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ABSTRACT  

One of the most important aspects of any engineering project in the rock mechanics domain is 

understanding intact rock's mechanical behaviour. Although freezing has been used for decades 

for improving the strength parameters of rock mass around underground openings, there is limited 

research on the behavior of frozen materials. The goal of the first part of this research (new 

scientific result 1, new scientific result 2, new scientific result 3, and new scientific result 4) is to 

present these changes in rocks' physical and mechanical properties due to saturation and freezing. 

For this purpose, different kinds of rocks, such as highly porous Miocene limestone (65 samples) 

and porous rhyolite tuff (17 samples), and marl (120 samples), were selected and analyzed. The 

samples were examined in various conditions, including air, saturated water, and freezing 

temperatures (-20 °C). The laboratory tests included determining density, ultrasound speed 

propagation, porosity, capillary water absorption, and strength parameters. Regression analysis 

was used to examine the measured physical and mechanical parameters. The average uniaxial 

compressive strength of frozen marl samples (21.93 MPa) was found to be 86.4 percent higher 

than saturated samples (11.76 MPa) but 25.9% lower than dry specimens (29.62 MPa).The main 

objective of the second part ( new scientific result 5, new scientific result 6, new scientific result 

7, new scientific result 8) is to investigate the relationships between these parameters(uniaxial 

compressive strength(„), tensile strength(„) and Youngôs modulus(E) for granitic rock 

samples(50 samples) collected from Bátaapáti radioactive waste repository and calculated the 

values of crack initiation stress (sci) and crack damage stress (scd) based on existing approaches. 

According to the analysis, the mathematical model proposed for very strong (sc > 100 MPa) 

carbonate rocks based on Haldaneôs distribution function has a good predictive capability for the 

linear part of the observed stress-strain relation of studied granitic rock samples. Furthermore, 

comprehensive review research was performed on igneous, sedimentary, and metamorphic rocks. 

The results show that there is a well-fit non-linear relationship between static as well as dynamic 

Youngôs modulus (Ὁ  ὥὲὨ Ὁ ) with a significant determination coefficient (R2=0.9). Finally, 

a detailed analysis was undertaken on the quasi-isotropic intact rock to compute the value of mi 

and compare the results to propose new material model constants best fit  the experimental data.  

Keywords: frozen rock, uniaxial compressive strength, tensile strength, static and dynamic 

Youngôs modulus, Hoek-Brown material constant, Poissonôs ratio 
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1 Introduction  

1.1 Background 

For almost any type of design and analysis in geomechanical projects, a precise estimation 

of the geomechanical properties of rocks is essential. Many authors have studied the strength and 

deformation behavior of different rock types (Xiong et al. 2019; Yang et al. 2016; Zhao et al. 2017; 

Ranjith et al. 2004; Rahimi and Nygaard 2018; Davarpanah et al. 2018; Berezovski and Ván  

2017). Moreover, the effect of water on these properties has captured the attention of other 

researchers (Vásárhelyi (2005), Vásárhelyi & Ván (2006), Vásárhelyi & Davarpanah (2018) and 

Wong et al. (2016).  Li et al. (2020))  

However, the mechanical behavior of frozen rock has not received as much attention as it 

deserves. Ground freezing has been widely researched in several parts of the world to improve 

excavation support and groundwater control in weak rock mass conditions. Artificial freezing has 

been used in many mining and construction projects worldwide, but there are still questions about 

how to comprehend and anticipate the behavior of frozen rocks. 

Ground freezing was initially used to support vertical excavations in South Wales, 

Australia, in 1862 and was patented in Germany by H. Poetsch in 1883. (Harris, 1995). Artificial 

ground freezing is commonly used to drill  deep, challenging, disturbed, or sensitive ground or 

when a complete groundwater cut-off is required. (Schmall and colleagues, 2005). It has been 

employed in shaft sinking through wet loose soils for centuries. More recently, it has been used in 

underpinning, mining, deep excavations, and groundwater cut-offs for temporary support or 

recovery due to collapsed soils. Artificial ground freezing has been used in shafts sinking up to 

900 meters in Saskatchewan for problematic ground conditions and rock/soil interfaces that 

produce considerable water. Among the available ground consolidation and waterproofing 

technologies, the main advantages of this technique are (i) security and compatibility with the 

environment since there is no injection and the dispersion of products in the ground. Water already 

present in the ground is, in fact, frozen, using refrigerant fluids that are never directly in contact 

with the ground and groundwater, avoiding contamination phenomena; (ii) applicability to any 

soil, from coarse to fine grain and rocks (Rocca, 2014; Andersland and Ladanyi, 2004) 
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At subzero temperatures, rock strength parameters such as uniaxial compressive strength, 

tensile strength, and point load strength are reported to increase compared to room temperature. 

Limestone, basalt, granite, sandstone, andesite, marble, and welded tuff are among the rock types 

examined (Heins and Friz 1967; Mellor 1970; Inada and Inada and Yokota 1984; Dwivedi et al. 

1998; Kodama et al. 2013, Coussy 2005). Furthermore, freezing increases the deformability of 

rocks such as limestone, granite, Berea sandstone, Indiana limestone, and Barre granite. (Heins 

and Friz 1967; Mellor 1970) 

1.2 Research significance and objectives 

The most critical parameters in the design of ground works are rock engineering properties. 

Before altering the excavation area, defining the frozen rock mass behavior is vital. Any other 

design process in or on a rock requires the accurate calculation of the mechanical characteristics 

of the frozen rock mass. To put it another way, the precision of the mechanical input parameters 

of frozen rock for any numerical modeling significantly impacts the final design outcomes. The 

problem is that in some circumstances, the mechanical properties of the frozen rock are not well 

defined, and the analysis is based on normal rock mass behavior. As a result, the final design is 

not economically and technically optimal. 

 The mechanical properties of frozen rocks vary enormously from those of the same 

lithology at room temperature. While freezing has been performed to enhance the strength 

properties of rock masses around subsurface excavations for decades, there's been little research 

on how frozen materials behave. 

The first part of this thesis aims to look at how saturation and freezing influence the 

mechanical and physical properties of rocks. In addition, linear and non-linear correlations 

between the essential mechanical features of the examined rocks have been established. Different 

laboratory experiments were carried out on several types of rocks, including non-destructive 

measures of density and ultrasonic pulse wave velocities, as well as destructive testing such as 

uniaxial compressive, Brazilian, and point load tests. Air-dry, water-saturated, and freezing 

conditions were used to test the samples. As a result, the following are the key objectives of the 

first part of the thesis: 
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- Influence of water saturation on the different mechanical properties of intact rock such 

as uniaxial compressive strength, tensile strength, Youngôs modulus, Modulus ratio, 

Internal friction angle, cohesion, Hoek-Brown constant(mi) of limestone 

- Effect of freezing on uniaxial compressive strength, tensile strength, rigidity, and 

Youngôs modulus of rhyolitic tuff, limestone and marl 

The main objectives of the second part of this thesis can be summarized as follows: 

- Complex experimental analysis of uniaxial compressive strength of Mórágy Granitic 

Rock Formation  

-  Investigation of the link between various rocks' static and dynamic deformation moduli  

- Determination of Youngôs Modulus and Poissonôs Ratio for Intact Stratified Rocks 

- Characterization of HoekïBrown constant mi for quasi-isotropic intact rock 

1.3 Thesis outline 

This thesis consists of 6 chapters. Chapter one includes a description of the freezing 

background, related research history, and the objectives of the current research work. 

Chapter 2 reviews the history of several types of research about the fundamental 

mechanical behavior of rocks, the effect of freezing on mechanical properties, and proposed 

mathematical modeling for rock mass behavior.  

Chapter 3 outlines the methodology for new scientific results as follows: 

 New scientific result (1) aims to investigate the effect of water saturation on the 

mechanical properties of intact rock and rock mass. In the new scientific result (2), we have probed 

the changes in porous limestone's mechanical and physical properties due to saturation and 

freezing. New scientific result (3) focuses on the physical and mechanical properties of dry, 

saturated, and frozen porous limestone and tuff samples. In new scientific results (4), tests have 

been carried out to observe the variation in mechanical and physical properties of marl samples 

due to saturation and freezing. New scientific result (5) discusses the strength and deformation 

behaviour of the Mórágy Granitic Rock Formation. New scientific result (6) investigates the link 

between static and dynamic deformation constants of different rocks according to statistical 

analyses of collected data from the literature.  New scientific result (7) shows the results of 
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Youngôs Modulus and Poissonôs Ratio for Intact Stratified Rocks and illustrates the existing 

correlations between these properties. Finally, a new scientific result (8) comprehensively reviews 

the literature's collected data to establish a new material model for Hoek-Brown material constant 

determination, which displays the best fit with experimental results. 

Chapter 4 discusses the achieved results and provides the conclusions for each set of 

analyzed experimental data and collected data from the literature.  

Chapter 5 presents the new scientific results achieved through different laboratory tests 

such as uniaxial compressive strength, Brazilian test, point load test, and ultrasonic wave velocity, 

as well as the results obtained by statistical analyses on collected data from literature and 

cooperation with Hungarian and Australian companies. 

2 Literature review  

2.1 Mechanical behavior of rocks 

Understanding unconfined compressive strength, Young's modulus, and Poisson's ratio is 

critical in rock engineering practice (Gercek 2007; Yagiz 2009; Dincer et al. 2004; Patel and 

Martin 2018; Lógó and Vásárhelyi 2019, Xiong et al. 2019; Yang et al. 2016; Zhao et al. 2017; 

Ranjith et al. 2004; Rahimi and Nygaard 2018; These two constants can be used to calculate other 

moduli, such as bulk and shear moduli. Young's modulus and Poisson's ratio play the most 

important roles (Alvarez-Fernández et al. 2014; Kincal and Koca 2019; Koca and Koca 2019). The 

deformation modulus and Poisson's rock mass ratio, on the other hand, are determined by the rock 

mass. 

Almost all commercial numerical modeling codes have used these properties for stress and 

deformation analyses. By way of example, understanding stress concentrations and deformation 

are vital for designing underground radioactive waste repositories in Mórágy (Hungary) granitic 

rocks (Davarpanah et al. 2019). Their research focuses on deformation behaviour and its relation 

to stress levels, such as crack initiation stress, damage stress, and failure stress. This granite has 

been used to construct the Hungarian Low and Medium Radioactive Waste Repository. These 

statistical evaluations were critical for guaranteeing design safety in the short and long term. 

Another decisive factor impacting the rock's elastic properties for trustworthy design is fracture in 

the rock (Blake et al. 2019). Elastic characteristics can be determined statically by slowly loading 
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a specimen or dynamically employing elastic-wave velocity to calculate elasticity (Martinez-

Martinez et al., 2012). Stress-induced anisotropy, the size of the applied strain amplitude, 

microfractures, and microfractures all contribute to the difference between static and dynamic 

elastic characteristics.  

Understanding the quality of the intact rock is one of the essential parts of any engineering 

project in the field of rock mechanics. For limestones, agglomerates, dolomites, chalks, 

sandstones, and basalts, for example, different empirical relationships between sc and E have been 

established (Vásárhelyi, 2005; Palchik, 2007; Ocak, 2008). Hypothetical stress-strain curves for 

three different rocks are presented in Fig.  2-1. by Ramamurthy et al. (2017). Curves OA, OB, and 

OC indicate three stress-strain curves, with failure occurring at A, B, and C, respectively, as shown 

in the diagram. According to other samples, curves OA and OB have the same modulus but 

different strengths and strains at failure, whereas OA and OC have the same strength but different 

modulus and stresses at failure. This means that neither strength nor modulus can be used to 

describe a rock's overall quality. As a result, combining strength and modulus will provide an 

accurate picture of the rock's response to engineering applications. This approach to defining the 

quality of intact rocks was proposed by Deere and Miller (1966), considering the modulus ratio 

(MR), which is defined as the ratio of tangent modulus of intact rock (E) at 50 % of failure strength 

and its compressive strength (sc).  

