioctahedral sheet 

(Figure 5c-e) every anion is shared by three octahedral units.  

 

Figure 4 – Single octahedral unit (with Al cation) and dioctahedral sheet 

 

Figure 5 – Single octahedral unit (with Mg cation) and trioctahedral sheet 
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2.1.3 Layer formation 

The lateral dimensions of tetrahedral and octahedral sheets are approximately equal; so, it is 

possible for them to join (Guggenheim, n.d.), even though some structural adjustments are 

needed in order to achieve the linkage (Hillier, n.d.). This linkage is achieved by oxygen sharing; 

apical oxygens of the tetrahedra are shared with two out of three oxygen atoms of the octahedra 

(Figure 6). The remaining anion is a hydroxyl, which cannot be shared between the two sheets 

(Guggenheim, n.d.; Hillier, n.d.), and is located at the center of the hexagonal network of the 

tetrahedron, in the apical oxygen plane (Christidis, 2011; Hillier, n.d.). This way, an 

aluminosilicate layer is formed.  

 

Figure 6 - Tetrahedral and Octahedral linkage detail 

Tetrahedral and octahedral sheets may link in two ways. One way is for one tetrahedral sheet to 

link with one octahedral sheet, forming the what is called a 1:1 (or T-O) layer (Figure 7), and the 

other is for two tetrahedral sheets to link with one octahedral sheet, forming a 2:1 (or T-O-T) 

layer (Figure 8). In the last case, the tetrahedra are linked to the opposite surfaces of the 

octahedra. Figure 9 shows a simplified way to illustrate tetrahedral and octahedral sheets, and 

the consequential way to illustrate 1:1 and 2:1 layer. In a clay particle, 1:1 or 2:1 layer is placed 

together in the horizontal and vertical dimension. Two layers, one over the other, are bonded 

through hydrogen or Van der Waals bonds and the space between them is called an 
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“interlayer”. A structural unit is the sum of a layer and an interlayer (Christidis, 2011). Figure 10 

is relevant.  

 

Figure 7 - 1:1 (T-O) layer 

 

Figure 8 - 2:1 (T-O-T) layer 
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Figure 9 - Simplified illustrations of sheets and layers 

 

 

Figure 10 - Schematic representation of related terms 
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2.2 Electric charge of layers 

As stated above, octahedral units connect with each other in order to keep all single unit neutral, 

while the tetrahedral sheet’s negative charge is neutralized after the linkage with an octahedral 

sheet. However, it is possible for cations to replace each other, as long as the ionic radii of the 

two cations are similar, so that no different coordination on the replacing cation is needed and 

no disruption on the sheets will occur (Al Ani & Sarapaa, 2008). In tetrahedra, the usual 

substitution is for Al3+ and Fe3+ to replace Si4+, while in octahedra, the usual substitution is for 

Fe3+, Fe2+, Zn2+ to replace Al3+ and Mg2+ (Al Ani & Sarapaa, 2008; Kumari & Mohan, n.d.). After 

that, and since the structure of the units does not change, deficiencies in electrical charge of the 

layers occur, leading to negative or positive electric charge of layers. In 1:1 layers, the 

substitutions that take place are usually in that manner, and the overall charge of the layers is 

still neutral (Hillier, n.d.). On the other hand, substitutions in 2:1 layers usually lead to an overall 

negative charge (Barton & Karathanasis, 2002; Hillier, n.d.).  

Following that, attraction of cations on layer surfaces (interlayer) may happen, in order to keep 

the total layer charge neutral. The quantity of the needed cations depends on the initial negative 

charge of the layers and the specific surface area of the minerals, and is expressed by the 

Cation Exchange Capacity. Such cations may be Calcium (Ca2+), Sodium (Na1+), Magnesium 

(Mg2+) or Potassium (K1+), or even hydrous cations (i.e. cations with water molecules attached) 

(Christidis, 2011; Guggenheim, n.d.). The latter is of significant value, because some clay 

minerals react intensely under the presence of water, giving rise to very important phenomena, 

such as swelling/shrinkage behavior.  

2.3 Classification of clay minerals 

The classification of phyllosilicate clay minerals takes into consideration (i) the layer type, (ii) the 

nature of the octahedral cation, (iii) the magnitude of the net negative charge and (iv) the 

interlayer cation. Following that, clay minerals are separated in three categories depending on 

their layer type (1:1, 2:1 and 2:1:1), each of those categories containing groups of similar layer 

charge. Each group is divided into two subgroups, one containing minerals with dioctahedral 

sheets and the other minerals with trioctahedral sheets. Table 2 presents the most important 

clay minerals, following the aforementioned classification.  

Table 2 also includes the Sepiolite-palygorskite group, which is a fibrous clay mineral group. It 

differs from the phyllosilicate group in two ways: (a) in each tetrahedral sheet, under a specific 

number of units, rotation of apical oxygen takes place and (b) the octahedral sheets are 
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continuous in two dimensions only. Due to their structure, minerals included in this group are 

fiber-like.  

Table 2 - Clay minerals: Classification and Interlayer cation 

 

 

Chri
sto

s K
ara

pe
dis



17 
 

2.4 Swelling/shrinkage  

When clay minerals get in touch with water (liquid or vapor), they show a tendency to increase 

their volume, while when water is expelled, decrease of volume is observed. This phenomenon 

is known as swelling/shrinkage, and is activated as soon as clay particles contact water 

molecules (Aksu et al., 2015). The swelling and shrinkage behavior of clay minerals is attributed 

to the absorption of water molecules between their layers and particles. Figure 11 shows the 

swelling of a clay fraction in a porous medium and Figure 12 presents a soil sample after 

suffering swelling and shrinkage. The purpose of this sub-section is to present the basics of the 

swelling/shrinkage phenomenon and to highlight the most important factors affecting its 

intensity, which are related to the scope of the present thesis.   

 

Figure 11 - Swelling of a clay fraction in a synthetic porous media. A) Region of interest, (B) Clay fraction in dry 
condition, (C) Clay fraction in saturated condition and (D) Clay fraction after 4 hours of saturation (from Aksu et al. 

(2015)) 
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Figure 12 - Top view (left) and side view (right) of a soil sample after shrinkage (from Firoozi et al. (2016)) 

Generally, almost every clay mineral may suffer from swelling, but not all clay minerals exhibit 

the same degree of swelling. Table 3 presents the swelling potential of the basic clay mineral 

groups, after Kumari & Mohan (n.d.) . According to authors, smectite and vermiculite groups 

present the highest swelling potential, micas show a low swelling potential, while kaolinite 

presents almost no swelling behavior. Chlorite is supposed to be non-expandable.  

Table 3 - Swelling potential of clay mineral groups (from Kumari & Mohan (n.d.)) 

 

Two mechanisms of swelling activation have been found: (a) Crystalline swelling and (b) 

osmotic swelling (Madsen & Muller-Vonmoos, 1989): 

Crystalline swelling: As mentioned above, some clay minerals exhibit negative electric charge 

on their layer surfaces, resulting in the attraction of cations into the interlayer space. Some clay 

mineral groups attract hydrous cations (see Table 2), due to their electric polarity, resulting in 

the formation of a number of water layers around them. The formation of water layers around 
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interlayer cations pushes the layers apart, resulting in the increase of interlayer space and of the 

bulk volume of clay particle. This mechanism is known as crystalline swelling (Figure 13). 

 

Figure 13 - Crystalline swelling in 2:1 clay mineral. (a) interlayer with unhydrous cation, (b & c) interlayer with 1 and 2 
water layers, respectively 

The intensity of crystalline swelling depends on many factors, such as the bonding strength 

between the layers (Elbrahmi & Zoukaghe, 2016), the charge density of clay surfaces (Alcázar-

Vara & Cortés-Monroy, 2018; Anderson et al., 2010), the hydration energy of cations (Alcázar-

Vara & Cortés-Monroy, 2018) and the number of water layers formed around them (Anderson et 

al., 2010), as well as the cation size (Anderson et al., 2010) and valency (Anderson et al., 2010; 

Madsen & Muller-Vonmoos, 1989). Therefore, the crystalline swelling behavior of each clay 

mineral is different; even the same minerals can present different behavior, depending on the 

interlayer cation. Figure 14 presents data from Sato et al. (1992), in which the different 

crystalline swelling behavior of montmorillonite, beidellite and nontronite (all part of the smectite 

group) with different interlayer cation is presented. Figure 15 also presents the behavior of 

montmorillonite with different interlayer cations, at different temperatures (Morodome & 

Kawamura, 2009, 2011).  
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Figure 14 - Basal space vs Relative humidity in smectites. Data obtained from Sato et al. (1992). Graphs in (a) are 
the mean values of 6 montmorillonites, in (b) are the mean values of 3 beidellites and in (c) of 1 nontronite 
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Figure 15 - Basal space vs Relative humidity in montmorillonite, at different temperatures, with different interlayer 
cations: (a) Li, K, Rb and Cs, (b) Mg, Sr, Ba and La, (c) Ca, (d) Na (from Morodome & Kawamura (2009) and 

Morodome & Kawamura (2011)) 

It is observed, that crystalline swelling in montmorillonite is more intense, compared to 

nontronite and beidellite, which show similar behavior. What is more, it can be stated that the 

presence of potassium (K), rubidium (Rb) and caesium (Cs), can limit the basal space increase 

of smectites, while sodium (Na) have the opposite effect. Lithium (Li), magnesium (Mg), 

strontium (Sr), barium (Ba), Lanthanum (La) and calcium (Ca) may present similar basal space 

at ~95% RH with sodium, but the basal space at 0% RH is smaller with sodium. Thus, the 

percentage of crystalline swelling in Na-smectites is larger than that of smectites with other 

interlayer cations. Similar trends can be observed in molecular simulations on montmorillonite 

and beidellite (Teich-McGoldrick et al., 2015), in the case of sodium, caesium, calcium and 

magnesium in the interlayer. The only exception is for the case of caesium, where the basal 

space at high hydration was found to be higher than the other cations. Another important 

conclusion, is that, in order for crystalline swelling to occur, there is no need for liquid water; 

vapor is enough to provoke this type of swelling.    

Osmotic swelling: The negative charge of clay mineral particles results in the high 

concentration of cations close to their surfaces. The concentration of cations decreases with 
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increasing distance from the particle, while the concentration of anions increases. This way, a 

diffuse double layer is formed, with its limit being where cation and anion concentration begin to 

be equal. When the diffuse double layers of different clay particles overlap, clay particles repel 

(Madsen & Muller-Vonmoos, 1989). What is more, in order for the equilibrium of cation 

concentration to be achieved, water molecules diffuse into the interlayer space, to dilute its ion 

concentration (Alcázar-Vara & Cortés-Monroy, 2018). With both ways combined, repulsive 

forces between clay particles are developed, resulting in what is known as osmotic swelling. 

Figure 16 illustrates osmotic swelling. In contrast with crystalline swelling, osmotic swelling 

needs water in liquid form in order to occur.  

 

Figure 16 - Osmotic swelling of clay particles 

The intensity of osmotic swelling mechanism depends on the charge of clay surfaces, the type 

and concentration of the cations in the interlayer space and the ionic concentration of pore 

water. In general, osmotic swelling promotes higher swelling values than crystalline swelling 

(Alcázar-Vara & Cortés-Monroy, 2018; Elbrahmi & Zoukaghe, 2016). Table 4 presents a general 

picture of the magnitude of free swelling in montmorillonite, illite, halloysite and kaolinite. Note 

that, “free swelling” refers to the unconfined swelling under the presence of liquid water; thus, in 

such measurements, samples exhibited both swelling mechanisms, since liquid water can 

activate crystalline and osmotic swelling as well.  

Table 4 - Free swelling of the most common clay minerals. (from Grim, 1962, Shamburger et al., 1975 and Mielenz 
and King, 1955 as quoted in Tu (2015) and Park (1979)) 
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Also, the importance of ionic concentration of the wetting liquid can be witnessed in Figure 17, 

which presents the swelling of a clayey soil, wetted with distilled water and with water and 

sodium chlorite solution with different cation concentrations. It is observed that as cation 

concentration of the solution increases, swelling decreases, since less water needs to diffuse 

between the clay particles in order for ion concentration to get equal. Note that in this case, 

osmotic swelling occurred only when the soil was saturated with distilled water and 0.1M NaCl 

solution, since a cation concentration of the soil was 0.25M.  

 

Figure 17 - Swelling of a clayey soil vs time, for solutions with different NaCl concentrations (from Rao et al. (2013)) 
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2.5 Friction loss  

Aside from the attraction of water into the interspace, clay minerals attract water molecules on 

their external surfaces as well (even from air humidity), forming water layers around particles 

and grains (Hatch et al., 2012). The presence of water layers in the interlayer and the external 

surface of the clay minerals, causes the friction coefficient (μ) to decrease from dry to wet state. 

Some reasons have been suggested to attribute this behavior, concentrating on the effect of 

surface water acting as a lubricant on contact areas (Kawai et al., 2015; Moore & Lockner, 

2016), the interlayer water (and the consequential swelling) weakening interlayer bonds 

(Tetsuka et al., 2018) or a combination, in a manner that interlayer water causes structural 

deformations, which affect external surfaces of the mineral (Behnsen & Faulkner, 2013; Sakuma 

et al., 2022).  

According to the interlayer space, it has been stated that wet friction coefficient in 

montmorillonites is related to the cations in the interlayer (Bird, 1984). Behnsen & Faulkner 

(2013) found that the same montmorillonite presented different friction coefficient values in the 

wet state, in the cases of potassium, sodium, calcium and magnesium cations in the interlayer, 

as Figure 18 presents (the role of effective stress will be discussed below). Similar observations 

were done by Tetsuka et al. (2018), in Na- and Ca- montmorillonites (Figure 19). Both test 

results are in accordance with the swelling behavior of montmorillonite. Firstly, from Figure 14 

and Figure 15 we can see that at high relative humidity (>80%), basal space of Na-, Ca- and 

Mg- montmorillonites are approximately equal, while for K-montmorillonite is significantly less. 

Since basal space is related to bonding strength of montmorillonite, it is reasonable that values 

of friction coefficient in the wet state for Na-, Ca and Mg- montmorillonite are similar, while for K-

montmorillonite is greater. Secondly, one can see that at low relative humidity, basal space of 

Ca-montmorillonite is quite bigger than that of Na-montmorillonite, and thus, the fact that at the 

same relative humidity Na-montmorillonite shows much greater friction coefficient values than 

Ca-montmorillonite, makes perfect sense.  
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Figure 18 - Wet friction coefficient (μ) of Na-, Ca-, Mg- and K- montmorillonite vs effective normal stress (data from 

Behnsen & Faulkner (2013)) 

 

Figure 19 - Friction coefficient of Na- and Ca- montmorillonite vs relative humidity (from Tetsuka et al. (2018)) 

Another observation from Figure 19, is that for montmorillonite, the wet friction coefficient is 

significantly affected by the effective normal stress. The higher the effective normal stress, the 

higher the wet friction coefficient is. Such observations are common among researchers, for 

most of clay minerals, despite some differentiations regarding the behavior at low effective 

normal stress. This tendency is attributed to the fact that as effective normal stress arises, water 
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among the particles or in the interlayer is driven off, and so, water films become thinner, 

reducing their lubrication effect (Moore & Lockner, 2016) and increasing the mineral contact 

areas (Behnsen & Faulkner, 2012).  On the other hand, dry friction is reducing with increasing 

effective normal stress (Behnsen & Faulkner, 2012; Morrow et al., 2017). Wet and dry friction 

coefficients on effective normal stress values from 10 to 100Mpa, on Na-montmorillonites are 

presented in Figure 20. Morrow et al. (2017) performed extensive tests on Na-montmorillonite, 

for effective normal stress values up to 600-700Mpa and they found that while friction coefficient 

for dry state stabilizes at approximately 350Mpa, the values for wet state keeps increasing 

(Figure 21). Figure 22 presents test results on some other clay minerals, performed by Behnsen 

& Faulkner (2012). The tendency for the dry friction coefficient is to decrease until about 30MPa 

normal effective stress and then stabilizing, while for the wet state, a reduction from 5MPa to 

approximately 30MPa effective stress is observed and from that point and on, the values 

increase again. 

 

Figure 20 - Na-montmorillonite dry and wet friction coefficient vs effective normal stress (data from Morrow et al. 
(2017), Tetsuka et al. (2018), Sakuma et al. (2022) and Behnsen & Faulkner (2012)) 
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Figure 21 - Na-montmorillonite dry and wet friction coefficient vs effective normal stress from 10 to 685 Mpa (from 
Morrow et al. (2017)) 

 

Figure 22 – (a) Dry and (b) wet friction coefficient vs effective normal stress, for different clay minerals (from Behnsen 
& Faulkner (2012)) 

Ikari et al. (2007), after performing frictional tests on samples with montmorillonite content at 

different normal effective stress vales (range from 5 to 100 MPa), while agreeing that dry friction 

coefficient decreases with increasing effective normal stress, they found that wet friction 

coefficient did not increase with increasing effective normal stress. However, on one hand this 

tendency became less significant as montmorillonite content of the sample increased, and on 

the other hand, values for 100% montmorillonite sample were very low (< 0.1) for the whole 

range of effective normal stress values, making the conclusions over this behavior difficult.    

Figure 23 shows the friction coefficient reduction from dry to wet state with respect to effective 

normal stress, for Na-montmorillonite, chlorite and talc. Chlorite and talc were selected in order 
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to give an indicative picture of the tendency, as the minerals with the highest (chlorite) and 

lowest (talc) friction coefficient in Behnsen & Faulkner (2012) Figure 23-excluding 

montmorillonite. We can conclude that the friction loss of clay minerals between dry and wet 

state on clay minerals becomes less, as effective normal stress increases.  

 

Figure 23 - Friction coefficient reduction vs effective normal stress for Na- montmorillonite, chlorite and talc. Data 

obtained from Morrow et al. (2017), Tetsuka et al. (2018), Sakuma et al. (2022) and Behnsen & Faulkner (2012)) 

Following the consideration that friction loss depends on the amount of water absorbed in the 

interlayer or adsorbed on clay mineral surface, it is easy to assume that decrease in friction 

coefficient also depends on the water content of the sample. Such a picture is given from Figure 

24. As the water content of the sample (quartz and montmorillonite) increases, friction 

coefficient decreases. Also, one can observe that as the montmorillonite content increases 

against the quartz content, this reduction becomes more severe.  

 

Figure 24 - Friction coefficient vs water content, from samples of quartz and montmorillonite (from Ikari et al. (2007)) 
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 As described above, clay minerals have the ability to attract water molecules from the air. 

Therefore, and as shown in Figure 19, relative humidity is capable enough to activate the friction 

loss mechanisms. Here, it is important to note that as a result of the above, tests on clay 

minerals on “dry” state, are not always achieved. In most procedures, researchers take 

measures in order to avoid the sample to interact with humidity; for instance, dry tests are 

performed exactly after the taking samples out of the oven or they perform tests in vacuum 

conditions. Even thought, some saturation can occur, thus, one test result described as “dry” 

could be partially saturated and correspond to low water content.  

Other factors affecting dry and wet friction coefficient, could be the velocity of the friction test, 

i.e. shear deformation to time needed, or the salinity of the wetting fluid (Moore & Lockner, 

2016), but these factors may be of secondary importance for most cases. For instance, Ikari et 

al. (2007) found that in order for friction coefficient to show a noticeable increase, the velocity of 

the test should be 100-300 mμ/s while usual tests performed at 0.5 - 5.0 mμ/s. What is more, 

Sakuma et al. (2022) found that friction coefficient of Na-montmorillonite saturated with 1M 

sodium chloride would be just 0.02 lower than that saturated with distilled water, while for K-

montmorillonite would be 0.015 for the case of distilled water and 1M potassium chloride. 

Similar observations were done by Kawai et al. (2015) for the case of muscovite, saturated with 

distilled water, 0.5M caesium chloride and 0.5 sodium chloride, where the difference in friction 

coefficients were imperceptible.  

Figure 25 presents friction coefficient values for dry and wet state, for other clay minerals, 

except montmorillonite. Figure 26 presents the friction coefficient reduction for the same 

minerals. Data were obtained from Morrow et al. (2000), Moore & Lockner (2004), Kawai et al. 

(2015) and Behnsen & Faulkner (2012). Note that: (i) these values refer to the peak frictional 

coefficient and not the residual one, (ii) values refer to effective stress of 100MPa, except for the 

values from Kawai et al. (2015) for muscovite, which refer to effective stress of 24MPa, (iii) 

values for muscovite from Kawai et al. (2015) refer to the case of powder samples (and not the 

single crystal samples also tested), (iv) in the cases of muscovite and phlogopite in Moore & 

Lockner (2004) and muscovite in Kawai et al. (2015), where 2 samples were tested, the mean 

value of them is presented, (v) for the calculation of percentage reduction, values for dry and 

wet friction coefficient refer to the mean of the available values for each mineral.  
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Figure 25 - Dry and wet friction coefficient for different clay minerals (data from Morrow et al. (2000), Moore & 

Lockner (2004), Kawai et al. (2015) and Behnsen & Faulkner (2012)) 

 

Figure 26 - Percentage of friction coefficient reduction for different clay minerals (data from Morrow et al. (2000), 
Moore & Lockner (2004), Kawai et al. (2015) and Behnsen & Faulkner (2012)) 

  Chri
sto

s K
ara

pe
dis



31 
 

Chapter 3 Clay minerals in rocks: The case of rocks with high clay content 

Mudstones, Siltstones and Marls are sedimentary rocks, characterized by the high clay mineral 

content in their mineralogy. Thus, these rocks are highly reactive when in contact with water. 

Their wet behavior is interesting, since it gives a good picture of the influence of clay minerals in 

wet rock strength.  

Figure 27 shows the UCS loss in such rocks, between dry and wet condition, with data obtained 

from Erguler & Ulusay (2009), Jiang et al. (2014), Lu et al. (2017), B. Li et al. (2019) and Chen 

et al. (2022). Unfortunately, for that family of rocks, not enough data in literature are available. 

However, from the available data, it is obvious that rocks with high clay content are susceptible 

to high strength reduction when saturated, where in some cases is can reach values of even 

90%.  

 

Figure 27 - UCS loss (%) for mudstones, siltstones and marls (Data obtained from Erguler & Ulusay (2009), Jiang et 
al. (2014), Lu et al. (2017), B. Li et al. (2019) and Chen et al. (2022)) 

3.1 Weakening mechanisms 

During saturation, the structure of such rocks exhibits changes, mostly due to the reactivity of 

clay minerals. The procedure is, more or less, as follows: (1) During saturation, water finds its 

way into the rock, via the cracks of the sample (Jiang et al., 2014; B. Li et al., 2019). (2) As soon 

as water is in touch with clay minerals, these minerals expand. (3) Since clay minerals are 

predominant, their swelling does not cause the closure of pores (as it happens in sandstones - 

see Chapter 4), but instead, porosity increases (Lu et al., 2017) as pores are getting larger (M. 