For intact rock samples, the modulus ratio MR = E/sc between modulus of elasticity (E) 

and uniaxial compressive strength (sc) ranges from 106 to 1600 (Palmström & Singh, 2001). Most 

rocks have MR values ranging from 250 to 500, with an average MR of 400 and E of 400 degrees 

Celsius. Palchik (2011) looked at the MR values of 11 different carbonate rocks from different 

parts of Israel. The dolomites, limestones, and chalks studied ranged from weak to very strong, 

with a wide elastic modulus range. He discovered that MR is strongly related to the maximum axial 

strain (ea max) at the rock's uniaxial strength (sc), and the following relationship was discovered 

(see Fig. 2-2) and  Equation 2-1: 
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Equation 2-1 

 

Where k is a conversion coefficient equal to 100, and ea, max is in %. When MR is known, 
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ea maximum (%) is obtained from Equation 2-2as: 
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  Equation 2-2 

since the expansion of the expression 2/ (1+
max.ae

e
) using Taylorôs theorem shows the value 

of 2/(1+
max.ae

e
) = 1 + 0.46 ea,max (Palchik, 2013). 

 

Fig.  2-1 Hypothetical stress-strain curves (Ramamurthy et al. 2017) 

 

 

Fig.  2-2 Relationship between modulus ratio (MR) and maximum axial strain (ea max) using different carbonate rocks 

(Palchik, 2011) 

2.2 Effect of freezing on the mechanical properties of rocks 

Around tunnels and mines, freezing is a common soil or rock mass stabilization method. 

You'll need to know the frozen rock's strength parameters to use this technique. For the design, 



 

19 

 

there is frequently insufficient knowledge of the behavior of materials. Vásárhelyi (2005), 

Vásárhelyi & Ván (2006), Vásárhelyi & Davarpanah (2018), Wong et al. (2016), and Li et al. 

(2016) all examine the impact of water on the strength of rocks (2020). On the other hand, the 

effect of freezing on the mechanical properties of intact rock and rock mass has received little 

attention. The freezing of water in pore-throats can be broken down into three stages: 

1. fast freeze stage (temperatures between 0 and -5°C) 

2. a freeze development stage with a temperature range of -5 to -10 degrees Celsius 

3. Freezing stable stage at a temperature of less than -10°C Water cannot be frozen at a lower 

freezing point due to capillary force and mineral grain surface adsorption. 

      Strain rate, temperature, porosity, grain size, and structure influence ice's mechanical behavior. 

The applied strain rate is mostly responsible for ice failure modes. Under tension, the ductile-brittle 

transition in ice occurs at lower strain rates because the applied stress directly opens the cracks. 

The required tensile tension is generated locally during compression by crack sliding. Over the 

temperature range of -10 to -20°C, ice's tensile strength ranges from 0.7 to 3.1 MPa, while its 

compressive strength ranges from 5 to 25 MPa. Ice compressive strength increases as temperature 

and strain rate decrease, whereas ice tensile strength is unaffected by these factors (Petrovic, 2003). 

The ice's strength is determined by the load path it encounters, as shown in the diagram. Under a 

triaxial state with high hydrostatic pressures, polycrystalline ice yields and fails, weakening and 

eventually melting. Up to a strain rate of 10-4, ice behaves ductilely, but above that, it transitions 

to totally brittle failure. Above a strain rate of 10-2, ice behaves completely brittlely (Michel, 

1978). 

With subzero temperatures, many rock types showed a significant increase in strength. 

(Heins and Friz 1967; Mellor 1970; Inada and Yokota 1984; Dwivedi et al. 1998; Kodama et al. 

2013, Greg et al. 2017); Dwivedi et al. 1998; Kodama et al. 2013, Greg et al. 2017). Davarpanah 

et al. (2019) studied the link between several mechanical properties of highly porous limestone 

under dry, water-saturated, and frozen (-20 °C) situations. The mechanical behavior of frozen rock 

is observed to differ significantly from that of saturated and air-dry specimens, with increased 

strength and modulus of elasticity. Török et al. (2018) investigated the link between the mechanical 

and physical properties of oolitic Miocene limestone and Miocene rhyolite tuff, two highly porous 
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rocks. The strength of the ice, dry, and water-saturated porous rocks is very low, but when frozen, 

they have extremely high uniaxial strength values. 

Yang et al. (2018) examined the mechanical properties of a frozen rock mass with two 

diagonal intersected fractures. They revealed that the dips of the two fractures had a substantial 

impact on the results. Mellor (1971, 1973) tested the uniaxial compressive and tensile strengths of 

wet and dry granite, limestone, and sandstone rock cores at temperatures ranging from 25 to -

195oC. Mellor observed that as the temperature drops, the compressive strengths rise. Mineral 

grains shrink when the temperature drops, and ice formation in pore spaces contribute directly to 

the material's strength. In porous rock, freezing increased rock strength by a factor of four, while 

in crystalline rock, it increased rock strength by a factor of 1.8. According to Yamabe & Neaupane, 

Young's modulus increases with a fall in temperature; however, a further decrease in temperature 

from -10 to -20 C does not affect Young's modulus (2001). 

In Gothenburg, Sweden, Glamheden and Lindblom (2002) researched frozen rock mass 

properties and conducted numerical modeling for an unlined hard rock cavern with a diameter of 

7 meters and a height of 15 meters. Tensile strength increases when temperature decreases, but 

Young's modulus and Poisson's ratio increase slightly. Wardrop (2005) reported on freezing to 

improve rock mass quality in many deep mines in Russia and Canada as practical case studies. 

According to the reports, freezing resulted in considerable improvements in RMR and Q. 

On three different rocks, (Roworth, 2005) conducted a series of UCS experiments 

(hematized sandstone, bleached sandstone, and metapelaite basement). According to his 

observations, freezing resulted in a significant increase in strength. Figures 2-3. The weakest rock 

samples are expected to improve the greatest in strength due to freezing. He also discovered a 

relationship between freezing temperature and the stress-strain behavior of studied samples. The 

rheological behavior of frozen earth varies with time and temperature. In other words, the strength 

of the rock is determined by its temperature and the length of time it is loaded. 
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Fig.  2-3. Frozen UCS vs. total strain of bleached sandstone samples (after Roworth, 2005) 

 

Mamot et al. 2018 conducted 141 shearing experiments using rockïiceïrock samples at 

constant strain rates better to understand the effect of temperature fluctuations on slop stability. 

Acoustic emission (AE) has been successfully used to characterize fracturing behavior and to 

predict rockïice failure, as an AE predates all failures and peaks just before failure. They conclude 

that warming and unloading (i.e., less overburden) of ice-filled rock joints result in a significant 

reduction in shear resistance. 

At subzero temperatures, Kodama et al. (2019) investigated the long-term behavior of 

Shikotsu welded tuff. The results showed that frozen wet specimens had higher uniaxial 

compressive strengths than frozen dry specimens; nevertheless, frozen wet specimens had shorter 

creep lifetimes than frozen dry ones. Furthermore, the frozen wet sample strains were far more 

significant than the frozen dry sample strains. It has to do with the mechanical behavior of pore 

ice being time-dependent. Furthermore, the UCS of a frozen wet specimen can be more remarkable 

than that of a frozen dry specimen because the fracture initiation stresses of the pores in the frozen 

wet sample are, on average higher than those in the frozen dry specimen. 

Jia et al. (2020) looked at how the initial water content affected the mechanical 

characteristics of frozen argillaceous siltstone (at -20 °C). Frozen argillaceous siltstone with six 

saturation degrees was examined for strength (uniaxial compressive strength, tensile strength, and 
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point-load strength) and deformability. Surprisingly, they discovered that the initial degree of 

saturation significantly impacted the strength of frozen intact rock. In other words, mechanical 

properties are governed by unfrozen water content for low initial saturation degrees (40 percent). 

Ice is used to reinforce frozen rock when the initial saturation degree of the rock reaches more than 

40%, which corresponds to the second increasing stage. With the initial saturation degree 

surpassing the critical saturation degree for frost damage (80% in this case), frost damage starts to 

weaken frozen rock, as shown in Fig.  2-4.   

 

Fig.  2-4.  Influence of freezing on the strength and deformability of frozen argillaceous siltstone within different 

intervals of initial saturation degree (after Jia et al. 2020) 

(Maoyan Ma et al. 2020) Used a series of triaxial tests on western Jurassic sandstone and 

found that mechanical parameters such as peak strength, cohesiveness, internal friction angle, 

residual strength, and elasticity modulus rose dramatically as the temperature dropped. The rock's 

strength increases as the temperature fall under steady confining pressure. The compaction stage 

can be shortened by lowering the temperature. As the slope of the elastic stage rises, the yield 

phenomena become less visible, resulting in increased elastic modulus and brittleness. The 

maximum axial strain reduces under steady confining pressure, and brittleness becomes 

increasingly apparent as the temperature drops in Figure 2-5. 
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Fig.  2-5. (a) stress-strain curve under uniaxial loading (b) Changes in Youngôs modulus under different temperatures 

(c) maximum axial strain curve under other conditions(d) Peak strength curves under various conditions (after 

Maoyan Ma et al. 2020) 

Another study by Liu et al. (2020) indicated that freezing increased crack initiation stress 

and damage stress in sandstone and mudstone. The reason for this is because the presence of pore 

ice minimizes stress concentration around a crack and improves mineral particle cementation. As 

a result, the peak stresses of sandstone and mudstone rise linearly as the freezing temperature 

drops. 

The correlations between energy dissipation density, rock fragments, and energy 

consumption were explored at different strain rates under dry, saturated, and freezing conditions 

in another study by Weng et al. (2020). At all subzero temperatures, they discovered that the energy 

dissipation density of the dry and saturated specimens increases as the strain rate increases. 
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Furthermore, the change in the microstructure of saturated samples is influenced by three main 

mechanisms: mineral grain shrinkage, ice strength enhancement, and water/ice interaction with 

rocks. Microcracks cause significant reductions in fragment size and energy usage due to the 

presence of microcracks. 

Using X-ray diffraction and mesostructured observation, Bai y et al. (2020) investigated 

the influence of freezing on sandstone strength and deformation behavior at subzero temperatures 

and suggested the statistical damage constitutive model. The obtained results showed that the peak 

strength and elastic modulus of frozen red sandstone increase with increasing confining pressure; 

however, the peak strength and elastic modulus of frozen red sandstone increase with decreasing 

temperature, but the temperature has little effect on the peak strain at a lower temperature, the 

biting force between mineral and friction angle plays a significant role in rock mass strength; in 

contrast, at lower temperature c. As illustrated in Fig. 2-6, the frozen red sandstone deformation 

characteristics are split into four stages: initial compaction (OA), elastic deformation (AB), plastic 

yield stage (BC), and post-peak softening stage (CD). 

 
Fig.  2-6. Deformation process of the frozen red sandstone (rock skeleton deformation (blue line) and void closure 

deformation (red line) (after Baiy et al. 2020) 

2.3 Mathematical modeling for frozen rocks 

The micromechanical damage model (Ashby and Sammis, 1990; Sammis et al., 2004) can 

be used to explain the variation in strength between porous and crystalline rocks when they freeze. 
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A mathematical model for the collapse of porous granite and marble by ice development in cracks 

is presented by Walder and Hallet (1985). The model predicts crack growth rates, revealing that 

temperatures between -4 and 15oC are most effective in inducing crack growth. Thermodynamic 

limits prohibit ice pressure from building up significantly at higher temperatures, whereas water 

migration for crack formation is restricted at lower temperatures. Yang et al. (2012) explored the 

application of Hoek-Brown brittle parameters to frozen ground and found it applicable in low-

stress conditions. In high-constricting-stress settings, however, it did not function well. 