Zhou et al., 2021). What is more, since different clay minerals with different swelling capacities 
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are present, as well as clay particles have irregular shapes, swelling is not uniform into the rock 

body. (4) Consequently, contact between grains may change and transform from face-to-face, 

to point-to-face or even point-to-point (Jiang et al., 2014; B. Li et al., 2019), resulting in the rise 

of internal local stresses (Van Eeckhout, 1976) and the reduction of contact area, thus, friction 

resistance between grains reduces. The latter should be considered in addition to the fact that 

friction coefficient of clay minerals reduces under saturation (see 2.5). (5) Cracks start to appear 

and micropores connect to each other, forming in one hand, larger pores, and on the other 

hand, a network of open pores (Jiang et al., 2014; B. Li et al., 2019; M. Zhou et al., 2021), 

allowing water to penetrate even more into the rock body. In addition, “close pores” could 

become “open” (Figure 28) (M. Zhou et al., 2021). (6) All these, give access to water in regions 

which were not accessible before, and thus, more clay minerals get in touch with water and 

react, resulting in a new cycle of reactions. The aforementioned progressive procedure is 

responsible for the changes in the structure and the strength reduction of such rocks. 

 

Figure 28 - Expansion and connection of pores & "close" pores became "open" (from M. Zhou et al. (2021)) 

3.2 Time dependency 

In mudstones, this procedure does not stop until water is expelled from rock pores; otherwise, 

total disintegration of the rock sample may occur. Jiang et al. (2014) and Chen et al. (2022) 

Chri
sto

s K
ara

pe
dis



33 
 

performed tests on mudstones to observe the crack propagation process. In Jiang et al. (2014), 

mudstone sample had a clay content (chlorite and illite) of about 45%, and it was immersed in 

water for 1 year. Figure 29, shows the crack propagation in the sample relative to the time of 

immersion. It can be seen, that most of the cracks evolved in the first 75 hours, but this 

evolution kept on going, until the specimens were taken out of water. Figure 30, shows the 

condition of four specimens, after one year of immersion; the specimens were totally 

disintegrated. Note that, in this experiment, samples were hold in plexiglass containers, so, total 

disintegration could have happened earlier, if the samples were “free” to swell.  

 

Figure 29 – Images presenting the crack propagation of mudstone with time of immersion. Voids of sample are 
represented with blue (from Jiang et al. (2014)) Chri
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Figure 30 - Disintegration of mudstone after 1 year of immersion (from Jiang et al. (2014)) 

In Chen et al. (2022), mudstone had a clay content of about 50.3%, 90% of which was smectite. 

Figure 31, shows the disintegration progress of the sample for 26 hours of immersion in water. It 

can be seen that after 10-20 minutes, the sample broke in smaller, detached pieces.  

 

 

 

Figure 31 - Disintegration process of a mudstone with high smectite content, after (a) 1 minute, (b) 10 minutes, (c) 20 
minutes, (d) 60 minutes and (e) 26 hours of immersion (from F. Chen et al. (2022)) 
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The difference in the disintegration progress of these experiments, should be attributed to the 

smectite content of the mudstones. Therefore, one could state that immersion time in 

combination with the smectite content, is an indicator of the strength reduction in rocks with high 

clay content. Siltstones and marls, should behave accordingly, since clay content is similar.  

In rocks containing large portion of calcite, such behavior could be more intense, because 

calcite is a soluble mineral (Appendix B). As long as soluble minerals are in contact with water, 

part of their surface dissolves into the water and contact areas weaken. Consequently, part of 

the skeleton is lost, distance between particles increase, and bonding forces (for instance Van 

der Waals forces) weaken (B. Li et al., 2019).  

3.3 Wetting and drying cycles 

In order to simulate natural conditions where rocks suffer from alternate wetting and drying (as 

in water reservoirs), experiments with cycles of wetting and drying in mudstone and siltstone 

have been performed in order to study the swelling (Doostmohammadi et al., 2009; José Pejon 

& Valentin Zuquette, 2002), porosity increase (M. Zhou et al., 2021) and UCS reduction (S. 

Huang et al., 2018); no relative experiments were found for marl.  

Figure 32, shows the reduction of UCS after 12 cycles of wetting and drying of a mudstone, with 

data from S. Huang et al. (2018). Figure 33 shows the swelling strain of mudstone after time 

and wetting and drying cycles tests performed by José Pejon & Valentin Zuquette (2002), and 

Figure 34 shows the evolution of porosity in siltstone, after wetting and drying cycle tests 

performed by M. Zhou et al. (2021).  

 

Figure 32 - UCS vs number of wetting and drying cycles, for mudstone (Data from S. Huang et al. (2018)) 
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Figure 33 - Typical swelling vs time and wetting and drying cycles for mudstone. Red circle indicates that part of the 
swelling is irreversible. (from José Pejon & Valentin Zuquette (2002)) 

 

Figure 34 - Porosity vs wetting and drying cycles (from M. Zhou et al. (2021)) 

The behavior after wetting and drying cycles can be explained under the following steps: (1) 

during saturation, the samples swell and its structure suffers changes, and as a result, porosity 

increases. The mechanism is the same as explained above. (2) During drying, only a part of the 

total swell (and porosity increase) is reversible. This is indicated from the difference in initial 

swelling strain in each cycle, as shown into the red circle in Figure 33. Similar observations are 

be made in Doostmohammadi et al. (2009). (3) Consequently, the next cycle starts from a new 

point, where more surface area is accessible to water, meaning that more clay minerals may 

react. (4) As cycles continue, total swelling of the sample increase in every cycle, resulting in 

porosity increase. (5) After some cycles, no extra swelling is observed, and porosity remains 

constant. However, total disintegration of the sample may occur before reaching this number of 
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cycles. (6) Since UCS loss is attributed to the cumulative structure changes, the reduction of 

UCS after wetting and drying cycles should be explained in the same way. 

3.4 Saturation with Sodium and Potassium Chloride 

X. Chen et al. (2020), performed experiments on mudstone, where saturation liquid was a 

potassium chlorite solution (KCl) in 0% (pure water), 2%, 4%, 6% and 8% concentration. The 

mudstone had a clay content of 27.4%. They found that, for saturated samples, as the 

percentage of KCl concentration increased, water content and swelling capacity decreased 

(Table 5 and Figure 35). The reason could be explained in addition to what was discussed in 2.4 

and 2.5: i) the presence of potassium in the interlayer of clay minerals, is related to the limited 

basal space increase during water absorption, and ii) as concentration of cations in water 

increases, less water is needed between particles to equilibrate the concentrations in the 

interparticle space and pore water (osmotic swelling). Figure 36, shows the UCS loss for each 

KCl concentration, for the same experiment. As KCl concentration increases, UCS loss 

decreases, and this could be explained in the same manner; less swelling, leads to less 

structure changes, and thus, less reduction in UCS. Note that in this experiment, test for the 

case of pure water (0% KCl) could not be accomplished, because of the sample’s disintegration.  

Table 5 - Water content with different KCl solutions for mudstone (from Chen et al., 2020) 

 

 

Figure 35 - Swelling capacity with time for different KCl solutions for mudstone (from X. Chen et al. (2020)) 
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Figure 36 - UCS loss for different KCl solutions (data obtained from X. Chen et al. (2020)) 

Anne Perera et al. (2018) and Wanniarachchi et al. (2019) studied the influence of sodium 

chlorite (NaCl) on strength of siltstone. The research team was pretty much the same in both 

cases. Siltstone in both cases was taken from the same region and had a clay content of about 

40-45%, but dry strength was different. Figure 37, shows the variation of UCS for dry and 

saturated samples at different NaCl concentrations, including pure water, from Anne Perera et 

al. (2018) experiments. It can be seen that as NaCl concentrations increase, the UCS loss 

decreased, although the difference is insignificant. The exception here is for the case of pure 

water, where the reduction in strength was the lowest observed. The latter does not agree with 

the previous observations in mudstone and KCl solutions (Figure 36). According to authors, high 

ion concentration in pore water can cause corrosion in the rock structure. This difference 

between NaCl solutions and pure water, could mean that the negative influence of ion corrosion 

is greater than the aforementioned positive ones. Authors also referred to the positive influence 

of NaCl crystallization into rock pores, which could add extra strength to the rock. But this 

statement needs more examination, since crystals may also cause exfoliation or add extra 

internal stress, increasing the internal damage of the rock, especially in rocks weak as the 

investigated ones. 
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Figure 37 - UCS variation in siltstone, under dry and wet conditions, for the case of water and different NaCl solutions 

(from Anne Perera et al. (2018)) 

Figure 38, presents the UCS test results of Wanniarachchi et al. (2019). In this case, NaCl 

concentration of 10%, 20% and 25% were compared. Test showed that UCS loss for all three 

cases were very close; the greatest UCS loss was found for 10% concentration, 20% showed 

the lowest one and 25% was in the middle, a fact that is interesting. According to authors, the 

negative influence of NaCl for the case of 25% concentration is such that it overcomes the 

positive ones compared to the 20% concentration; but these test results are not in agreement 

with the previous experiment. So, safe conclusions cannot be made, and further research 

should take place.  

 

Figure 38 - UCS variation in siltstone, versus degree of saturation for different NaCl solutions (from Wanniarachchi et 
al. (2019)) 

3.5 Water content (or saturation degree) dependency 

Except from the saturation period, the amount of water in the rock body is also important. After 

many tests on different sandstones, Hawkins & Mcconnell (1992) proposed that the relation 

between UCS and water content is expressed by Equation 1:  
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𝜎𝑐 = 𝑎  ∙ 𝑒−𝑏 ∙ 𝑤 + 𝑐  (1) 

with σc being the UCS, w the water content, and a, b and c constants unique for each rock, and 

for the estimation of them, one needs to perform a series of UCS tests in different water 

contents. UCS in dry state is equal to c, while in full saturation it is equal to a + c. The constant 

b expresses the steepness of the curve. After experiments on mudstones by Lashkaripour & 

Ajalloeian (n.d.), Jiang et al. (2014), Zhang et al. (2017) and on siltstone by B. Li et al. (2019), it 

was confirmed that the relationship between UCS and water content, is also valid for rocks with 

high clay content. 

 Figure 39, shows the relation between saturation degree and the percentage of total UCS loss, 

with data from the aforementioned articles. Vergara & Triantafyllidis (2016) found another 

relation for UCS and water content for, that follows a parabolic curve (Figure 40).  

 

Figure 39 – Saturation degree vs percentage of total UCS loss for mudstones and siltstone (data Lashkaripour & 
Ajalloeian (n.d.), Jiang et al. (2014), Zhang et al. (2017) and B. Li et al. (2019)) 

 

Figure 40 - UCS vs water content for marl (from Vergara & Triantafyllidis (2016)) 

All curves indicate that UCS decreases as water content increases, as expected. From clay 

mineral concern, greater amount of water into the rock sample means that, on one hand, more 

water is “available” to take place in the reactions (for instance the formation of more water 
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layers, the activation of osmotic swelling etc), and on the other hand, that more clay particles 

react with water. The difference between the three rock types, is that mudstones and siltstones 

lose most of their UCS at lower saturation degrees, and as saturation increases, the rate of 

UCS loss decreases. The same trend was found for sandstones. On the other hand, marls 

seem to follow the exact different trend; the rate of UCS loss increases as saturation degree 

increases. This may be due to the capillary phenomena, since capillarity is lost at higher 

saturation degrees (Appendix E). The aforementioned should be considered in addition to 

Appendix C, regarding the water distribution in rock sample. Concluding, increasing saturation 

degree means that more parts of the sample get in touch with water and more pores get fully 

filled, so clay mineral reaction in rock is more intense, causing greater internal damage. 

3.6 Discussion over the approachability of clay minerals from water 

From the previous discussion, it was concluded that clay minerals have a significant influence 

on UCS loss, as does porosity. Note that, in Erguler & Ulusay (2009), most of the mudstones 

and siltstones had a very low smectite content, however, they presented the aforementioned 

swelling and strength reduction behavior. What is more, and as pointed in 2.5, all clay minerals 

present a friction coefficient reduction in wet state. Thus, in the present study, clay minerals are 

studied as one, and when “clay content” is referred, all clay minerals content is taken into 

account. Figure 41 and Figure 42, show the dependence of UCS loss in mudstone from clay 

content and porosity respectively, with data from Erguler & Ulusay (2009). Figure 43 and Figure 

44, show the dependence of swelling strain after 1 cycle of wetting and drying, from the same 

parameters, with data from José Pejon & Valentin Zuquette (2002). The first cycle was chosen 

instead of maximum swelling after a number of cycles, because the porosity given in the article 

refers to the starting porosity (i.e. the porosity of the sample before any cycle).  

For both cases, clay mineral content is not a good indicator for the examined variable. Porosity 

is a good indicator for swelling strain, with R2 being equal to 0.89, while for UCS loss the R2 

equals to 0.22. If the specimen L16-1 is excluded, the R2 value are equal to 0.54 (the reason for 

this exclusion will be explained later).  Chri
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Figure 41 - Clay content vs UCS loss for mudstone (Data from Erguler & Ulusay (2009). Note that clay content here is 
the sum of clay content and mica content in the article) 

 

Figure 42 - Porosity vs UCS loss for mudstone (Data from Erguler & Ulusay (2009). Note that clay content here is the 
sum of clay content and mica content in the article) 

 

Figure 43 - Clay content vs Swelling strain for mudstone (Data from José Pejon & Valentin Zuquette (2002)) 

 

Figure 44 - Porosity vs Swelling strain for mudstone (Data from José Pejon & Valentin Zuquette (2002)) 
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The fact that clay content seems totally irrelevant from both UCS loss and swelling strains, does 

not seem reasonable. So, trying to find a variable that would include clay content and would be 

in agreement with the general conclusions, the idea of approachability of clay minerals from 

water came up. As mentioned, the increase in porosity gives new routes for water to penetrate, 

and new regions of rock body get saturated, resulting in new clay minerals to take place in the 

reaction and the alteration of rock structure. So, according to this, there would be some parts of 

clay content which are not in contact with water, and thus, do not react. So, changes in rock 

structure could not depend just on the clay content or porosity, but to the proportion of clay 

content which is approachable by water, or else, the percentage of clay minerals that react.  

The easiest way to simulate the approachability of clay from water, i.e., “how much of clay 

content is in touch with pore water”, is to consider the ratio of porosity over clay content. Figure 

45 and Figure 46, present the relation between this ratio and the examined mechanical 

properties. As one can see, the correlation in both cases increased, compared to the case of 

porosity alone (R2 for UCS loss increased to 0.60 from 0.54 and for swelling strain increased to 

0.96 from 0.89). The basic advantage of this suggestion, is not the increase in R2, which is not 

significant, but the fact that clay content is taken under consideration. Note that, relative 

exercise was made for the case of siltstone and marl, with data from Erguler & Ulusay (2009), 

but for both cases, not three of clay content, porosity and porosity / clay content showed a good 

correlation with UCS loss. Sample L16-1 was chosen to be excluded as it was considered as 

extreme value. 

Simulating approachability this way shows some weaknesses. First of all, porosity refers to the 

whole volume of the sample, while clay content refers to the volume of solid part. Transforming 

clay content as a ratio of the volume of sample may give more accurate results. Additionally, 

with this way, the nature of voids and clay, their size and their specific surface area are not 

taken under consideration. Estimating the whole surface area of the voids (i.e. the interface 

between clay and water under saturation) and the whole surface of clay part, would give more 

analysis options. Furthermore, assuming the porosity constant over saturation time is not 

correct, as discussed before. So, a more precise approach should consider the fact of porosity 

increase during saturation time or wetting and drying cycles. Finally, one doubt that comes in 

mind according to this simplified approach, is that, for two different rocks with a given porosity, 

the one with the lower clay content would give a greater porosity over clay content ratio, and so, 

a greater UCS loss. The simplified approach would for sure give a wrong result, in the case of a 

very big porosity value, over a relatively small clay content. Estimating the upper limit of clay 
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content over which no extra clay part can be in contact with water (meaning that 100% of pore 

surface is in touch with clays), or the lower limit of porosity for which all clay parts will be in 

touch with water, so any increase in porosity would not have any attribution, could help to 

exclude extreme values. However, the simplified method can give an easy and quick picture, 

and in any way, supports the idea that approachability is something that could get more 

attention; as shown in Figure 45 and Figure 46, the greater the approachability, the greater the 

reduction in UCS.  

 

Figure 45 - Porosity / clay content vs UCS loss for mudstone. (a) For all the samples and (b) excluding sample L16-1  

(Data from Erguler & Ulusay (2009)) 

 

Figure 46 - Porosity / clay content vs swelling strain (Data from José Pejon & Valentin Zuquette (2002)) 
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Chapter 4 Clay minerals in rocks: The case sandstones 

Sandstone is a very common rock type, consisting mainly of sand-size grains (0.0625 to 2.00 

mm). It is composed mostly of quartz and feldspar, while calcite may also be found. Clay 

minerals are very common in sandstones, and their content could be anywhere between 0% 

and 20-25%. A large variety of other minerals can be found, but usually in small amounts. 

 

Figure 47 - UCS loss (%) for sandstones (Data from Hawkins & Mcconnell (1992), Shakoor & Barefield (2006), S. 
Huang et al. (2010), Verstrynge et al. (2014), Z. Zhou et al. (2016), ZHOU et al. (2016), Lu et al. (2017), Masoumi et 

al. (2017), Tang (2018), Wasantha et al. (2018), Cai et al. (2019) and Noël et al. (2021)) 

Figure 47 shows the reduction of UCS in sandstones, between dry and wet state. Data were 

obtained from Hawkins & Mcconnell (1992), Shakoor & Barefield (2006), S. Huang et al. (2010), 

Verstrynge et al. (2014), Z. Zhou et al. (2016), ZHOU et al. (2016), Lu et al. (2017), Masoumi et 

al. (2017), Tang (2018), Wasantha et al. (2018), Cai et al. (2019) and Noël et al. (2021). It can 

be seen that i) the fluctuation of strength percentage loss is great, with the values covering 

evenly all the range from 4.9% to 78.1%, and ii) the strength loss is not so intense compared to 

the case of mudstones. Note that, in Hawkins & Mcconnell (1992), one sandstone (Ashdown 

Sandstone) showed an increase in its UCS under saturation, which is strange. Its properties are 

similar to other rocks, and no similar observation according UCS increase under saturation has 
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been reported in the literature, even in other rock types. Authors do not provide information 

about the number of this sandstone’s samples tested, and so, this record was excluded from 

this report, as well as the following ones. What is more, in Noël et al. (2021), the Fontainebleau 

sandstone showed a great deviation in its measured mechanical characteristics, and it was also 

excluded from all reports.  

4.1 Weakening mechanisms 

Because of clay swelling, during saturation, the expanded clays fill more pore space than in dry 

condition, resulting in the decrease in porosity (Aksu et al., 2015; Jiménez-González et al., 

2008), unlike in mudstones and siltstones. Clay minerals will swell “freely”, until other grains 

block their expansion. In this case, an extra internal stress will develop, known as swelling 

stress or swelling pressure, and will apply on rock grains. Figure 48 is relevant.  

 

Figure 48 - Expansion of clay minerals in sandstones. (a) Free swelling and (b) developement of swelling stress 
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Typical values of swelling stress for different clay minerals are given in Table 6. It can be seen 

that the values of swelling stress are in the order of some kPa to approximately 0.5-0.6 MPa. 

Only montmorillonite shows a swelling stress value slightly over 1.00 MPa. Similar value (about 

0.80 MPa) of swelling stress was estimated by Jiménez-González et al. (2008), after tests in 

sandstone sample. 

Table 6 - Swelling stress for different clay minerals. Data obtained from Kohno (2020), (2021); Kohno et al. (2018) 

 

Tensile strength of sandstones is usually higher, and considering that the stress is applied only 

in the part of the cross section where clay is present (depending on the clay content of the 

sample), one could conclude that swelling stress alone cannot cause the total breakage of a 

sandstone, at least in most of the cases. What is more, there is no available data in the 

literature to confirm the opposite. On the contrary, in such experiments, no obvious damage or 

fracture has been observed after saturation of sandstones. Figure 49 is indicative. 

Smectite/ 

Montmorillonite 

Kaolinite Halloysite Pyrophyllite Talc Mica Chlorite Vermiculite Reference 

 0.17 0.24  0.01 0.02   Kohno et 

al., 2018 

0.98 0.37 0.56 0.01 0.01 0.02 <0.002 0.13 Kohno, 

2020  

1.10 0.42 0.63 0.02 0.01 0.03 <0.002 0.15 Kohno, 

2021 
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Figure 49 - Images of mudstone and sandstone after different time of immersion and temperature (from Lu et al. 
(2017)) 

However, swelling stress can still cause some internal damage in the sample, and can help with 

the propagation of cracks (Cai et al., 2019; H. Li et al., 2019). Figure 50 illustrates some 

possible mechanisms. In one hand, swelling stress can lead to the total detachment of rock 

grains, when the developed swelling stress is higher than the friction between grains, or when 

the clay cementation of grains swells and its friction is reduced. On the other hand, a grain can 

exhibit breakage under the swelling stress, through its weaker part. The latter should be 

considered in addition to the clay migration; during saturation and water flow inside the pores, 

clay could suffer some abruption, and so, clay fragments can insert into cracks, and build up 

new fractions where no clay was present before (Figure 51). In addition, in this case, the same 

amount of clay in the rock sample will attract more water than before (H. Li et al., 2019), since 
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the surface area of the whole clay fraction would be more. Thus, osmotic swelling would be 

greater and swelling stress could appear in new points.  

 

 

Figure 50 - Mechanisms of internal damage in sandstones, due to clay swelling 

 

 

Figure 51 – Migration of clay particles after water flow in rock pores. (a) Clay fraction before water flow and (b) during 

water flow. See how new clay fractions form 

Chri
sto

s K
ara

pe
dis



50 
 

Aksu et al. (2015), performed experiments in artificial sandstone, to examine the reduction of 

permeability after swelling. They found that for samples with the same clay content, permeability 

reduction decreased as pore size increases, and for high pore size, this reduction was 

insufficient. They suggested that this happened because, for bigger pores, swelling was not 

enough to cause the total closure of the pores, and thus, water could still flow through them. So, 

permeability reduction is proportional not just to the clay content, but also to the pore size.  