Water saturation and freezing affect the strength and deformation behavior of Noboribetsu 

welded tuff and Soubetsu andesite, according to Kodama (2013). The fracture initiation stress, 

which follows the elastic deformation region due to a reduction in the stress concentration in the 

pores or interstitial spaces inside the rock, is assumed to increase the strength of the rock mass in 

frozen rock. The drop in stress concentration was found to be greater in tension than in 

compression, contributing to more significant gains in tensile strength than in compressive 

strength. To better understand this phenomenon, an inclusion model for a 3-D flat spheroid was 

used to calculate the fracture initiation stress around a pore. (Equation 2-3, Equation 2-4, Equation 

2-5, Equation 2-6) 
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Equation 2-6 

 

Where † and „ are the shears and normal stress, Ὕ  is the theoretical tensile strength of the 

body, s is the ratio of the central axis to the minor axis, G and s'nossioP dna suludom raehs eht era ‮ 

ratio of the medium, respectively, Ὃ and ὑ Are the shear modulus and Bulk modulus of the 

inclusion, respectively. 
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Krautblatter (2013) established modified Mohr-Colomb failure criteria for ice-filled rock 

fractures, including ice creep, rockïice contacts, the friction of rough fracture surfaces, and 

fracture of cohesive rock bridges. As a result, the frictional resistance of rock can be expressed as 

(Equation 2-7) 
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Equation 2-7 

 

Where ὑ: critical fracture toughness, „: uniaxial compressive strength,Ὕ : temperature 

in C, Ὕ: temperature in Kelvin,„: joint wall compressive strength,‐:, ὃ= Arrhenius factor A 

depends mainly on ice temperature, crystal size and orientation, impurity content and water content 

in the ice (Paterson, 2001), „: effective normal stress,•: residual friction angle of the smooth 

unweathered rock surface, a: water content,†: peak shear strength :‫ 

A.F. Rotta Loria (2017) proposes a simple elastoplastic constitutive model for modeling 

the non-linear mechanical behavior of frozen silt. The model is built on a set of flow principles. 

The model's usefulness for capturing the non-linear mechanical response of frozen silt subjected 

to low and high confining pressures is demonstrated by comparisons with experimental triaxial 

test results published in the literature. 

To calculate the frost heaving strain change of saturated rocks with freezing temperature 

under uniform and unidirectional freezing conditions, Zhitao Lv(2018) presented the Empirical 

Frost Heave Model. They concluded that saturated rocks with high porosity exhibit significant 

frost heave and that frost heave increases with porosity but decreases with elastic modulus growth. 

As a result, the frost heave potential is determined by the combination of porosity and freezing 

temperature. The observed frost heaving strains of saturated rock under unidirectional freezing 

conditions are(Equation 2-8, Equation 2-9) 
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‐ πȢπσ‒ὲ ‫ ‫ ‫ Ὡ
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Equation 2-9 

 

Where ‐᷆ and  ‐The observed frost heaving strain is parallel and perpendicular to the 

freezing direction. 

n: porosity,‚: constrain coefficient, ”: density of rock grains, ” : density of water, :‫ᶻ 

residual unfrozen water content, ‫ : minimum unfrozen water content at freezing point Ὕ, a: 

material parameter, ‌ : thermal expansion coefficient, T: freezing temperature,Ὕ: freezing point 

of pore water, Ὕ : initial temperature of rock, K: anisotropic frost heave coefficient 

Shibing Huang(2018) suggested a new couple T-H-M model for freezing rock, which 

considers crucial parameters such as unfrozen water content, ice pressure, permeability, thermal 

conductivity, and volumetric strain. They considered energy conservation, continuity, and 

equilibrium equations in their calculations.  

Liu et al. (2020) conducted a series of uniaxial experiments on frozen saturated silty 

mudstones from a coal mine shaft in Shanxi, China, to investigate the frozen's uniaxial 

compressive strength and deformation behavior. The compressive peak strength of saturated silty 

mudstone was shown to be related to temperature in a parabolic relationship. The influence of 

temperature on compressive peak strength was more significant than the influence of loading rate. 

They devised an empirical prediction model to describe the link between compressive peak 

strength, axial strain at peak strength, temperature, and loading rate. (Equation 2-10, Equation 

2-11) 

„ „ ÅØÐὝȾρπ ρȾςπ‮ ὨὝ Ὡ 
Equation 2-10 

‐ ὨὝ Ὡ 
Equation 2-11 

Where 

ʎȡ ÃÏÍÐÒÅÓÓÉÖÅ ÐÅÁË ÓÔÒÅÎÇÔÈ ÏÆ ÔÈÅ ÓÁÔÕÒÁÔÅÄ ÓÉÌÔÙ ÍÕÄÓÔÏÎÅȟ-0Áȟʎ:natural 

compressive peak strength, MPa, T: temperature, C, ’: loading rate, MPa/s, d,e: fitting coefficients, 

‐: axial strain at peak strength,% 

Tounsi et al. (2019) proposed a fully coupled thermo-hydro-mechanical model based on in 
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situ temperature and displacement monitoring data acquired in Canada's Cigar Lake underground 

mine. A macroscopic continuum technique was used to create the model for this investigation. The 

proposed model is based on porous media theory. The ground is a three-phase porous media 

because it is initially fully saturated with water and then frozen (Coussy 2005). 

3 Materials and Methods 

A material testing program including Uniaxial compressive strength (UCS), Brazilian test, 

water absorption test, Point load test, and Ultrasonic wave velocity test. Experiments were 

performed based on ISRM (1985, 2007) and ASTM (1995) suggested methods. The studied 

materials include highly porous limestone, Miocene limestone, and Miocene rhyolite tuff, Marls, 

Mórágy Granitic Rock Formation (Hungary). 

3.1 The effect of water saturation on the mechanical properties of rock 

        We analyzed many laboratory tests of high porosity Hungarian Miocene limestones to 

examine the effect of water content on uniaxial compressive strength, tensile strength, Youngôs 

modulus, rigidity, Hoek-brown material constant, and Mohr-Coulomb parameters. The ratio of the 

elastic modulus and the uniaxial compressive strength of the intact rock is also calculated. 

According to the laboratory results, this ratio (namely, the modulus ratio) is independent of the 

water content. Unfortunately, there is no information about the influence of the water content on 

Poissonôs ratio ï up to now, it was not investigated. 

3.2 Changes in physical and mechanical properties of highly porous limestone  

        For the tests,35 cylindrical highly porous limestone specimens were drilled from stone blocks, 

Fig.  3-1. The samples were between 48.2 and 48.8 mm in diameter and 83.3 and 97.6 mm in 

height. Twenty-one samples were used for the uniaxial compressive test, and the others were 

selected for the Brazilian test. Samples were categorized into three groups, dry, saturated, and 

frozen. The tests were carried out in different petrophysical states (i.e., dry, water-saturated, and 

frozen conditions after water saturation). Ultrasonic pulse velocity was measured on all specimens, 

and water absorption tests were recorded on selected samples. The frozen samples were tested on 

water-saturated rock samples cooled to -20 °C. The tests were made according to ISRM's (Ulusay 

and Hudson 2006) suggested methods. 
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Fig.  3-1. A typical cylindrical, highly porous limestone specimen. (scale bar is in cm)  

The elastic modulus (E) and Poissonôs ratio (n) were calculated. The value of MR = E/sc, ultrasonic 

wave velocity is calculated based on the ASTM (2005) suggested method 

A standard test determines the water absorption coefficient due to capillary action. Samples are 

drying to constant mass, and then one face of the specimens is immersed in water at a depth of 3ï

5 mm for a specific period. For this experiment, measurements were done at the following 

intervals: 1, 3, 5, 10, 15, 30, 60, 480, 1440, 2880 min., to describe the changes in the absorbed 

amount of water in time. The increase in mass was recorded. Water absorption coefficient AW 

characterizes capillarity according to Equation 3-1: 
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Equation 3-1 

 

Where mi: weight of absorbed water per unit area (kg/m2) and ÔÓ  , square root of time and mt: 

weight of the specimen at a time. The water absorption coefficient expresses the rate of capillarity 

action at a particular time. AW is mathematically defined as a tangent to capillary water content 

function by Sicakova et al. (2017). A typical water absorption curve is shown in Fig.  3-2. The 

range of AW is between 3.31 and 6.3. The usual methods for conducting tests are shown in, Fig.  

3-3.  
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Fig.  3-2. Typical water absorption curve for different highly porous limestone specimen (Davarpanah et al. 2020a) 

 

Fig.  3-3. a) uniaxial compressive test b) ultrasonic wave velocity test c) Brazilian test d) water absorption 

(Davarpanah et al. 2020a) 
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3.3 Properties of dry, saturated, and frozen porous limestone and tuff samples 

Two highly porous rocks were studied: Miocene limestone and Miocene rhyolite tuff. (Fig.  

3-4. Cylindrical samples of shelly Miocene limestone (left) and rhyolite tuff (right) (Török et 

al.2018). ) The rhyolite tuff samples from Eger represent a common lithotype of NE-Hungary with 

well described mechanical properties (Vásárhelyi 2002; Török and Barsi 2018).Two lithotypes of 

Miocene limestone from the Sóskút quarry were chosen for the tests: a medium-grained and a 

coarse-grained bioclastic one that contains shell fragments. Detailed lithological descriptions of 

the porous limestone is given by Török (2003). Cylindrical test specimens of 5 cm diameter were 

used for the laboratory tests. Density and ultrasonic pulse wave velocity were measured in different 

petrophysical states (i.e., dry, water-saturated, and frozen states after water saturation). The frozen 

samples were tested on water-saturated rock samples cooled to ī20 ÁC. Unconfined compressive 

tests measured the strength and Youngôs modulus. The laboratory investigations were carried out 

according to the ISRM-suggested methods (Ulusay and Hudson 2006). Altogether 30 limestone, 

12 rhyolite tuff, and seven ice samples were tested. 

  
Fig.  3-4. Cylindrical samples of shelly Miocene limestone (left) and rhyolite tuff (right) (Török et al.2018). 

3.4 Physical and mechanical characteristics of marl samples under freezing 

Investigated marl specimens were taken from Part of Budapest Metro Line 4, passing under 

the Danube river. The mechanical behavior of the Buda Marl lies between rock and soil; therefore, 

it is appropriate to define it as weak rock and strong soil. Calcareous marl resembles a medium-

strong or strong rock, which behaves like a weak one. A detailed description of this material was 

published by Görög (2007). As shown in Fig.  3-5, the freezing technique provided support during 
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tunnel excavation.  

To freeze the samples in the laboratory, firstly, the samples were saturated for 72 hours; 

then, water-saturated pieces were placed at freezing temperature (-20 degrees) for 72 hours. 

 On the site, the process is, in general, divided into two different phases: a first ñfreezing 

phaseò, which ends when the soil or rock achieves the design temperature needed to start the 

excavation, and a ñmaintenance phaseò, which is characterized by heat absorption to keep the 

temperature constant during the excavation. (Rocca, 2011) 

            Depending on the working fluid used, two types of methods can be identified: (i) the direct 

method, which is based on the use of liquid nitrogen entering the probes at a temperature of -196  

C and released in the atmosphere in gaseous phase at a temperature between -80 C and -170 C; 

(ii) the indirect method, which is based on the use of a mixture of water and calcium chloride 

(known as brine), whose circulation temperature can vary between -25 C and ï 40 C. A 

combination of the two previous methods is known as a mixed-method, which uses the direct 

method for the freezing phase, and the indirect method for the maintenance phase. 

 The mixed method AGF process used for the tunnel excavation can be divided into different 

phases: 

Phase 1 Nitrogen: The probes are fed with nitrogen at an inlet temperature of about ï196 °C, 

While the expected outlet temperature is around ï110 °C. The duration of Phase 1 is related to 

the time required for the formation of the minimum thickness of the frozen wall (1.5 m) 

Phase 2 Waiting: At the end of nitrogen feeding, to obtain a temperature adequate for 

brine feeding, and to avoid brine freezing inside the probes; 

Phase 3 Brine: Maintaining the ice thickness on the tunnel vault by feeding the examinations 

with brine, at a temperature of about -35 C. Phase 3 is used during the tunnel excavation to 

maintain the soil temperature below water freezing over water time, and the desired thickness of 

the frozen wall. 

Therefore, it is essential to make an accurate estimate of the mechanical properties of frozen 

samples for designing a support system and analysis. 
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Fig.  3-5. Freezing technique to provide excavation support for the tunnel (Metro Line 4-Budapest) (Davarpanah et 

al. 2021a) 

Several tests were carried out in the Department of Engineering Geology and Geotechnics 

laboratory of BME university on the calcareous type of Buda Marl formation. The laboratory tests 

included firstly non-destructive tests, such as the measurements of density and ultrasonic pulse 

wave velocities in different petrophysical states, and destructive tests, such as Uniaxial 

Compressive Strength (UCS), the tensile strength (using Brazilian test), and point load test (PLT). 

To determine the mechanical properties of investigated rock samples, 39 cylindrical marl samples 

were prepared (but three samples failed in the water saturation stage before the test), so 36 samples 

were available for the uniaxial compressive test from which 12 samples were in dry condition, 11 

samples in saturated state and 13 samples in the frozen state were tested. The samples were 

between 49 and 49.72 mm in diameter and 75 and 107.18 mm in height.  Similarly, 42 samples 

were cut for the Brazilian test, but 36 were carried out. After performing the Brazilian test, half-

cut broken samples of the tensile test were used for the PLT test. Forty-eight-point load tests were 

carried out. The frozen samples were tested on water-saturated rock samples cooled to -20 °C. The 

tests were made according to ISRM's (1985, 2007) suggested methods. 

The point load test (PLT), which was first designed by Riechmuth (1963) and developed 

by Broch and Franklin (1972) to determine the point load strength index (Is), is one of the oldest 

and most commonly used index tests for the determination of the UCS indirectly. The following 

equation is suggested by ISRM (1985, 2007) and ASTM (1995) to calculate Is. The point load test 

allows the determination of the uncorrected point load strength index (Is). It must be corrected to 

the standard equivalent diameter (De) of 50 mm. The correction is unnecessary if the core being 

tested is "near" 50 mm in diameter (like NX core). The procedure for size correction can be 
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obtained graphically or mathematically as outlined by the ISRM procedures(Equation 3-2, 

Equation 3-3, Equation 3-4, Equation 3-5). 

2s

e

P
I

D
=

 

Equation 3-2 

 

2 4
e

hD
D

p
=

 

Equation 3-3 

 

0.45

50

eD
F
è ø
=é ù
ê ú 

Equation 3-4 

 

(50)s sI F I= ³ Equation 3-5 

 

Where Is, is the point load strength index in MPa, P is the failure load in KN, and De is the 

equivalent diameter in mm. This paper performed the point load test on half-cut broken samples, 

as presented in Fig.  3-6. 

  

(a) (b) 

Fig.  3-6. (a) half-cut broken sample after tensile strength test; (b) A typical point load test of the sample 

(Davarpanah et al. 2021a) 
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3.5 Investigation of the deformation characteristic of Mórágy Granitic Rock 

Laboratory samples originated from research boreholes deepened in carboniferous Mórágy 

Granite Formation during the research and construction phases of a deep geological repository of 

low and intermediate-level radioactive waste. This granite formation is a carboniferous intruded 

and displaced Variscan granite pluton in South-West Hungary. The main rock types are microcline 

megacryst-bearing, medium-grained, biotite-monzogranites, and quartz monzonites (Buda 1985) 

(Fig.  3-7). From a spatial viewpoint, the monzogranitic rocks generally contain oval-shaped, 

variably elongated monzonite enclaves (predominantly amphibole-biotite monzonites, diorites, 

and syenites) of various sizes (from a few cm to several hundred meters) reflecting the mixing and 

mingling of two magmas with different composition. Feldspar-quartz-rich leucocratic dykes 

belonging to the late-stage magmatic evolution and Late Cretaceous trachyte and tephryte dykes 

crosscut all previously described rock types (Király E., Koroknai B., 2004). In general, fractured 

but fresh rock is common, sparsely intersected by fault zones with a few meters thick clay gauges. 

Intense clay mineralization in the fault cores indicates a low-grade hydrothermal alteration. 

a b c d  

Fig.  3-7. Main types of rock samples. a-b: megacryst-bearing, medium-grained, biotite-monzogranites, c:medium-

grained, biotite-monzogranites with elongated monzonitic enclaves, d: quartz monzonite( Davarpanah et al. 2019) 

The samples were tested using a computer-controlled servo-hydraulic machine in 

continuous load control mode. The loading magnitude was settled in kN with 0.01 accuracy, and 

the loading rate was 0.6 kN/s. Axial and tangential deformation was measured by strain gauges 

that measure the deformation between ı to Ĳ of the sampleôs height. Fifty uniaxial compressive 

tests were performed in the rock mechanics laboratory at RockStudy Ltd. The NX (d = 50 mm) 

sized cylindrical rock samples having the ratio L/d = 2/1 (here, L and d are the length and diameter 
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of a sample, respectively) were prepared. (Fig.  3-8) 

 

Fig.  3-8. A prepared sample at the beginning of the UCS test (Davarpanah et al. 2019) 

The values of Tangent Youngôs modulus (Ὁ  is defined as the slope of a line tangent to 

the stress-strain curve at a fixed percentage (50%) of the ultimate strength, the value of Average 

Youngôs modulus Ὁ is defined as the slope of the straight-line part of the stress-strain curve, the 

value of Secant Youngôs modulus Ὁ  is defined as the slope of the line from the origin (usually 

point (0; 0)) to some fixed percentage of ultimate strength. Usually, 50 % and Poissonôs ratio (’) 

were calculated using linear regressions along linear portions of stressïaxial strain curves and 

radial strainïaxial strain curves, respectively. The International Society for Rock Mechanics 

suggests three standard methods for its determination (Ulusay and Hudson, 2007). The value of 

 Ὃ , Ὃ  and ὑ , ὑ  They are calculated based on the following equations. (Equation 3-6, 

Equation 3-7). 

Ὃ ȟ

Ὁ ȟ

ςρ ‮ ȟ
 

Equation 3-6 

 

ὑ ȟ

Ὁ ȟ

σρ ς‮ ȟ
 

Equation 3-7 

 

The values of crack initiation stress (sci) and crack damage stress (scd) were calculated 

based on the following methods: 

-Onset dilatancy method 
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Brace (1966) illustrated that the crack initiation threshold is visible on the axialïvolumetric 

strain curve when it diverges from the straight line (Fig.  3-9). In practice, a slight deviation of the 

stressïvolumetric strain curve from the straight line can make some difficult to define one point 

determining the crack initiation threshold. 

 

Fig.  3-9. Axial stressïvolumetric strain curve with the threshold of crack initiation and crack damage and failure 

stress for Hungarian granitic samples (uniaxial compression case) (Davarpanah et al. 2019) 

-Crack volumetric strain method 

Martin and Chandler (1994) proposed that crack initiation could be determined using a plot 

of crack volumetric strain versus axial strain (Fig.  3-10) according to Equation 3-8, Equation 3-9, 

and Equation 3-10. 

eV = e1 + 2el, (%) 
Equation 3-8 

‐ ‐ ‐ ,(%) 
Equation 3-9 

‐ „ ς„ ,(%) 

 

Equation 3-10 

ea, el: axial and lateral strain, (%) 

s1, s3: axial and confining stress (MPa) 

E, n; Youngôs modulus and Poissonôs ratio, respectively, (GPa),(-) 
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Crack volumetric strain eVcr is calculated as a difference of the elastic volumetric strain eVel 

and volumetric strain eV determined in the test; crack volumetric strain is calculated based on these 

two elastic constants and is strongly sensitive to its value. This is probably why this method does 

not give objective values. 

 

Fig.  3-10. Crack volumetric strain method for crack initiation threshold determination for Hungarian granitic rock 

sample (uniaxial compression case) (Davarpanah et al. 2019) 

- Change of Poissonôs ratio method 

Diederichs (2003) proposed a crack initiation threshold identification method based on the 

change in Poissonôs ratio. The onset of crack initiation can be identified by analyzing the relation 

of Poissonôs ratio, evaluated locally, to the log of the axial stress (Fig.  3-11). 

 

Fig.  3-11. Poissonôs ratio method for crack initiation threshold determination for Hungarian granitic rock samples 

(uniaxial compression case) (Davarpanah et al. 2019) 
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However, in this paper, the results obtained from the first method were used for further analysis. 

The reason is that, based on the findings by Cieslik (2014), this method gives more precise results 

for granitic rock samples. 

3.6 Correlation between static and dynamic deformation moduli of different rocks 

An accurate estimate of the geomechanical properties of rocks is crucial for almost any 

form of design and analysis in geomechanical projects. Many authors have studied rocks' strength 

and deformation behavior (Xiong et al. 2019; Yang et al. 2016; Zhao et al. 2017; Ranjith et al. 

2004; Rahimi and Nygaard 2018; Davarpanah et al. 2018; Berezovski and Ván  2017).  

Among these properties, the modulus of elasticity (E), modulus of rigidity (G), and bulk 

modulus (K) are the basic parameters used in rock engineering. There are two standard methods 

to calculate the moduli: destructive and non-destructive procedures. In the destructive one, moduli 

are calculated from the stress-strain curves of the rock material. This is characteristic of the 

modulus of elasticity. For the non-destructive one, the most common method is an ultrasonic test, 

measuring both longitudinal and shear wave velocities.  

Measuring the longitudinal and shear wave velocities, the dynamic elastic material 

parameters for isotropic and ideal elastic rocks are calculated with the help of the following 

formula (Martinez et al., 2012). (Equation 3-11, Equation 3-12, Equation 3-13, Equation 3-14) 
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Equation 3-11 
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Equation 3-12 
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Equation 3-13 
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Equation 3-14 

 

Edyn= dynamic modulus of elasticity, GPa, Gdyn = dynamic modulus of rigidity, GPa, Kdyn = 

dynamic bulk modulus, GPa, ג ÄÙÎÁÍÉÃ 0ÏÉÓÓÏÎÒÁÔÉÏ, ʍ ÄÅÎÓÉÔÙȟ , 6

ÓÈÅÁÒ ÖÅÌÏÃÉÔÙȟËÍÓϳ, 6 ÌÏÎÇÉÔÕÄÉÎÁÌ ÉÎÆÉÎÉÔÅ ÍÅÄÉÕÍ ÖÅÌÏÃÉÔÙȟËÍÓϳ 
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There are several relationships between the static and dynamic Youngôs moduli (Belikov 

et al. 1970; King 1983; Eissa and Kazi 1988; McCann and Entwisle 1992; Christaras et al. 1994; 

Nur and Wang 1999; Brotons et al. 2014; Brotons et al. 2016). These equations can be divided into 

linear and non-linear groups.  

For this study, 40 samples of different rocks (igneous, sedimentary, and metamorphic) from 

the literature were analyzed (Lama and Vutukuri 1978). Data were classified according to rock 

types, and the relationship between dynamic and static constants was investigated statistically. 

3.7 Youngôs modulus and Poissonôs ratio for intact stratified rocks  

The rock materials discussed in this paper (Davarpanah et al. 2020) are from the surface 

and underground mining projects in two distinctly different geological, environmental, and 

climatic settings (Fig.  3-12). In Project 1, weathered to fresh, calcareous, and argillaceous 

siltstones, sandstones, and quartzites from Proterozoic stratigraphy in the Yeneena Supergroup are 

found from the surface down to approximately 1,200 metres depth in the Great Sandy Desert of 

Western Australia (Nicoll et al. 2017; Bar and Weekes  2017). Surface weathering decreases quite 

rapidly with depth. 

 

Fig.  3-12 Project Locations - 1: Open pit and underground gold mine in the Great Sandy Desert of Western 

Australia; 2: Large open-pit copper-gold mine in the Star Mountains of Papua New Guinea (PNG) (Davarpanah et 

al. 2020d) 
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In Project 2, fresh siltstone (Cretaceous) and limestone (Eocene to Miocene) strata are 

repeated due to thrust faulting from the surface down to 1,500-meters depth in the Western 

Province of Papua New Guinea (PNG), a high rainfall, tropical region. The sedimentary strata 

were uplifted, regionally thrust faulted, and finally folded by the two successive intrusions (Bar 

and Baczynski 2018). Thrust faults vary in thickness from approximately 15 to 200 meters and 

extend regionally across several kilometres. The monzonite porphyry and monzodiorite intrusions 

are 1.2 and 2.6 million years old, respectively. Skarns and endoskarns that host copper 

mineralization were formed by the intrusive rocks' metasomatism and sedimentary hosts. Both 

project sites have similarities in recent phase tectonic deformations involving intrusions uplifting 

sedimentary sequences, causing local folding to form 'domes,' as shown in Fig.  3-13. In Project 1 

(Yeneena Supergroup), the intrusion is deep and has not reached the mining area or surface. In 

contrast, in Project 2, the Sydney Monzodiorite and Fubilan Monzonite Porphyry intrusions have 

reached the surface. 