Extending this thought for the case of compressive strength reduction, seems interesting. When 

in pores with lower size, swelling of clays will not be “free”, since there will not be enough space 

to do so. Instead, swelling stress will develop, resulting in internal damage mentioned before. 

On the other hand, for higher pore sizes, swelling will be unconfined and swelling stress 

development will be limited. So, for the same clay content, the higher the pore size of the rock, 

the lower the influence of clay in UCS reduction. Unfortunately, in the articles concerning the 

UCS loss, the pore size distribution of the samples is not given. The only data available is in 

Noël et al. (2021); comparing Bentheim and Adamswiller sandstones, the only ones from the 

four tested sandstones with similar clay content (8.0 and 9.2% respectively) and porosity (24.0% 

and 24.3% respectively), one could see that Adamswiller sandstone with 6-60μm pore diameter 

suffered a 23.4% UCS loss, while the Bentheim sandstone, with a pore diameter of 20-100μm, 

suffered a 7.5% of UCS loss. Once again, the available data are not sufficient enough to confirm 

this hypothesis. Note that, porosity itself is not enough to indicate the available space of clay to 

swell; two rocks with the same porosity could have different pore size distributions. Also, in the 

case of sandstones, where clay is usually not in high proportions, it could be stated that while 

rock is saturated, whole of the clay fraction gets hydrated - unlike in mudstones.  

Jiménez-González et al. (2008) examined the natural damage induced in historical building 

constructed from swelling sandstone, highlighting the effect of clay minerals. One interesting 

mechanism proposed, related to clay swelling, was the buckling of the wet parts of the rock. As 

explained in Appendix C, when saturation of the sample is not complete, there are parts that are 

saturated and others that remain dry. As clay swelling happens in parallel and perpendicular 

direction to bedding, wet layers exhibit buckling (Figure 52). Buckling produces internal 

stresses, resulting in the degradation of the rock. Especially when initial flaws are present, 

buckling can also result in the detachment of grains and reduction of contact areas. Of course, 

grain contact areas can also be reduced by clay swelling itself, as presented in Figure 53.  
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Figure 52 - Buckling in sandstone. (a) before and (b) after buckling 

 

Figure 53 - Reduction of grain contact areas due to clay swelling. (a) before and (b) after clay swelling 
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The reduction of contact areas should be considered of high significance, as it has been proved 

by Dyke & Dobereiner (1991), that there is a great correlation between wet UCS and grain 

contact area (Figure 54). As grain contact area increase, wet UCS also increases. Reduction in 

grain contact area will greatly affect the wet UCS. 

 

Figure 54 - Relation between saturated UCS and grain contact area (from Dyke & Dobereiner (1991)) 

Lu et al. (2017), performed tests on sandstones at different water temperatures. They observed 

that as temperature increased, the maximum water content decreased, indicating that porosity 

decrease was greater for higher water temperatures, and thus, swelling was more intense in 

higher temperatures. At the same time, for higher temperatures, the wet UCS was higher than 

for lower temperatures (Figure 55). Unfortunately, the pore size of the sample is not provided. 

 

Figure 55 - (a) water content vs immersion time and (b) axial stress vs axial strain in sandstones for different 
temperatures (from Lu et al. (2017)) 
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On one hand, UCS is usually expected to be higher for lower porosity values, but on the other 

hand, as swelling is more intense, swelling stress is expected to increase. In this case, the 

negative effects of the extra swelling seem to be overruled by some positive ones. The positive 

effects could be explained as following: As clay expands into the pore, it will get in contact with 

other grains. In this case, new contact areas will be created and the compressive stress into the 

rock will be reduced, since the total contact area will increase. On the other hand, extra friction 

resistance will develop on the new contact points of grains (Figure 56). These new contact 

points and the extra resistance they provide, could explain why UCS reduction was lower for 

more intense clay swelling. Concluding, it could be suggested that, under specific conditions, 

clay swelling could also have a positive effect in wet UCS. 

 

Figure 56 - Formation of new contact points after clay swelling. Clay (a) before and (b) after swelling 

Another aspect concerning the wet behavior of clays and their influence in sandstone’s wet 

UCS, is the reduction of friction coefficient of clays, especially when clay acts as a cement 

material in the rock (Lu et al., 2017). In some experiments, the failure type of sample 

transformed from tensile or brittle, to shear, as saturation increases (Cai et al., 2019; Tang, 

2018). What is more, in other experiments, it was observed that while the cracks of the dry 

samples were mostly intra-granular, in the wet state, inter-granular cracks prevailed (Figure 57) 

(H. Li et al., 2019; Tiennot et al., 2019). Such observations give rise to the importance of the 
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friction developed between rock grains and clay fraction, especially when clay acts as 

cementation.  

 

Figure 57 - Intra-granular (or trans-granular) and inter-granular cracks (from Tiennot et al. (2019)) 

Lin et al. (2005) made similar observations in rocks with high cementation proportion; for rocks 

with less cementation and higher grain proportion, the crack type remained mostly the same. 

This seem reasonable, since in order for inter-granular crack to propagate and to result in the 

breakage of the sample, a “cement path” needs to be available, and as the cementation 

increases, such paths are more likely to exist.  

Figure 58, shows the of UCS loss in sandstone, versus their clay content. Note that, for the 

same reasons discussed in 3.6, the term “clay content” includes all of the clay minerals content. 

The correlation does not seem strong, as R2 value is equal to 0.1361 (not shown in the chart). 

This fact may indicate two things: (i) apart from clay related mechanisms, other mechanisms 

should have a great impact on UCS loss in sandstones (see Appendices), and (ii) clay content 

alone is not enough to express the effect of clay minerals in UCS loss in sandstones. Clay 

content should be considered in addition to other rock characteristics, like the pore size 

distribution described before. In any case, no safe conclusions can be made with the existing 

literature data.  
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Figure 58 - Clay content vs UCS loss in sandstones. Data obtained from Hawkins & Mcconnell (1992), Shakoor & 
Barefield (2006), S. Huang et al. (2010), Verstrynge et al. (2014), Z. Zhou et al. (2016), ZHOU et al. (2016), Lu et al. 

(2017), Masoumi et al. (2017), Tang (2018), Wasantha et al. (2018), Cai et al. (2019) and Noël et al. (2021) 

4.2 Time dependency  

In spite of rocks where clay minerals are dominant (like mudstones and siltstones examined 

before), sandstones will not collapse, or totally disintegrate, after some immersion time. As long 

as swelling of clay is completed, no other weakening mechanism further proceeds with 

immersion time, except from the dissolution of calcite. But as explained in Appendix B, when the 

immersion liquid is pure water distilled water, a very long time is needed to dilute an important 

amount of calcite. Also, calcite is usually in small amounts in sandstones. So, it can be assumed 

that clay swelling is the only controlling factor to determine the time dependency of sandstone’s 

UCS reduction.  

Figure 59, presents the UCS of sandstones in wet condition, after different immersion times 

(Tang, 2018). In this case, swelling of clay completed after 48 hours. It can be seen that the 

UCS of sandstone reduced for the first 48 hours, as swelling proceeded. After 48 hours, UCS 

remained the same; see that for 960 hours immersion time, the UCS was equal to that of 48 

hours. Note that, in this sandstone, calcite was presents, and its content was 4.29%.  

Chri
sto

s K
ara

pe
dis



56 
 

 

Figure 59 - (a) soaking time vs water content, (b) axial strain vs axial stress for samples immersed in water for 
different time (from Tang (2018)) 

No other experiments that investigate the reduction of UCS with immersion time, were found in 

the literature, at least under author’s knowledge.  

4.3 Wetting and drying cycles 

The general behavior of sandstones under wetting and drying cycles, is that the UCS is reduced 

gradually for some number of cycles, and as their number increase, reduction becomes mild, 

until a point where it gets insufficient. Figure 60, shows the reduction of dry UCS after wetting 

and drying cycles for different sandstones. Data were obtained from Liu et al. (2018), Xie et al. 

(2018), S. Huang et al. (2018), Yao et al. (2020), Liu et al. (2021), X. Li et al. (2021), Zhao et al. 

(2021).  

 

Figure 60 - Reduction of dry UCS vs number of wetting-drying cycles. Data obtained Liu et al. (2018), Xie et al. 
(2018), S. Huang et al. (2018), Yao et al. (2020), Liu et al. (2021), X. Li et al. (2021), Zhao et al. (2021) 
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For the cases where mineralogy is given, the clay content is written in the legend, in order to 

observe the relation between clay content and the reduction of strength. Unfortunately, the 

existing data are limited, and no clear correlation can be made. However, it seems that there is 

no solid correlation; the sandstone with the highest clay content shows the least UCS reduction, 

while the samples with 8.42% and 6.00% clay content show a reduction of 81% and 69% on 

20th cycle. The sandstone with 8.89% clay content, shows a reduction of 20% in the 5th cycle, 

while the sandstone with similar clay content (8.42%) shows a reduction of 35% on the 5th cycle. 

Here too, the idea to examine the clay content with respect to pore size distribution, seems 

attractive. However, no data are available in the literature.  

Figure 61 shows the fluctuation of porosity with wetting and drying cycles, with data obtained 

from Z. Zhou et al. (2018), S. Huang et al. (2018) and Xie et al. (2018); clay content is not 

available in any of these articles. The tendency is the same as for the case of UCS reduction; 

porosity increases with decreasing grade, until a point where the increase is insufficient. What is 

interesting, is that for the only cases with available data for both porosity and UCS change, the 

change in these two characteristics is very similar. For the sandstone of S. Huang et al. (2018), 

the increase of porosity after 40 cycles is 58% and the reduction of UCS is 61%, and for the 

sandstone of Xie et al. (2018), the increase in porosity after 20 cycles is 85% and the reduction 

of UCS is 81%. In addition, the curves of porosity and UCS fluctuation with increasing wetting 

and drying cycles, look similar. The above indicates that dry UCS reduction after wetting and 

drying cycles is governed by the increase in porosity.  
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Figure 61 - Porosity increase vs number of wetting-drying cycles. Data obtained from Z. Zhou et al. (2018), S. Huang 

et al. (2018) and Xie et al. (2018) 

The aforementioned internal changes, could be explained as follows: During wetting and drying 

cycles, microcracks start to appear. As cycles increase, their quantity increases as well, and 

they become wider and longer Z. Zhou et al. (2018). The formation and propagation of 

microcracks may be due to clay swelling and air-breakage phenomenon, i.e. during saturation, 

air is trapped into the pores and cannot escape, leading to an increase in air pressure, and thus, 

in the total internal pressure of rock (Doostmohammadi et al., 2009; José Pejon & Valentin 

Zuquette, 2002). At the same time, intergranular cracks show up, and increase in number with 

increase of cycles (Guo et al., 2021), until a point where there are hardly no grains without 

cracks on their boundaries (Guo et al., 2021; Z. Zhou et al., 2018). Figure 62, presents SEM 

images of a sandstone exposed at wetting and drying cycles, showing the internal changes in 

the microstructure at different cycles (Z. Zhou et al., 2018). Chri
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Figure 62 - SEM images of sandstones at different wetting-drying cycles. (a) - (f) present images after 0, 10, 20, 30, 

40 and 50 cycles, (g) and (h) depict the magnified views marked with green boxes in (f) (from Z. Zhou et al. (2018)) 

What is more, clay fraction is found to be reduced after wetting and drying cycles (Xie et al., 

2018; Yao et al., 2020), leading, on one hand in porosity increase, and on the other hand, in  the 

decreasing of rock cementation. The clay fraction reduction can be attributed at clay leaching 

(Lin et al., 2005); as water flow into the pores, some clay fraction is washed out. This 

phenomenon was described above, for the case of a simple saturation, but it should be more 

intense in the case of wetting and drying cycles, since water flow is repeated many times. In Xie 

et al. (2018) and Yao et al. (2020), it was found that clay content reduced by 27% and 20% after 

20 and 5 cycles, respectively. 
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4.4 Saturation with Sodium Chloride 

Figure 63 presents the wet UCS for sodium chloride solutions for different NaCl concentrations 

(0% concentration refers to distilled water), after 5 relative experiments. Data were obtained 

from Shukla et al. (2013), Rathnaweera et al. (2014), Nasvi et al. (2014), Rathnaweera et al. 