 

Fig.  3-13 Typical Lithostratigraphic Cross-Sections of Open Pit Mines - 1: Gold mine in the Great Sandy Desert of 

Western Australia; 2: Copper-gold mine in the Star Mountains of PNG(Davarpanah et al. 2020d) 

Site investigations for both regions comprised several kilometres of diamond core drilling 

from the surface and underground where surface terrain or existing excavations permitted access. 

Diamond drilling was supplemented with regional and borehole geophysical surveys and outcrop 

mapping. Laboratory testing samples were typically obtained from drill core and outcrop samples 
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later cored in the laboratory. Fig.  3-14 presents photographs of rock outcrops and drill core for 

context. 

 

Fig.  3-14 Rock outcrops from the Western Province of Papua New Guinea - A: limestone; B: siltstone; C: 

monzodiorite; Drill core trays (1m length) from Telfer in Western Australia - D: highly weathered siltstone; E: 

moderately weathered siltstone; F: sandstone; G: quartzite(Davarpanah et al. 2020d) 

In Perth, Australia, sixty-eight uniaxial compressive tests were performed in the rock mechanics 

laboratory at E-Precision Laboratory Pty Ltd. The cylindrical-shaped rock samples adhered to the 

ratio L/D = 2/1 (i.e., L and D length and diameter of a cylindrical sample, respectively). 

The following data were measured and calculated from the uniaxial compressive tests: 

Å Secant Youngôs modulus (0-50 %) (Es) 

Å Tangent Youngôs modulus (Et) 

Å Secant Poissonôs ratio (0-50%) (ns) 

Å Tangent Poissonôs ratio (nt) 

Å Uniaxial Compressive Strength (sc) 

3.8 Characterization of HoekïBrown constant □░ for  intact rock 

The HoekïBrown failure criterion is widely used in rock mechanics and rock engineering 

practice for determining the strength of brittle intact rock and rock masses. Hoek and Brown 1980 

introduced this non-linear semi-empirical failure criterion, and the following form was suggested 

for intact rock (Equation 3-15): 
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Equation 3-15 
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where „ and „ are major and minor principal stress at failure, respectively, mi is the Hoek-

Brown material constant and „ It is the uniaxial compressive strength of intact rock. According 

to Eq. 1, two independent parameters are necessary, namely the: 

¶ Uniaxial compressive strength („) 

¶ HoekïBrown material constant of the intact rock (mi) 

Although several practical, empirical, and probabilistic approaches have been presented in 

the literature to address uniaxial compressive strength (UCS) (Davarpanah et al. 2020, Hoek and 

Brown 1997, Hoek et al. 2013, Vásárhelyi and Kovács 2016, and Wen et al. 2020), the accurate 

determination of mi is still challenging task. Many factors, such as mineral composition, grain size, 

and rock cementation influence it. Generally, mi presents a curve-fitting parameter for the Hoek-

Brown failure envelope (Hoek and Marinos 2000). 

So far, different approaches such as the rigidity index method (R-index), uniaxial 

compressive strength (UCS) based method, and tensile strength (TS) based method, and the 

combination of these two methods (Combination based method) have been proposed to calculate 

the value of mi. This study aims to thoroughly review the previously existing procedures to 

calculate the value of mi and compare the obtained results to propose the new material constants 

that best fit the experimental data. 

A wide range of data from literature by (Ván and Vásárhelyi 2014) were selected and 

analyzed. The Statistical analyses of the measured mi values for different rock types are 

summarized in Table 3-1.  

Table 3-1 Summary of the measured mi for a different group of rocks (Davarpanah et al. 2021b) 

Rock type 
Number 

of datasets 

Measured mi 

Min. Max. Ave. Std. 

Igneous 32 4.31 34.03 15.42 7.13 

Sedimentary 107 3.76 35.11 12 6.32 

Metamorphic 46 1.43 32.33 13.36 10.07 
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4 RESULTS AND DISCUSSIONS 

4.1 Effect of freeze-thaw and water saturation on mechanical 

properties of rocks 

 According to Fig.  4-1, it is evident that the strength at zero water content sc(o) = a +c, 

and the strength at full saturation sc(sat) = c(sat). Parameter b is a dimensionless constant defining 

the rate of strength loss with increasing water content (Hawkins and McConnell, 1992). 

 

Fig.  4-1. Influence of the water content on the strength of the rock ï schematic curve (Hawkins and McConnell, 

1992) 

The generalized Hoek-Brown failure criterion for jointed rock masses is defined by 

Hoek (2002) (Equation 4-1) 
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Where s1ô and s3ô are the maximum and minimum effective principal stress at failure, 

and the Hoek-Brown parameters mb, s, and a are(Equation 4-2, Equation 4-3, Equation 4-4):  
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D is a factor that depends upon the degree of disturbance due to blast damage and stress 

relaxation Hoek (, 2002), i.e., this value is independent of the petrophysical state of the rock. 

GSI is the Geological Strength Index, which can be calculated from the structure of the 

rock mass and the joint surface quality (Hoek 2007, Vásárhelyi 2016). Thus, this value is also 

independent of the water content. 

Generally, due to the water saturation, the mechanical parameters of intact rock decreases. 

According to the experimental results, the dry and saturated mechanical parameters ratio is 

constant and is rock material dependent. It should be mentioned that similar results were obtained 

for different environmental effects (Aydan et al. 2012). According to the empirical equations, the 

mechanical parameters of the rock mass similarly depend on the water content than the intact rock 

(Vásárhelyi et al., 2017). It means the exact determination of the rock mass quality (e.g., 

Geological Strength Index ï GSI or Rock Mass Rate ï RMR) is essential for the calculation of the 

mechanical behavior of the rock mass but does not influence the water content. Ván and Vásárhelyi 

(2014) calculated the sensitivity of GSI-based equations, and it was found that these relationships 

are highly dependent on the input parameters changing one parameter by 5 %. the final results may 

vary more than 50 %. The results of Hungarian Miocene limestone(Vásárhelyi 2005),British 

sandstones (Hawkins and McConnell 1992, Vásárhelyi and Ván 2006, Vásárhelyi 2003), and 

rhyolitic tuffs from Eger (Hungary) (Kleb andVásárhelyi 2003) were analyzed. Still, similar results 

were found for other Hungarian tuffs (Vásárhelyi 2002). These results can be used in general 

(Romana and Vásárhelyi 2007). Notably, for a more precise and fundamental description of the 

mechanical behavior of rock, one should apply non-equilibrium continuum thermodynamics along 

the lines of (Asszonyi et al. 2016 and Asszonyi et al. 2015) and beyond. The similarity of the 

regression lines for the different rock types was unexpected from a theoretical point of view. 

However, a similar relationship has been reported due to damage related to thermodynamic 

stability (Ván 2001). 

Test results of porous limestone are summarized in Table 4-1, 4-2, and 4-3 for dry, saturated, and 

frozen conditions. 



 

46 

 

Table 4-1. Mechanical properties of dry samples (Davarpanah et al. 2020a) 

Rock 
sample 

n 
”
Ὣὶ

ὧά
 

E 
(GPa) 

sc 

(MPa) 

eamax 

(%) 

MR Ultrasonic 
wave velocity 

(km/s) 

Water abs. 
coefficient 

8 0.3 1.49 0.2 2.17 0.8 92.17 2.55 5.37 
12 0.44 1.5 0.66 3.13 0.7 210.86 2.73 5.24 
20 0.39 1.52 0.91 2.63 0.34 346.01 2.73 3.31 
23 0.37 1.54 0.48 1.95 0.45 246.51 2.93 5.55 
29 0.27 1.53 0.58 2.48 0.5 233.87 2.58 4.71 
32 0.4 1.52 0.39 2.94 0.75 132.65 2.57 4.22 
33 0.2 1.51 0.94 2.27 0.7 414.10 2.79 5.42 

Table 4-2. Mechanical properties of saturated samples (Davarpanah et al. 2020a) 

Rock 
sample 

n 
”
Ὣὶ

ὧά
 

E 
(GPa) 

sc 

(MPa) 

eamax 

(%) 

MR Ultrasonic 
wave velocity 

(km/s) 

Water abs. 
coefficient 

3 0.47 1.73 0.43 1.76 0.56 244.32 2.45 5.80 
4 0.15 1.7 0.58 2.12 0.86 273.58 2.50 5.60 
5 0.16 1.73 0.26 1.49 0.85 174.50 2.65 3.70 
10 0.13 1.78 0.39 1.94 0.53 201.03 2.58 5.50 
11 0.18 1.78 0.33 2.68 0.98 123.13 2.53 4.40 
19 0.24 1.75 0.49 2.2 0.67 222.73 2.48 3.87 
35 0.13 1.8 0.37 2.5 0.96 148.00 2.56 5.75 

Table 4-3. Mechanical properties of frozen samples (Davarpanah et al. 2020a) 

Rock 
sample 

n 
”
Ὣὶ

ὧά
 

E 
(GPa) 

sc 

(MPa) 

eamax 

(%) 

MR Ultrasonic 
wave velocity 

(km/s) 

Water abs. 
coefficient 

18 0.12 1.68 0.88 10 1.07 88.00 4.25 5.60 
15 0.52 1.74 0.68 9.45 2.73 71.96 10.05 5.40 
31 0.16 1.72 0.41 9.52 3.07 43.07 4.43 6.30 
21 0.34 1.74 0.31 11.51 4.33 26.93 4.46 4.70 
13 0.48 1.71 1.32 9.84 1.98 134.15 4.41 5.04 
28 0.29 1.78 0.52 12.73 4.38 40.85 4.48 5.42 
7 0.5 1.78 0.46 12.9 3.78 35.66 4.57 4.03 

Based on the above Tables, the range of Poissonôs ratio (n) for dry samples is between 0.2 and 0.3, 

for saturated models between 0.13 and 0.47, and for frozen samples between 0.12 and 0.52. The 

range of module of elasticity (E) for dry samples is between 0.2 and 0.94, for saturated samples is 

between 0.26 and 0.58 (GPa) and for frozen samples is between 0.3 and 1.32 (GPa). The range of 

MR for dry samples is between 92.17 and 414.10, saturated samples are between 123.18 and 

253.78, and frozen samples are between 26.93 and 144.15. The range of sc for dry samples is 

between 1.95 and 3.13 (MPa), saturated samples are between 1.49 and 2.5 (MPa), and frozen 

samples are between 9.45 and 12.5 (MPa). A linear relationship has been discovered between 

density, uniaxial compressive strength, tensile strength, elasticity module, MR, and Poissonôs ratio 

(n). Fig.  4-2 illustrates the relationship between uniaxial compressive strength and density in dry, 

saturated, and freezing conditions. 
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Fig.  4-2. Uniaxial compressive strength of highly porous limestone as a function of density (dry, water-saturated, 

and frozen states) (Davarpanah et al. 2020a) 

There is a linear correlation between uniaxial compressive strength and density in freezing 

conditions (R2 = 0.6); however, in dry and saturated samples, these parameters show a very weak 

relationship (R2 = 0.05 and 0.01, respectively) (Table 4-4). The maximum uniaxial compressive 

strength in the frozen condition is about 80 % more than the saturated and dry one.  

Table 4-4. Uniaxial compressive strength of the highly porous limestone as a density ï linear function (Davarpanah 

et al. 2020a). 

Rock type state a b R2  
Highly porous limestone dry -4.6 9.51 0.05 
 saturated 2.10 -1.10 0.01 
 frozen 55.64 -73.72 0.6 

The relationship between tensile stress and density shows another trend. A good correlation 

with R2 = 0.86 exists for saturated specimens, but dry and frozen ones have weak correlations (Fig.  

4-3 and Table 4-5). It means that the effect of density on tensile strength in saturated conditions is 

more influential than in dry or frozen conditions. 
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Fig.  4-3. Tensile strength of the highly porous limestone as a function of density (dry, water-saturated, and frozen) 
(Davarpanah et al. 2020a) 

 

Table 4-5. Tensile strength of the highly porous limestone as a function of density ï linear function (Davarpanah et 

al. 2020a) 

Rock type state a b R2 

Highly porous limestone dry 0.07 0.23 0.00 

 saturated 2.75 -3.94 0.8 

 frozen 6.14 -6.41 0.07 

The relationship between density and modulus of Elasticity is graphic (Fig.  4-4). From 

this, it can be understood that there is a better correlation between these parameters in saturated 

conditions (R2 = 0.53) than in dry and frozen conditions (Table 4-6). In other words, the effect of 

density on elasticity modulus in the saturated state is more expressed than in dry and frozen ones. 