(2015) and Y. H. Huang et al. (2018). Figure 64 shows the variation of wet UCS for the case of 

distilled water and different salinity concentrations, with data from the same experiments (the 

case of Rathnaweera et al. (2015) was excluded because no uniaxial compression test for 

distilled water was performed).  

 

Figure 63 - Salinity vs wet UCS for sandstones saturated with solutions with different NaCl concentrations. Data 
obtained from Shukla et al. (2013), Rathnaweera et al. (2014), Nasvi et al. (2014), Rathnaweera et al. (2015) and Y. 

H. Huang et al. (2018) 
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Figure 64 - Salinity vs wet UCS variation (comparing to pure water) for sandstones saturated with solutions with 
different NaCl concentrations. Data obtained from Shukla et al. (2013), Rathnaweera et al. (2014), Nasvi et al. (2014) 

and Y. H. Huang et al. (2018) 

In general, for NaCl concentration above 10%-15%, the wet UCS of the sandstones is higher 

than that of distilled water, and for concentrations below that, it gets lower. The cases of Nasvi 

et al. (2014) and Y. H. Huang et al. (2018) do not show the same trend, but their tests did not 

involve solutions in the critical concentrations. Solutions with concentrations higher than 15% 

are absent in the former, and between 0% and 10% in the latter. If these cases were included, 

their curves could possibly follow the same trend. Note that, dry tests were only included in 

Shukla et al. (2013) and Rathnaweera et al. (2014), and in all three sandstones, the dry UCS 

was higher than any wet UCS.   

It seems that there are both positive and negative effects of NaCl in sandstone’s UCS, and that 

the positive ones overrule the negative ones, at concentrations 10%-15% and above. The 

positive effect is attributed to the formation of crystals into the pores of the rock. First, the 

formation of crystals decreases the pore space, and thus, porosity of the rock decreases 

(Rathnaweera et al., 2014). Rathnaweera et al. (2015), found that for NaCl concentrations of 

10%, 20% and 30%, porosity showed values of 28.88%, 27.47% and 24.48% respectively. 

Figure 65, presents SEM photos of Rathnaweera et al. (2015) sandstone, after saturation with 

0%, 10%, 20% and 30% NaCl concentrations. It is observed that crystals amount increases with 
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increasing concentration. Furthermore, crystals between the grains, enhance the friction 

between grains (Rathnaweera et al., 2015), and especially at the case of loose grains, this could 

provide an extra friction resistance on the sample. What is more, crystals could provide an extra 

support at grains, since the compression strength of a crystal is higher than that of water.  

 

Figure 65 - SEM photos of sandstone after saturation with different NaCl concentrations (from Rathnaweera et al. 

(2015)) 

Another positive aspect, could be related to the limited swelling of clay minerals. As explained in 

2.4, swelling of clay minerals is expected to be lower as cation concentration increases. This 

limited swelling, results in limited internal swelling stress, and so, changes in the microstructure 

should be less.   
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One possible explanation about the negative effect of NaCl could be the higher reduction of 

surface energy of the grains, in the presence of NaCl (Rathnaweera et al., 2014), or the higher 

corrosion of minerals. In any case, this phenomenon should be examined more. 

4.5 Water content (or saturation degree) dependency 

As described in 3.5, after many tests on different sandstones, Hawkins & Mcconnell (1992) 

proposed that the relation between UCS and water content, is expressed by Equation 1:  

𝜎𝑐 = 𝑎  ∙ 𝑒−𝑏 ∙ 𝑤 + 𝑐  (2) 

Later, many researchers confirmed the validity of this Equation 1 on other tested sandstones, 

(Babets et al., 2020; Lin et al., 2005; Masoumi et al., 2017; Tang, 2018; Z. Zhou et al., 2016).  

Figure 66 shows the curve between saturation degree and the percentage of the total UCS loss 

of sandstones, with data obtained from the aforementioned articles. It can be seen that, for all 

sandstones, most of the total UCS is lost at lower saturation degrees. 40% of the total UCS loss 

happens at about 20% saturation, while at 40% saturation, approximately 60% of the total UCS 

has occurred for 3 sandstones, while two of them exhibited 90% of their total UCS loss. After 

that point, the UCS keeps reducing, but with constantly reducing rate.  

 

Figure 66 - Saturation degree vs percentage of total UCS loss. Data obtained from Lin et al. (2005), Z. Zhou et al., 
2016), Masoumi et al. (2017), Tang (2018) and Babets et al. (2020) 

Tang (2018) explained this behavior taking under consideration the water distribution in samples 

and their failure mode. He found that while the examined sandstone suffered shear failure at dry 

state, as soon as it got saturated even with a small amount of water, tensile or brittle failure 
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occurred. As the degree of saturation increased, the failure mode turned to tensile-shear or 

shear, with shear failure becoming dominant at high saturation degrees. What is more, at lower 

saturation degrees, cracks developed near the surface of the sample, i.e. at the parts of the rock 

that were saturated. He suggested that this happened because, during compression, the 

saturated parts are more prone to lateral deformations than dry ones, and so, at the interface of 

dry and wet parts, tensile stresses developed, resulting in splitting of whole parts of the sample, 

and thus, in brittle or tensile failure.  

Concluding, it could be stated that wet parts of the sample provide enough available space for 

cracks to develop, in lower compression stress comparing to dry parts. This fact indicates that 

the strength of the whole sample is determined by the behavior of the wet parts, even if these 

parts represent a small proportion of the whole sample. Under these terms, the trend of 

sandstones to lose most of their strength in the lower saturation degrees can be explained. Of 

course, as water in the rock body increases, the bigger pores start to fill with water, thus, more 

weakening mechanism activate (like the pore pressure increase), and this is why at higher 

saturation degrees the UCS still decrease.  
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Chapter 5 General conclusions 

Because of their unique chemical structure, clay minerals are associated with the ability to 

absorb water molecules into their structure and their surface. Water absorption into the structure 

causes clay minerals to expand, a phenomenon called “swelling”. This phenomenon is partially 

reversible; when clay minerals expel the absorbed water, they shrink. Swelling of clay minerals 

has two components: crystalline and osmotic swelling. The magnitude of crystalline swelling a 

mineral will exhibit, highly depends on the interlayer cation. It is expected that when the 

interlayer is filled with sodium and calcium cations, the crystalline swelling will be greater, while 

the exact opposite behavior is expected to happen with potassium. Osmotic swelling depends 

mostly by the cationic concentration of the liquid; the higher the concentration, the lesser the 

osmotic swelling. Water adsorption on the surface of the clays, is related with friction loss.  

Smectite group seem to suffer the most swelling and friction loss than any other clay mineral. 

Thus, many researchers focus only on the existence of smectite, like montmorillonite or 

beidellite, when examine the influence of clay mineral on saturated rock strength and other 

properties. However, with the present study, it is suggested that this approach is incorrect, 

because even rocks with no smectite content are found to suffer changes in strength when 

saturated, and also, all clay minerals present a reduction in friction coefficient under wet 

conditions.  

In order to investigate the influence of clay minerals in rock uniaxial compressive strength, two 

rock groups examined. The first group was about mudstones, siltstones and marls, that is, rocks 

in which clay is the dominant mineral of their composition. The secons group was the sandstone 

type alone. Sandstones are rocks consisting mostly by grains the size of sands, and most of 

them contain a portion of clay minerals, usually in the order of 5%-10%. The percentage of UCS 

reduction is both groups is found to be in a large range of values. For the case of sandstones, 

the reduction may vary from 5% to 60%, while for mudstones, siltstones and marls may vary 

from 40% to even 95%. Thus, the first impression is that clay content indeed plays an important 

role on the reduction of UCS loss in rocks, since rock types with high clay content seem to 

suffer greater UCS loss.    

Since mudstones and siltstones consist mostly of clay minerals, it is reasonable to state that the 

basic mechanisms responsible for their UCS reduction, are related with to the reactivity of clay 

with water. This is the common opinion between the relevant projects, and is something that has 

been confirmed experimentally. Through the observation of the structure of such rocks, and how 

it changes during saturation time, the basic conclusion is that clay swelling is responsible for 
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severe internal damage inside mudstone and siltstone body. This damage leads to the decrease 

of rock quality, and can even result in total disintegration of the sample, if the sample is 

immersed in water for some time. Thus, the reduction of such rock’s strength is time-dependent.  

For the case of sandstones, it is hard to mention which mechanism is more significant, because 

all of the proposed mechanisms are activated (see also Appendices), and throughout the range 

of different sandstones tested, many different behaviors have been observed. However, clay 

reactivity is believed to be an important reason for sandstone’s reduction in strength. Clay 

swelling causes internal changes in sandstones, too. However, there are two main differences 

in sandstones: (1) the grain skeleton is strong enough to resist the development of internal 

swelling stresses, and (2) as soon as swelling completes, no extra change happens inside 

sandstone’s body, or else, the structure changes do not follow a progressive procedure. So, 

from that point of view, the reduction of UCS in sandstone is time-dependent, but only until clay 

swelling is over. After this point, the only mechanism progressing with time, is the dissolution of 

calcite, but it takes a great amount of time for calcite to dissolve in pure water. Reduction of 

friction coefficient of clay minerals should also contribute to strength reduction of both rock 

groups. 

What is more, since clay swelling depends on the interlayer cation, one would expect that the 

liquid chemistry would affect the wet behavior of rocks with clay portion; and this is true. It has 

been found that sandstones and mudstones saturated with water with cationic concentrations, 

show a different behavior than that of pure water. It is interesting, though, that such a behavior 

is not clear; greater amount of NaCl or KCl in water does not necessarily mean a higher or a 

lower wet strength. It seems that there is a cationic concentration at which the wet UCS 

becomes minimum, comparing with pure water, and after this point, wet UCS increases and 

becomes higher than pure water. In any case, wet samples present a lower strength than dry 

ones.  

The relation between UCS and water content (or saturation degree), follows a negative 

exponential curve (see Equation 1). This suggestion was made by Hawkins & Mcconnell (1992) 

after investigating the strength reduction of many sandstones. This relation has been confirmed 

by all subsequent studies on sandstones, but also applied in all mudstones and siltstones 

examined. Marls may not follow the same trend, but it needs more experiments to make a solid 

conclusion. 
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In addition, cycles of wetting and drying has been proved to affect the wet UCS in sandstones, 

mudstones and siltstones. The behavior of all rocks is similar. Wet UCS decreases by each 

cycle, with the rate of reduction being higher at lower cycle number, and reducing as cycles 

increase, until reaching a number of cycles where no extra reduction is observed.  

From the aforementioned, one could expect that there would be a strong correlation between 

clay content and UCS loss in every rock. Such a correlation must exist, since it has been proven 

that clay reactivity affects the wet UCS. However, after processing the available data in 

literature, such a correlation does not seem strong (see Figure 58 and Figure 41). Maybe, clay 

content itself is not sufficient enough to indicate the loss of UCS, and needs to be examined in 

addition to some other rock property. In the present study, it is suggested that this combination 

should be between clay content and pore space. In the case of rocks with high clay content, 

there should be parts of clay fraction that do not get in touch with water when saturated, thus, 

one should consider the total interface between clay and pore water. In the case of sandstones, 

where it should be assumed that most of clay fraction gets in touch with water (low clay fraction, 

high porosity), the pore size distribution should be taken into account. That is because, in a rock 

with bigger pores, clay will swell “freely” and swelling stresses will not be developed, while in a 

rock with smaller pores, clay swelling will be confined, resulting in the development of swelling 

stresses. Unfortunately, the existing literature data are not enough to confirm such a hypothesis. 
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Appendix A Fracture toughness and Subcritical cracking 

Fracture toughness refers to the ability of a rock, or any other material, to resist in the formation 

and propagation of cracks into its body. To describe the crack behavior of a rock, the intensity 

factor KI has been widely used. Intensity factor KI, expresses the magnitude of the stress 

concentrated on a crack tip, and is given by Equation 2 (Kean Atkinson, 1982) 

𝐾𝐼 = 𝑌 ∙  𝜎𝑎  ∙  𝑎
1

2⁄   (3) 

where Y is a geometrical constant, σa is the applied stress and a is a characteristic crack length. 

When the intensity factor in a rock overcomes a critical value, KIc, cracks inside the rock body 

start to propagate. After observing Equation 2, it can be seen that, in order for the intensity 

factor to have values above 0, an initial crack must be present. However, rocks are considered 

to be heterogenous, due to their porous and grain structure, thus, initial cracks or flaws are 

always present (Eppes & Keanini, 2017).  

According to Van Eeckhout (1976), fracture energy (i.e. the energy required for a crack to 

expand) depends on the surface energy of the media on which cracks propagate. The surface 

energy of the rock-water surface is lower than that of the rock surface itself, so, after water fills 

the pores of rock, the fracture energy reduces. Thus, it is expected that critical intensity factor of 

a rock decreases from dry to wet state, indicating that crack propagation starts at a lower 

compressive stress, under saturation.  

Such observations were made by some researchers after relative experiments on sandstones, 

indicating that the critical intensity factor is indeed reduced under saturate conditions (Noël et 

al., 2021; Z. Zhou et al., 2018). Table 7 presents the data available on literature concerning the 

critical intensity factor reduction and Figure 67 represents the relation between water content 

and critical intensity factor, as found in Z. Zhou et al. (2018). It can be seen that the best fit 

curve is a negative exponential one, similar to that suggested from Hawkins & Mcconnell (1992) 

between water content and UCS. Note that in both Table 7 and Figure 67, the critical intensity 

factor is expressed just as “fracture toughness”.  
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Table 7 - Literature data of fracture toughness under both dry and water-saturated conditions (from (Noël et al. 
(2021)) 

 

 

Figure 67 - Water content vs fracture toughness (from Z. Zhou et al. (2018)) 

However, cracks into the rock may propagate at intensity factor values below the critical ones 

(Hadizadeht & Law, 1991). This phenomenon is known as “subcritical cracking”, and it is mostly 

attributed on the hydrolysis of quartz (Atkinson & Meredith, 1981; Dyke & Dobereiner, 1991; 

Eppes & Keanini, 2017; Kean Atkinson, 1982). Quartz consists of one part silicon and two parts 

oxygen (SiO2).  

Figure 68 presents the relative mechanism. As shown, tensile stress concentration on crack tip 

is large. At time 1, molecules of quartz “stretch”, so bonds between silica (Si) and oxygen (O) 
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weaken. At time 2, since Si-O-Si bonds are weaker, quartz molecules become chemically 

reactive with water molecules. Equation 3 expresses this reaction (Cai et al., 2019): 

(Si-O-Si) + (H-O-H) ↔ -Si-OH-HO-Si- (4) 

At time 3, the weak hydrogen bonds (OH-HO), which replace the stronger Si-O-Si bonds at the 

crack tip, are broken by subcritical stress, leading to the propagation of crack, even below stress 

values corresponding to the critical intensity factor. (Molaei & Kemeny, 2021), used a reactive 

molecular dynamic simulation to simulate the stress corrosion phenomenon on a “perfect” rock 

specimen consisting entirely of quartz. Their study confirmed the above proposed mechanism. 

Note that, hydrolysis of quartz can take place when water is either in liquid form or in vapour 

(Eppes & Keanini, 2017; Kean Atkinson, 1982), so relative humidity is enough to initial this 

mechanism.  

 

Figure 68 - Hydrolysis of quartz. Kth refers to a value under which no crack propagates, and it usually equals to 10-

20% of the critical intensity factor (from Eppes & Keanini (2017)). 
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The weakening of rock strength due to quartz hydrolysis, seems to be important for both rock 

groups investigated, especially for sandstones where quartz is usually the dominant mineral. 

However, its influence should be limited in the cases where the wet samples suffer from intra-

granular cracks instead of inter-granular ones (see 4.1), since hydrolysis affects the quartz grain 

itself, and not the space between grains.  
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Appendix B Calcite 

Calcite (CaCO3) is a common mineral, which, even in weak acidic environments, is soluble. 

Thus, calcite can react with water and dissolve. The relation governing this chemical reaction is 

described below in Equation 4 (Cai et al., 2019):  

CaCO3 + CO2 + H2O → 2HCO-
3 + Ca2+  (5) 

Generally, calcite dissolution with water is a slow process. Ciantia et al. (2015) performed tests 

on calcarenites (consisting of 97% calcite) and reported that, in order to dissolve 2.9% of rock 

mass in water, the time needed was approximately one year, while in acidic liquid, no more than 

an hour was needed. Thus, according to authors, calcite dissolution should be connected with 

long-term phenomena, rather than short-term ones. However, Morrow et al. (2000) found that 

friction coefficient of calcite reduced by approximately 12% after a short-term saturation. 

After part of calcite content dissolves, the structure of a rock is affected in many ways. Grains 

mass in the rock body is reduced in the presence of water, since part of it dissolves (Ciantia, 

Castellanza, & di Prisco, 2015; Gutierrez et al., 2000). Furthermore, if dissolution occurs at grain 

contact areas or at asperity contacts in fractures, friction is reduced, resulting in a general 

reduction in rock strength (Gutierrez et al., 2000). Figure 69 represents the effect of long-term 

dissolution of calcite in a calcarenite. 

 

Figure 69 - Long term dissolution of calcarenite (from Ciantia, Castellanza, Crosta, et al. (2015)) 

The microstructure of rocks may also change in the presence of water. Changes in the surface 

of rock grains can lead to changes in their surface properties, such as the ability to adsorb water 

or other active agents (Gutierrez et al., 2000), which in turn, can lead to an indirect reduction in 

rock strength (for instance due to larger water content). Gutierrez et al. (2000) found that chalk 

samples (calcite content 98-99%) present lower values of friction angle when saturated with 
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water than with oil. This supports the idea that calcite dissolution, affects the microstructure of 

the rock, leading to direct strength reduction.  

Another result of calcite dissolution, which can be easily observed, is the increase in the 

porosity and permeability of a rock. Increase in porosity has even been observed in coals 

(Figure 70) where calcite is found in small quantities (Ahamed et al., 2019), and since porosity 

of a rock is strongly related with its strength, an increase in the porosity will certainly lead to a 

decrease in rock strength. Furthermore, as also explained in 3.1, pore expansion will give 

access to water in previously “close” pores, providing new areas for chemical reactions to occur.  

 

Figure 70 - SEM image of coal after saturation, showing (1) "holes" induced by the calcite dissolution (from Ahamed 

et al. (2019) quoting Zhang et al., 2018) 

In every rock, the effect of calcite reactivity is relevant not only on the percentage of it, but also 

regarding the role calcite has in the structure of rock. In rocks where calcite is a cementation 

material between grains, its dissolution will greatly affect the wet UCS, since friction resistance 

and cohesion will be reduced. So, even in small portions, calcite content is something worth 

noted when investigating the UCS reduction. Figure 71 illustrates how the calcitic cementation 

dissolution affects coal UCS, but this effect can apply in other rocks where calcitic cementation 

can be found, such as sandstones and limestones. Indeed, Lebedev et al. (2014) examined the 

water weakening effect in Savonnieres limestone with calcitic cementing material, during 
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saturation. According to their findings, the weakening of the cementing material due to its 

dissolution had a big impact on the decrease in strength of this limestone after saturation.  

 

Figure 71 - Calcite dissolution in coal fractures. (a) Calcite as cementation between coal grains and (b) cementation 
after calcite dissolution (from Ahamed et al. (2019))
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Appendix C Water distribution in cylindrical rock sample 

Figure 72 shows real images of a cylindrical sandstone sample during saturation and drying 

process (Z. Zhou et al., 2016). As it can be seen, during saturation, the outer parts of the 

sample are firstly saturated and the inner follows, while during drying, the outer parts dry faster 

than the inner parts. So, it can be stated safely that, in a cylindrical rock sample immersed in 

water, when saturation degree is less than 100%, water is not equally distributed from the 

surface to the core.  

Instead, during saturation, parts of the rock sample near the surface are fully saturated, parts 

near the core are dry, and in between, parts are partially saturated, with their saturation degree 

varying from 99%, near the surface, to 1% near the core, as it is illustrated in Figure 73 (D. Li & 

Wang, 2019). During drying, the opposite is valid; the core of the sample is fully saturated, while 

the parts near surface are dry and the saturation degree varies from 99% to 1% from the core to 

the surface. During saturation and drying, in the partially saturated parts, smaller pores are filled 

with water faster and lose their water slower than the bigger ones. Thus, in these parts, the 

unsaturated pores are expected to be the bigger ones.  

 

Figure 72 - Water distribution in cylindrical sandstone sample during (a) saturation and (b) drying (from Z. Zhou et al. 

(2016)) 

 

Figure 73 - Water distribution in a rock sample. Parts of the sample near surface are saturated, parts near the core 
are dry and parts in between are partially saturated. k stand for the variation of saturating degree per unit length and t 

is a parameter about the position of incompletely saturated elements (from D. Li & Wang (2019))
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Appendix D Pore water pressure 

Throughout the years, many relations from different researchers have been proposed, in order 

to estimate effective stress in porous media (i.e. the stress acting on the solid skeleton of a 

material), especially in soils and rocks (Guerriero & Mazzoli, 2021). No matter which relation 

best fits the nature of the examined material, all these relations agree that pore water pressure 

(from now on, “pore pressure”) plays an irreplaceable role. 

Therefore, variation in pore pressure is a factor affecting the strength characteristics and the 

behaviour of a rock during loading. Firstly, an increase in pore pressure decreases the effective 

stress in the rock structure, leading to a decrease in shear stress. Furthermore, an increase in 

water pressure, leads to a rise on the total tensile stress acting on fracture tips (Cai et al., 2019; 

Zhong et al., 2019), thus contributing to the propagation of cracks (Figure 74). In addition, local 

stresses could corrode the internal structure of a rock (Figure 75). So, when does the pore 

pressure increase? 