 

Fig.  4-4. Modulus of elasticity of the highly porous limestone as a function of density ï linear function 

(Davarpanah et al. 2020a) 
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Table 4-6. Elasticity module of the highly porous limestone as a function of density ï linear function (Davarpanah et 

al. 2020a) 

Rock type state a b Ὑ  
Highly porous limestone dry 0.46 -0.11 0.001 

 saturated -3.57 5.83 0.53 
 frozen -2.39 4.29 0.02 

A good correlation between density and MR was found in a saturated condition. (R2 = 0.53), 

while the relationship between these parameters in dry and frozen conditions is weak (Fig.  4-5 

and Table 4-7). Also, unlike the previously studied relationships, in this graph, the value of the 

physical parameter in the frozen condition is less than in other conditions. 

 

Fig.  4-5. Modulus of elasticity of the highly porous limestone as a densityïlinear function (Davarpanah et al. 

2020a). 

Table 4-7. Modulus of elasticity of the highly porous limestone as a function of density ï linear function 

(Davarpanah et al. 2020a) 

Rock type state a b R2 
Highly porous limestone dry 808.96 -990.22 0.024 

 saturated -1815 2957.3 0.50 
 frozen -457.71 758.67 0.067 

The relationship between density and Poisson ratio(ɡ) was also calculated (Fig.  4-6). A 

weak correlation between these parameters was documented in freezing conditions (R2 = 0.22) 

(Table 4-8). 
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Fig.  4-6. Poissonôs ratio of the highly porous limestone as a function of density ï linear function (Davarpanah et al. 

2020a) 

Table 4-8. The Poissonôs ratio of the highly porous limestone as a function of densityïlinear function (Davarpanah 

et al. 2020a) 

Rock type state a b R2 
Highly porous limestone dry 0.25 -0.037 0.003 

 saturated -2.57 4.11 0.2 
 frozen 3.57 5.08 0.22 

The relationship between density and ultrasonic wave velocity differs for frozen and water-

saturated specimens (Fig.  4-7). The parameters of saturated samples show some correlation (R2 = 

0.42), but density and ultrasonic pulse velocity of dry and frozen specimens have no real 

correlation (Table 4-9). 

 

Fig.  4-7. Ultrasonic pulse wave velocity of the highly porous limestone as a function of density ï linear function 

(Davarpanah et al. 2020a) 
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Table 4-9. Ultrasonic pulse wave velocity of the highly porous limestone as a function of density ï linear function 

(Davarpanah et al. 2020a) 

Rock type state a b R2 
Highly porous 
limestone 

dry 2.214 -0.66 0.11 

 saturated 2.035 -0.55 0.42 
 frozen 6.53 -5.38 0.29 

The uniaxial compressive strength of highly porous limestone as a function of density 

correlates well with R2 = 0.6 in frozen conditions, but these parameters do not connect well in dry 

and saturated conditions (R2 = 0.05 and 0.01, respectively). It means that the effect of density on 

the strength in freezing conditions is more influential. The maximum uniaxial compressive 

strength of samples in the frozen condition is about 13 MPa, 3.5, and 2.7 MPa in dry and saturated, 

respectively. Namely, the strength in the frozen state is about 80 % more than in the dry and 65 % 

more than in saturated conditions. Unlike the uniaxial compressive strength, in the Brazilian 

(tensile) test, there was not a good correlation in the frozen condition (R2 = 0.05), but a good 

correlation was found in the saturated condition (R2 = 0.8). The effect of density in saturated 

conditions on tensile strength is more notable, whereas this was not observed in dry conditions. 

Considering the modulus of elasticity, there is a correlation in saturated conditions (R2 = 0.5) rather 

than dry and frozen conditions (R2 = 0.02 and 0.001, respectively). 

In case of middle-grained, bioclastic limestone, rhyolitic tuff, a linear relationship was 

found between the dry and saturated/frozen densities. It was possible to calculate a linear 

regression between the dry density of the rock and both the saturated and frozen density, i.e. 

(Equation 4-5) 

ri = ard + b 
Equation 4-5 

 

Where rd and ri are the sample's dry density and saturated or frozen density, respectively, 

a and b are material constants. The obtained values are summarized in Table 4-10. 
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Table 4-10. Calculated linear equations for the density of the sample in the case of water-saturated and frozen states 
(Török et al. 2018) 

rock type state a b R2 

Middle-grained saturated 1.0882 0.1551 0.965 

limestone frozen 1.1481 0.0323 0.959 

Bioclastic saturated 1.0933 0,1112 0.989 

limestone frozen 1.1836 -0.0634 0.991 

rhyolitic  saturated 0.9625 0.3379 0.909 

tuff frozen 0.9540 0.3322 0.912 

 The ultrasonic pulse wave velocity was also analyzed as a density function, similar to a 

previous study on travertine (Török et al. 2010). According to the published data, the ultrasonic 

pulse wave velocity of the ice at -4°C is 3.25 km/sec (Andersland et al. 1994). Our measured 

results are close to this value, but with the increasing density of the ice, the ultrasonic wave velocity 

also linearly increases. There is linear regression between the density of the rock and the ultrasonic 

wave velocity (Table 4-11). 

Table 4-11. Calculated the linear equation in case of ultrasonic wave velocity(Török et al. 2018). 

Rock type a b R2 

Limestone 4.3486 -4.4767 0.695 

Rhyolite tuff 1.5722 -0.6068 0.598 

Ice 4.9942 -0.8585 0.827 

The uniaxial compressive test results are analyzed separately for the ice, Miocene limestone, and 

rhyolitic tuff. The mechanical behavior of ice depends on strain rate, temperature, porosity, crystal 

size, and structure. Pure ice is typically polycrystalline with random crystal orientation whose 

response to deviatory stress can be represented by a power-law creep equation. For short loading 

periods, polycrystalline ice behaves elastically with little recoverable deformation at high loading 

rates. Under sustained loading, micro cracking may occur under low stresses, with the cracks 

dominating at high loading rates. When ice is loaded at low strain rates, the maximum stress 

remains the same initially and decreases with an increase in confining pressure (Schulson 1999) 

According to the measured results of (Schulson 1999), ice's tensile strength varies between 

0.7 to 3.1 MPa, and the compressive strength ranges from 5 to 25 MPa over the temperature range 

of -10 to -20°C. The compressive strength of ice increases with decreasing temperature and 

increasing strain rate, but ice tensile strength is relatively insensitive to these variables (Petrovic 

2003). The measured strength is under the published values. The strength of the porous limestone 
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decreases after water saturation but increases when it is frozen (the test was carried out at -20 °C). 

All measured strength of the limestone samples is plotted as a density function, and both linear 

and exponential functions exist (Fig.  4-8). Using the linear equation for determining the strength 

of the limestone as a function of the density is as follows (Equation 4-6): 

s = ar + b 
Equation 4-6 

 

The calculated material constants (a and b) are summarized in Table 4-12. Using the exponential 

equation (Equation 4-7): 

ʎ ὧ Å  
Equation 4-7 

 

The material constants (c and d) are summarized and rock type dependent (Table 4-13). 

According to the measured results, the strength of the rock decreases related to water saturation. 

This loss in strength is approximately 60 % of the dry strength, which agrees with previously 

published results by Vásárhelyi (2005). The strength of the frozen saturated limestone is much 

higher than that of the saturated one (Fig.  5-2). The dry uniaxial compressive strength of the 

medium-grained limestone is higher than that of the bioclastic limestone since the former has a 

more homogeneous microfabric. The opposite was observed when frozen samples were tested. 

Namely the bioclastic limestone has higher strength in freezing conditions. The strength of the 

bioclastic limestone increases 4.3 times compared to the dry strength.  

 

Fig.  4-8. Strength of the Miocene limestone in the function of density (dry, saturated, and frozen states)( Török et al 

.2018) 
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Table 4-12. Strength of the Miocene limestone in the function of density ï linear function (Eq. 4-6) 

rock type state a b R2 

Bioclastic lmst dry 55.791 -87.74 0.580 

Middle-grained dry 64.015 -98.945 0.984 

Bioclastic lmst saturated 24.073 -37.165 0.924 

Middle-gained saturated 34.956 -53.986 0.511 

Bioclastic lmst frozen 108.64 -163.04 0.895 

Middle-grained frozen 91.184 -136.03 0.975 

Table 4-13. Strength of the limestone in the function of density ï exponential function (Eq. 4-7) 

rock type state c d R2 

Bioclastic lmst dry 8e-15 20.622 0.603 

Middle-grained dry 7E-11 15.397 0.961 

Bioclastic lmst saturated 8E-10 13.276 0.905 

Middle-gained saturated 2E-08 11.494 0.505 

Bioclastic lmst frozen 3E-05 7.979 0.891 

Middle-grained frozen 4E-05 7.744 0.980 

Like the limestone, the strength of the rhyolitic tuff can be calculated as a function of the 

density (Fig.  4-9) using linear and exponential regressions. The material constants are summarized 

in  

 

Table 4-14 and Table 4-15, respectively. 

 

Fig.  4-9. Strength of the rhyolite tuff as a function of the density (dry, water-saturated, and frozen states) ( Török et 

al .2018) 
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Table 4-14. Strength of the rhyolitic tuff in the function of the density ï linear regression (Török et al. 2018) 

state a b R2 

dry 3.3707 -0.6447 0.704 

water-saturated 7.4471 -8.6623 0.637 

frozen 44.7340 -52.2550 0.973 

 

Table 4-15. Strength of the rhyolitic tuff in the function of the density ï exponential regression (Török et al. 2018) 

state c d R2 

dry 1.2977 0.8163 0.719 

water-saturated 0.0116 3.5906 0.651 

frozen 0.0640 3.6384 0.969 

Due to water saturation, the uniaxial compressive strength of the rhyolite tuff decreases 

half of the dry strength; meanwhile, the strength of the frozen rhyolite tuff is tripled compared to 

the dry one. The loss in uniaxial compressive strength of rhyolite tuff was already documented 

(Vásárhelyi 2002). The rhyolite tuff is a product of the Inner Carpathian volcanism (Lukács2018) 

and samples from Eger represent a common lithotype of NE-Hungary with well described 

mechanical properties (Vásárhelyi 2002; Török and Barsi 2018). Compared to bioclastic limestone 

(Fig. 4-9), water saturation and frost cause a smaller change in strength (Fig. 4-11). The difference 

is related to the tuff's micro-fabric, which contains many micro-pores and very porous pumice 

clasts (Török et al. 2007, Stück et al. 2008). Compared to sandstones (Vásárhelyi 2003), the 

strength of dry and water-saturated conditions changes is much higher. Our results show that the 

changes in the strength of frozen vs. non-frozen specimens are more significant in porous stones 

than that soils (Esmaeili-Falak 2018). 

In fact, the tests of frozen porous limestone and rhyolite tuff samples disproof the idea that 

in frozen rocks, the ice, with its crystallization pressure, cause micro-cracking and leads to a lower 

compressive strength. On the contrary, much higher strength was measured on frozen porous rocks 

(limestone, bioclastic limestone, and rhyolite tuff). The ice has a strength close to the samples' 

water-saturated strength values. Thus, the strength of the ice, dry, and water-saturated porous rocks 
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is relatively small, but when the rocks are frozen, these strength values are óaddedô to each other, 

and very high uniaxial strength values are measured. These experiments have proved that the 

uniaxial compressive strength of porous rocks can be significantly increased by freezing; 

accordingly, freezing can be applied to stabilize porous rock masses around tunnels or deep 

foundations. 

In case of marl samples, the test results are summarized in Table 4-16, Table 4-17, Table 

4-18, Table 4-19, Table 4-20, and Table 4-21. As evident, the compaction stage can be shortened 

with the temperature reduction. The slope of the elastic stage increases, and then the yield 

phenomenon becomes more and more unobvious, which means increases in elastic modulus and 

brittleness. The histogram of measured parameters is exhibited in Fig.  4-10. 

Table 4-16. Mechanical properties of dry samples (Davarpanah et al. 2021a) 

Rock 
sample ”

Ὣὶ

ὧά
 

Ed(GPa) sc(d) 

(MPa) 

st(d) 

(MPa) 

eamax(d) 

(%) 

MR(d) Ultrasonic 
wave 

velocity(d) 
(km/s) 

Rigidity 

(sc(d)/ st(d)) 
 

U10 2.47 6.20 28.17 4.20 1.26 220.11 2.83 6.71 

U11 2.40 3.30 29.51 3.05 0.96 111.83 2.67 9.69 

U14 2.42 3.76 35.39 6.22 1.26 106.25 2.55 5.69 

U16 2.41 3.60 28.80 6.29 1.31 125.01 2.29 4.58 

U2 2.47 8.60 37.52 3.47 0.89 229.20 3.41 10.82 

U28 2.44 4.10 35.62 4.39 0.63 115.09 3.27 8.11 

U29 2.44 4.40 27.15 5.28 0.78 162.04 2.86 5.14 

U31 2.37 2.65 23.58 4.83 1.00 112.40 2.33 4.88 

U36 2.43 1.63 26.56 3.43 0.91 61.37 3.35 8.04 

U37 2.40 1.97 28.48 4.25 0.99 69.17 3.47 6.7 

U5 2.35 3.88 27.55 5.51 0.94 140.82 2.33 5.00 

U6 2.42 1.82 27.14 6.02 1.72 67.05 2.12 4.51 
Table 4-17. Statistical analysis of dry samples (Davarpanah et al. 2021a) 

 ”
Ὣὶ

ὧά
 

Ed(GPa) sc(d) 

(MPa) 

st(d) 

(MPa) 

eamax(d) 

(%) 

MR(d) Ultrasonic 
wave 

velocity(d) 
(km/s) 

Rigidity 

(sc(d)/ st(d)) 
 

min 2.35 1.63 23.58 3.05 0.63 61.37 2.12 4.51 

max 2.47 8.6 37.52 6.29 1.72 229.2 3.47 10.82 

average 2.42 3.83 29.62 4.75 1.05 126.7 2.79 6.66 

stdev 0.03 1.89 4.06 1.08 0.28 52.28 0.46 2.01 
Table 4-18. Mechanical properties of saturated samples (Davarpanah et al. 2021a) 

Rock 
sample ”

Ὣὶ

ὧά
 

Es(GPa) sc(s) 

(MPa) 

st(s) 

(MPa) 

eamax(s) 

(%) 

MR(s) Ultrasonic 
wave 

velocity(s) 
(km/s) 

Rigidity 

(sc(s)/ st(s)) 
 

U12 2.51 4.52 19.5 3.04 1.07 231.8 3.84 6.42 
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U19 2.50 0.7 7.41 0.79 1.29 94.52 2.34 9.32 

U21 2.54 3.7 15.08 3.04 0.25 245.35 4.04 5.09 

U23 2.51 4.08 17.17 1.19 0.57 237.56 3.31 0.57 

U27 2.54 1.95 5.84 1.99 0.41 333.93 3.73 2.94 

U3 2.54 1.43 9.85 1.12 0.86 145.22 2.62 8.79 

U30 2.52 3.14 18.35 1.27 0.77 171.16 3.61 14.46 

U33 2.55 1.17 9.58 1.13 0.92 122.15 3 8.46 

U34 2.51 3.5 14.36 1.08 0.3 243.73 3.8 7.81 

U38 2.49 1.13 6.61 0.88 0.62 171.01 2.06 7.52 

U7 2.52 0.63 4.64 1.66 0.8 135.7 2.41 2.79 
Table 4-19. Statistical analysis of saturated samples (Davarpanah et al. 2021a) 

 ”
Ὣὶ

ὧά
 

Es(GPa) sc(s) 

(MPa) 

st(s) 

(MPa) 

eamax(s) 

(%) 

MR(s) Ultrasonic 
wave 

velocity(d) 
(km/s) 

Rigidity 

(sc(s)/ st(s)) 
 

min 2.49 0.63 4.64 0.79 0.25 94.52 2.06 0.57 

max 2.55 4.52 19.5 3.04 1.29 333.93 4.04 14.46 

average 2.52 2.36 11.76 1.56 0.71 193.83 3.16 6.74 

stdev 0.02 1.36 5.13 0.77 0.31 67.35 0.67 3.64 
Table 4-20. Mechanical properties of frozen samples (Davarpanah et al. 2021a) 

Rock 
sample ”

Ὣὶ

ὧά
 

Ef(GPa) sc(f) 

(MPa) 

st(f) 

(MPa) 

eamax(f) 

(%) 

MR(f) Ultrasonic 
wave 

velocity(f) 
(km/s) 

Rigidity 

(sc(f)/ st(f)) 
 

U1 2.52 4.96 22.71 4.18 1.03 218.37 4.72 5.43 

U13 2.50 12.70 40.65 2.83 0.61 312.44 4.94 14.37 

U15 2.51 0.64 14.61 8.17 2.47 43.80 3.34 1.79 

U18 2.49 2.41 20.13 4.63 1.68 119.74 4.39 4.35 

U20 2.59 2.30 24.40 2.56 0.85 94.28 4.88 9.54 

U22 2.47 2.37 14.81 5.51 0.79 160.03 4.76 2.69 

U25 2.54 1.51 19.31 7.47 1.66 78.19 4.60 2.58 

U26 2.46 2.20 23.51 3.78 1.02 93.56 4.56 6.23 

U32 2.55 1.34 30.94 7.19 0.82 43.31 4.22 4.30 

U35 2.51 0.64 9.90 7.09 1.43 64.67 3.42 1.40 

U39 2.54 0.84 23.41 3.89 2.57 35.89 4.49 6.02 

U4 2.52 2.75 25.47 4.01 1.04 107.97 4.53 6.35 

U9 2.47 0.94 15.30 3.45 1.81 61.42 4.17 4.44 
Table 4-21. Statistical analysis of frozen samples (Davarpanah et al. 2021a) 

 ”
Ὣὶ

ὧά
 

Ef(GPa) sc(f) 

(MPa) 

st(f) 

(MPa) 

eamax(f) 

(%) 

MR(f) Ultrasonic 
wave 

velocity(f) 
(km/s) 

Rigidity 

(sc(f)/ st(f)) 
 

min 2.46 0.64 9.9 2.56 0.61 35.89 3.34 1.4 

max 2.59 12.7 40.65 8.17 2.57 312.44 4.94 14.37 

average 2.51 2.74 21.93 4.98 1.37 110.28 4.39 5.35 

stdev 0.04 3.09 7.64 1.82 0.61 76.26 0.48 3.36 
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Fig.  4-10. The histogram of measured parameters a) uniaxial compressive strength(dry) b) tensile strength(dry) c) 

uniaxial compressive strength (satu) d) tensile strength(satu) e) uniaxial compressive strength(frozen) f) tensile 

strength(frozen) (Davarpanah et al. 2021a) 

 

  

  

  
 



 

59 

 

Based on the above-presented tables(Table 4-16, Table 4-17, Table 4-18, Table 4-19, Table 

4-20, and Table 4-21), the range of module of elasticity (E) for dry samples is between 1.63 and 

8.6 with a mean value of 3.83 GPa; for saturated samples is between 0.63 and 4.52 GPa with a 

mean value of 2.36 GPa, and for frozen samples is between 0.64 and 12.7 with the mean value of 

2.74 GPa. The range of MR for dry samples is between 61.37 and 229.20, with a mean value of 

126.7; for saturated samples is between 94.53 and 333.93, with a mean value of 193.83; and for 

frozen samples is between 35.89 and 312.49, with the mean value of 110.28. The range of sc for 

dry samples is between 23.58 and 37.52 with a mean value of 29.62 MPa, and for saturated samples 

is between 4.64 and 19.5 with a mean value of 11.76 MPa, and for frozen samples is between 9.90 

and 40.65 with the mean value of 21.93 MPa. The results of PLT tests are summarized in Table 

4-22, Table 4-23, and Table 4-24. 

Table 4-22. Point load test of dry samples (Davarpanah et al. 2021a) 

Sample 

number 

D(mm) w(mm) De(mm) P(KN) F Is Is (50) 

B25-1 27.89 49.67 42.01 3.09 0.92 1.75 1.62 

B25-2 22.82 48.92 37.71 2.12 0.88 1.49 1.31 

B14-1 24.08 48.56 38.60 2.03 0.89 1.36 1.21 

B33-1 27.37 49.2 41.42 1.21 0.92 0.71 0.65 

B39-1 30.21 50.27 43.98 2.47 0.94 1.28 1.21 

B14-3 23.24 48.43 37.87 3.43 0.88 2.39 2.11 

B12-1 26.08 48.74 40.24 1.24 0.91 0.76 0.69 

B12-2 23.01 47.47 37.30 3.34 0.88 2.40 2.10 

B21-1 18.78 48.3 33.99 1.85 0.84 1.60 1.34 

B21-2 26.2 47.11 39.65 1.83 0.90 1.17 1.05 

B29-1 29.59 49.31 43.11 4.85 0.94 2.61 2.44 

B29-2 20.49 48.47 35.57 2.50 0.86 1.97 1.69 

B36-1 23.74 48.38 38.25 6.02 0.89 4.12 3.65 

B36-2 23.65 48.43 38.20 4.06 0.89 2.78 2.46 

B28-1 19.4 48.41 34.59 1.43 0.85 1.19 1.01 

B28-2 23.31 49.01 38.15 2.72 0.89 1.87 1.66 

B20 31.33 49.3 44.36 3.98 0.95 2.02 1.92 

B31 28.18 49.1 41.98 0.93 0.92 0.53 0.49 

B22 20.57 47.54 35.29 1.15 0.85 0.92 0.79 
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Table 4-23. Point load test of saturated sample (Davarpanah et al. 2021a)s 

Sample 

number 

D(mm) w(mm) De(mm) P(KN) F Is Is (50) 

B7-1 25.72 49.11 40.11 1.18 0.91 0.73 0.66 

B13-1 23.01 48.35 37.65 1.33 0.88 0.94 0.83 

B41-1 26.67 49.44 40.98 0.95 0.91 0.57 0.52 

B6-1 29.48 49.46 43.10 1.32 0.94 0.71 0.66 

B1-1 25.19 49.83 39.99 3.31 0.90 2.07 1.87 

B24-1 27.44 49.14 41.45 0.36 0.92 0.21 0.19 

B24-2 19.14 49.05 34.58 0.36 0.85 0.30 0.25 

B6-2 24.1 49.27 38.89 1.44 0.89 0.95 0.85 

B1-2 24.8 49.29 39.46 2.57 0.90 1.65 1.48 

B41-2 22.42 49.52 37.61 0.40 0.88 0.28 0.25 

Table 4-24. Point load test of frozen samples (Davarpanah et al. 2021a) 

Analyzing data shows new linear and non-linear correlations between density, uniaxial 

compressive strength, tensile strength, elasticity module, MR, and rigidity. Fig.  4-11 illustrates the 

relationship between uniaxial compressive strength and density in dry, saturated, and freezing 

conditions. Fig.  4-12 exhibits the relationship between tensile strength and density in dry, 

Sample number D(mm) w(mm) De(mm) P(KN) F Is Is (50) 

B32-1 26.08 49.44 40.53 4.39 0.91 2.67 2.43 

B32-2 22.58 49.29 37.65 2.44 0.88 1.72 1.51 

B16-1 27.85 49.05 41.72 3.34 0.92 1.92 1.77 

B11-1 23.78 48.87 38.48 5.17 0.89 3.49 3.10 

B11-2 21.65 48.64 36.63 6.41 0.87 4.78 4.15 

B42-1 22.53 49.09 37.54 4 0.88 2.84 2.50 

B42-2 23.23 49.07 38.11 6.81 0.88 4.69 4.15 

B15-1 22 47.39 36.44 3.91 0.87 2.94 2.55 

B15-2 27.51 47.67 40.87 5.03 0.91 3.01 2.75 

B30-1 28 49.25 41.91 1.2 0.92 0.68 0.63 

B30-2 24.44 48.56 38.88 1.97 0.89 1.30 1.16 

B35-1 25.46 48.35 39.60 0.64 0.90 0.41 0.37 

B35-2 24.67 48.59 39.08 2.44 0.90 1.60 1.43 

B9-1 22.01 48.7 36.95 4.12 0.87 3.02 2.63 

B9-2 27.69 49.32 41.71 6.87 0.92 3.95 3.64 

B23-1 24.94 48.03 39.06 5.81 0.89 3.81 3.41 

B23-2 23.52 48.6 38.16 5.65 0.89 3.88 3.44 

B19-1 20.87 48.81 36.02 4.55 0.86 3.51 3.03 

B19-2 23.93 49.3 38.77 5.26 0.89 3.50 3.12 
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saturated, and freezing conditions. The correlation is very weak (see Table 4-26). Fig.  4-13 depicts 

the relationship between Youngôs modulus and density in dry, saturated, and frozen conditions. 