 

Figure 74 - (a) Pore water in crack and (b) pore water pressure increases due to compression, acting on crack tip 
helping the propagation of cracks 
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Figure 75 - (a) Pore water in crack, (b) increase of pore water pressure due to compression and (c) breakage of loose 

grains due to pore pressure 

The major condition for pore pressure to increase inside the rock body, is for it to be undrained. 

In undrained conditions, the loading rate is fast enough according to the time the water needs in 

order to flow through the pores of the rock; thus, water pressure increases. In drained 

conditions, such mechanism does not occur, since water flow through the voids of the rock is 

fast, and pore pressure remains constant. Whether the conditions are drained or undrained, is a 

matter of the loading rate and of the characteristics of the rock sample. In Nicolas et al. (2016), 

a proposed way to check if an experiment is performed in drained or undrained conditions is 

given, estimating the time water needs to flow to a free surface, and comparing it with loading 

time. Additionally, Duda & Renner (2013) proposed another way for such a check, calculating 

the critical strain rate (“boundary” between drained and undrained conditions), and comparing it 

with the strain rate of the test. Note that, the presence of clay minerals in the rock matrix can 

have a reducing effect on rock permeability (Aksu et al., 2015; Duda & Renner, 2013), and it 

should be taken into account. 

Pore pressure variation greatly depends on the stress-strain behaviour of a rock, as well. During 

the first two stages of loading (closure of cracks and elastic behaviour), rock samples exhibit a 

decrease in volume. This decrease is mostly happening due to the decrease in voids. Increase 

in pore pressure is caused by a reduction in pore volume (Duda & Renner, 2013). During the 

fourth stage (fast propagation stage), the sample exhibits dilation (i.e. the volume of the sample 

increases), new cracks form and connect with existing ones (Wasantha & Ranjith, 2014; Zhang 

et al., 2017). During this stage, pore pressure decreases (Duda & Renner, 2013; Hawkins & 

Mcconnell, 1992) and can even reach negative values (Wasantha & Ranjith, 2014). 

Observations from (Anagnostou et al., 2004) in a weak rock, after monitoring the pore pressure, 

confirm the above claims.  
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Hawkins & Mcconnell (1992) stated that for pore pressure to increase, the saturation degree 

must be close to, or equal to, 100%. This statement has also been supported by Zhang et al. 

(2017), while explaining the results of axial stiffness between samples of siltstones with different 

saturation degrees (Figure 76). The aforementioned authors observed that, as the saturation 

degree on samples increased, axial stiffness in the first stage (crack closure stage) of the strain 

curve exhibited lower values. However, fully saturated samples did not follow the trend and 

showed greater axial stiffness, almost equal to those with 10% saturation degree. The authors 

claimed that, since axial deformation comes mostly from large pores and fractures, this rapid 

increase in axial stiffness at fully saturated samples is caused by the extra stiffness provided by 

pore pressure. According to authors, the fact that only fully saturated samples showed such an 

increase in axial stiffness, testifies that for bigger pores to get fully filled with water, the 

saturation degree must be 100%.  

 

Figure 76 - Axial stiffness of a siltstone vs stress zone, at different saturation degrees (from Zhang et al. (2017)) 

However, such interpretations do not take under consideration the water distribution of water in 

a sample, and does not seem accurate. According to Appendix C, parts of the samples can be 

fully saturated at saturation degree way lower than 100%. Thus, pore pressure in the sample 

can increase even at lower saturation degrees. Of course, its influence in rock strength will be 

proportional to saturation degree, since the quantity of wet parts, depend on the saturation 

degree.   
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On the other hand, the increase in pore pressure can have a positive effect in wet UCS. In some 

of the sandstones tested by Hawkins & Mcconnell (1992), the UCS at 100% saturation showed 

a slight increase, compared to samples with a lower saturation degree (Figure 77). This 

increase happens in the fourth stage of strain curve, where dilatancy occurs. As noted, during 

this stage the pore pressure decreases and effective stress increases, resulting in a UCS slight 

increase.  

 

Figure 77 - Increase in UCS at higher water content in sandstones (from Hawkins & Mcconnell (1992)) 

What is more, (Brace & Martin, 1968), performed tests in confined conditions in different strain 

rates, at low porosity rocks. The samples were placed in water, with no membrane or other 

material separating external and pore water. The confining pressure was achieved by increasing 

the external water pressure. They observed, that rock samples under high strain rates showed 

higher compressive strength than those under lower strain rates. Their explanation was that 

during dilatancy (when failure happens), water into the pores of the samples (internal) at low 

strain rates connected with external water which produced the confining pressure, resulting in 

the equilibrium of internal and external water pressures, and thus, effective stress decreased. In 

the case of high strain rates, such an equilibrium could not be achieved, resulting in pore 

pressure decrease due to dilatancy, and thus, effective strength increased. However, the trend 

for samples to exhibit greater wet UCS in higher strain rate, has been observed by ZHOU et al. 

(2016) as well, in samples not immersed in water. They attributed this behavior mostly on 

capillary and viscosity related phenomena, rather than the increase in pore pressure.  
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Appendix E Capillary tension 

Capillary (from the Latin word capillus, meaning “hair”) is the phenomenon of water rise in pores 

until a specific height, when water comes in contact with a porous solid, such as a rock. This 

phenomenon contributes to the fact that, in nature, rock masses present saturation degrees 

between 0 and 1 above the free-water level.  

During the known experiment with capillary tube, water rises inside the tube until a certain 

height, depending on the radius of the tube; the bigger the radius, the smaller the height of rise 

and vice versa. Following this experiment, capillary pressure Pc (i.e. the difference between air 

pressure, or any other non-wetting fluid like oil, and the pressure of water on the inter-face of 

the two fluids) is given by Equation 5: 

𝑃𝑐 =
2∙𝛾𝑤𝑎∙𝑐𝑜𝑠 𝜃

𝑟
 (6) 

where 𝛾𝑤𝑎 is the surface tension between water and air (or any other non-wetting liquid), 𝜃 is the 

contact angle on the point where the two fluids and the solid meet, and 𝑟 is the radius of the 

tube. Table 8 presents the values of surface tension between water and air, for different 

temperatures.  

Table 8 - Density and surface tension of water against air at different temperatures (from Srivastava et al. (2012), 
quoting from Weast and Astle) 

 

From Equation 5, it can be seen that Pc depends not only on the radius of the tube, but also on 

other material properties. If we assume that a rock consists of numerous tubes, we could 

suggest that the capillary pressure in a rock depends on the same parameters (Alyafei, 2021). 
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In soil and rock mechanics, it is generally accepted that under certain conditions, the capillary 

pressure between particles can increase the total cohesion of the soil or rock, as grains are 

pressed between each other. Han et al. (2002) modelled the capillary pressure between grains 

in four different cases: (i) unequal grain size, (ii) equal grain size, (iii) squeezed grains, and (iv) 

detached grains. The last two cases are very common in rock mechanics. Their findings showed 

that for the case of water, the capillary pressure between grains depends on the saturation 

degree (Figure 78 and Figure 79), the contact angle (Figure 78 a), the particle size (Figure 78 

b), the fabric structure (Figure 78 c-d) and the loading type (compressive or tensile). Their claim, 

that capillary pressure is greater in grains of the same size (Figure 79), seems controversial. It 

is known from soil mechanics, that a soil (or any other granular material) consisting of equal size 

grains, presents higher pore size than one consisting of equally distributed grain sizes. If we 

assume the pore of a soil to correspond to the tube in the aforementioned experiment, and the 

pore size to correspond the radius of the tube, we could conclude that the higher the pore size, 

the lower the capillary pressure (Equation 5).  

 

Figure 78 - Capillary strength vs (a) water saturation for different contact angles, (b) particle radius for different 
saturation degrees, and water saturation for different center-to-center distances in (c) detached particles and (d) 

squeezed particles. Note that k in (c) and (d) stands for particles distance, where k=0 for tangential attached 
particles) (from Han et al. (2002)) 
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Figure 79 - Capillary strength between particles of different sizes vs water saturation. Note that, n stands for the ratio 
between the size of the two particles, where n=1 for particles of the same size (from Han et al. (2002)) 

 

Figure 80, presents a typical capillary pressure-water saturation curve of a rock. The y and x 

axis values may vary depending on each rock properties, as explained before, but the trend is 

similar in every rock. At lower saturation degrees, capillary pressure is highest, meaning that 

capillary bridges have formed in every possible point into the rock. Of course, capillary bridges 

cannot form when saturation degree is very close to - or equal to - zero, because the water 

content at this point is not enough to form such bridges. After the formation of capillary bridges, 

increase in saturation degree means that water in every capillary bridge is more, and thus, the 

contact angle between water and grains increases leading in the reduction of overall capillary 

pressure. At some degree of saturation, water takes over most of the available pore space, and 

capillary bridges vanish, resulting in the nullification of capillary pressure. At this point, strength 

induced by capillarity is eliminated. The curve follows the aforementioned trend, during both 

drying and wetting. However, for the same saturation degree, capillary pressure is higher during 

drying compared to wetting. Following that, it is expected that for rocks in which the capillary 

pressure has a significant impact on strength, the elimination of capillary bridges due to 

saturation, will have a negative effect.  Chri
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Figure 80 - Typical capillary pressure versus saturation degree curve (from Bottero et al. (2011)) 

An example of such rock, are chalks (Gutierrez et al., 2000; Taibi et al., 2009). It is believed 

that, without capillary pressure, chalks would exhibit very low strength, almost like dry sand 

(Gutierrez et al., 2000 quoting from Schroeder and Shao, 1996). Note that chalks are very 

difficult to get completely dry, so even in a theoretical degree of saturation of 0%, capillary 

bridges still exist. Taibi et al. (2009) examined two different chalks, and estimated that the 

maximum capillary cohesion was 69% and 44% of the total cohesion of the samples. Figure 81 

presents the relation between suction and saturation degree for two Chalks (Taibi et al., 2009).  
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Figure 81 - Suctions vs saturation degree for two chalks (from Taibi et al. (2009)) 

Figure 82, presents the relation between suction and water content on some marl specimens, 

as found in Vergara & Triantafyllidis (2016). What is more, observing Figure 40 from the same 

article, one could conclude that for water content values higher than 3.5%, the UCS and suction 

of marl show a good relation. So, for such water content values, the UCS of marl seem to have 

a good dependance on capillary pressure.  

 

Figure 82 - Suction vs water content on marl specimens (from Vergara & Triantafyllidis (2016)) 

What is more, calcarenite strength is supposed to depend also from capillary phenomena. As 

Ciantia et al. (2015) report, calcarenites owe their strength on two different bond types; 

permanent (diagenetic) and temporary caused by the cohesion between unbonded grains and 

powder. Temporary bonds are suspended when calcarenites get saturated, as water flow 

scatters the unbonded grains into the pores. During drying, however, the formation of capillary 
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bridges causes such bonds to form again, and so, calcarenite temporary strength component 

returns. Figure 83 is relevant (Ciantia, Castellanza, Crosta, et al., 2015). Explanation of the 

Figure was kept as in the referred article, for the better understanding of it.  

 

Figure 83 - Elimination and re-creation of temporary strength component in calcarenites (from Ciantia, Castellanza, 
Crosta, et al. (2015)). For the explanation of the representation, see in the Figure. 
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