No correlation exists (see Table 4-27). Fig.  4-14 exhibits the relationship between rigidity and 

density in dry, saturated, and frozen conditions. There is no correlation (see Table 4-28). Fig.  4-

15 demonstrates the relationship between uniaxial compressive strength and ultrasonic wave 

velocity (Vp). The correlation in the dry condition is more substantial than in saturated and frozen 

ones. (see Table 4-29). Similarly, Fig.  4-16 shows the relationship between tensile strength and 

Vp. As shown, there is a strong correlation between dry conditions rather than saturated and frozen 

ones. (Table 4-30). Fig.  4-17 shows the rigidity of marl as a function of Vp. As shown, there is a 

strong correlation between dry conditions rather than saturated and frozen ones. (Table 4-31). Fig.  

4-18 shows the relationship between MR (Modulus ratio) and maximum axial strain. As shown, 

there is a stronger correlation between saturated and dry and frozen conditions. (Table 4-32). 

Finally, Fig.  4-19 shows the relationship between uniaxial compressive strength and Is(50). Good 

correlations were observed in dry, saturated, and frozen conditions. (Table 4-33). 

 

 

Fig.  4-11. Uniaxial compressive strength of marl as a function of density (dry, water-saturated, and frozen states 

(Davarpanah et al. 2021a) 
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Fig.  4-12. Tensile strength of the marl as a function of density (dry, water-saturated, and frozen) (Davarpanah et 

al. 2021a) 

 

Fig.  4-13. Modulus of elasticity of marl as a function of density ï linear function (Davarpanah et al. 2021a) 

 

Fig.  4-14. The rigidity of marl as a function of density ï linear function (Davarpanah et al. 2021a) 

 

2.30 2.35 2.40 2.45 2.50 2.55 2.60

0

1

2

3

4

5

6

7

8

ůt =  -3.183*10-91 exp (84.41 ɟ) + 4.81

ůt = 4.71 ɟ - 6.45

ůt = 9.37 ɟ - 22.15

 Dry state results

 Saturated state results

 Frozen state results

 Linear Fit - Dry

 Linear Fit - Saturated

 Linear Fit - Frozen

 Exponential Fit - Dry

ů
t (

M
P

a
)

ɟ (g/cm3)

ůt = 5.21 ɟ - 7.92

2.30 2.35 2.40 2.45 2.50 2.55 2.60

0

1

2

3

4

5

6

7

8

9

10

E =  5.58*10-115 exp (107.27 ɟ) + 2.84

E = -1.177 ɟ + 5.11

E = -0.36 ɟ + 2.87

 Dry state results

 Saturated state results

 Frozen state results

 Linear Fit - Dry

 Linear Fit - Saturated

 Linear Fit - Frozen

 Exponential Fit - Dry

E
 (

G
P

a
)

ɟ (g/cm3)

E = 27.46 ɟ -62.8

2.30 2.35 2.40 2.45 2.50 2.55 2.60

0

2

4

6

8

10

12

14

ůc / ůt =  -1.04*1080 exp (-78.18 ɟ) + 6.588

ůc / ůt = 24.32 ɟ -54.9

ůc / ůt = 26.53 ɟ -62.09

 Dry state results

 Saturated state results

 Frozen state results

 Linear Fit - Dry

 Linear Fit - Saturated

 Linear Fit - Frozen

 Exponential Fit - Dry

ů
c
 
/
 
ů

t

ɟ (g/cm3)

ůc / ůt = 22.91 ɟ - 48.99



 

63 

 

 

Fig.  4-15. Uniaxial compressive strength of marl as a function of Vp (dry, water-saturated and frozen states) 
(Davarpanah et al. 2021a) 

 

Fig.  4-16. Tensile strength of marl as a function of Vp (dry, water-saturated, and frozen states) (Davarpanah et 

al. 2021a) 

 

Fig.  4-17. The rigidity of marl as a function of Vp (Davarpanah et al. 2021a) 
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Fig.  4-18. MR of marl as a function of strain (dry, water-saturated, and frozen states) (Davarpanah et al. 2021a) 
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Table 4-26. Tensile strength of marl as a function of density ï linear function (Davarpanah et al. 2021a) 

Fitting function  Linear  Exponential 

Equation ůt = a ɟ + b ůt = ůt0 + A exp (R0 ɟ) 

Parameters a b R2 ůc0 A R0 R2 

S
ta

te
 dry 5.21 -7.92 0.034 4.81 -3.18E-91 84.41 0.212 

saturated 9.37 -22.15 0.25 0.878 0 336.8 - 

frozen 4.71 -6.45 0.005 7.19 0 403.87 - 

Table 4-27. Modulus of elasticity of marl as a function of density ï linear function (Davarpanah et al. 2021a) 

Fitting function  Linear  Exponential 

Equation E = a ɟ + b E = E0 + A exp (R0 ɟ) 

Parameters a b R2 E0 A R0 R2 

S
ta

te
 dry 27.466 -62.8 0.22 2.84 5.58E-115 107.26 0.736 

saturated -1.177 5.11 - 2.143 0 -169.78 - 

frozen -0.366 2.87 - 1.96 0 -64.28 - 

Table 4-28. The rigidity of marl as a function of density ï linear function (Davarpanah et al. 2021a) 

Fitting function  Linear  Exponential 

Equation ůc / ůt = a ɟ + b ůc / ůt = (ůc0 / ůt0) + A exp (R0 ɟ) 

Parameters a b R2 (ůc0 / ůt0) A R0 R2 

S
ta

te
 dry 22.91 -48.99 0.135 6.59 -1.05E80 -78.18 0.736 

saturated 24.32 -54.9 0.062 6.4 0 -140.1 - 

frozen 26.53 -62.09 0.18 4.59 0 -217.38 - 

Table 4-29. Uniaxial compressive strength of marl as a function of Vp(Davarpanah et al. 2021a) 

Fitting function  Linear  Exponential 

Equation ůc = a VP + b ůc = ůc0 + A exp (R0 VP) 

Parameters a b R2 ůc0 A R0 R2 

S
ta

te
 dry 4.81 15.35 0.6 478.96 -463.79 -0.0107 0.185 

saturated 5.29 -5.06 0.48 -803.46 798.56 0.0065 0.48 

frozen 6.56 -8.09 0.31 20 1.175E-47 22.42 0.041 

Table 4-30. Tensile strength of marl as a function of Vp ((Davarpanah et al. 2021a) 

Fitting function  Linear  Exponential 

Equation ůt = a VP + b ůt = ůt0 + A exp (R0 VP) 

Parameters a b R2 ůt0 A R0 R2 

S
ta

te
 dry 0.78 2.8 0.09 6.3 -4.83 -0.46 0.09 

saturated 1.197 -1.94 0.53 0.3 0.088 0.88 0.59 

frozen 1.085 0.21 0.054 5.2 0 -1.42E13 - 

Table 4-31. The rigidity of marl as a function of Vp- power and linear (dry, water-saturated and frozen states) 
(Davarpanah et al. 2021a) 

Fitting function  Linear  Exponential 

Equation ůc / ůt = a VP + b ůc / ůt = (ůc0 / ůt0) + A exp (R0 VP) 

Parameters a b R2 (ůc0 / ůt0) A R0 R2 

S
ta

te
 dry 3.19 -2.43 0.49 -7.31 7.26 0.228 0.49 

saturated 5.01 -4.61 0.63 515 -519.89 -0.0099 0.63 

frozen 4.57 -14.71 0.43 4.05 6.44E-30 14.08 0.72 
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Table 4-32. MR of marl as a function of strain ïlinear and power (dry, water-saturated and frozen states) 
(Davarpanah et al. 2021a) 

Fitting function  Linear  Exponential 

Equation MR = a eamax + b MR = MR0 + A exp (R0 emax) 

Parameters a b R2 MR0 A R0 R2 

S
ta

te
 dry -0.035 0.136 0.059 0.086 0.294 -3.167 0.065 

saturated -0.33 0.47 0.7 0.115 0.89 -3.59 0.88 

frozen -0.073 0.22 0.33 0.095 2.21E8 -34 0.59 

Table 4-33. Uniaxial compressive strength as a function of Is (50) (dry, water-saturated and frozen states) 
(Davarpanah et al. 2021a) 

Fitting function  Linear  Exponential 

Equation ůc = a IS(50) + b ůc = ůc0 + A exp (R0 IS(50)) 

Parameters a b R2 ůc0 A R0 R2 

S
ta

te
 dry 6.52 19.26 0.42 8930.25 -8911 -7.33E-4 0.42 

saturated -8.55 21.45 0.74 16.15 -1.67E-28 35.41 0.59 

frozen 3.73 14.54 0.71 16.22 0.56 0.96 0.88 

The statistical analysis results of uniaxial compressive strength and tensile strength, 

Youngôs modulus, and rigidity of marl samples under dry, saturated, and freezing conditions are 

presented in Table 1,2,3. The average maximum uniaxial compressive strength in the frozen state 

is 21.93 MPa, 86% more than saturated ones (11.76 MPa). Similarly, (Török et al. 2019) examined 

the effect of freezing on the strength of porous limestone and observed the strength of the frozen 

saturated limestone is more than 50% than that of the saturated one. Likewise, (Davarpanah et al. 

2020) conducted similar research on highly porous limestone and observed an 80% increase in 

strength due to freezing. Similarly, based on our current measurement on marl, the strength 

increase due to freezing is 86%. Also, the average maximum uniaxial compressive strength in the 

dry condition is 29.62 MPa, about 60% more than saturated ones (11.76 MPa). This result is in 

good agreement with the published result by (Vásárhelyi 2005) for Miocene Limestone, which 

showed a 60% loss in strength due to saturation. (Maoyan Ma et al. 2020). 

Furthermore, the correlation between Ultrasonic wave velocity (Vp) and UCS has been 

studied by different authors (Turgrul and Zarif, 1999; Cobanoglu and Celik, 2008; Sharma and 

Singh, 2008; Diamantis et al., 2011; Sarkar et al., 2012; Kandelwal, 2013; Azimian and Ajalloeian, 

2015; Kahraman, 2001; Yasar and Erdogan, 2004; Kilic and Teymen, 2008; Yagiz, 2011; Jamshidi 

et al. 2016) and presented in (Table 4-34). The difference in the (R2) value obtained in our study 

and given by other researchers in Table 18 is due to the difference in the range of physical and 

mechanical properties of the tested rock types. However, if we focus on proposed linear 
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correlations as formulated (y=a*x+b), an interesting correlation between a and b constant with a 

high determination coefficient(R2) is notable (Fig.  4-20). It means that the uniaxial compressive 

strength depends on the Vp only with a one-parameter formula(Equation 4-8, Equation 4-9): 

Y=ax-b      
Equation 4-8 

 

Y=(5.75*b^0.46) *x-b    
Equation 4-9 

Where b is the rock type-dependent parameter. 

Table 4-34. Previously published linear regression(Y=ax-b) between UCS (MPa) and Vp (km/h) for different rock 

types in dry condition (Davarpanah et al. 2021a) 

Rock type a b R2 author 

Igneous rocks 35.54 55 0.80 Turgrul and Zarif(1999) 

Sandstone, limestone, and cement mortar 56.71 192.93 0.67 Cobanoglu and Celik(2008) 

Sedimentary, metamorphic and igneous rocks 64.2 117.99 0.90 Sharma and Singh(2008) 

Peridotites 140 899.33 0.83 Diamantis et al.(2011) 

Different rocks 38 50 0.93 Sarkar et al. (2012) 

Different rocks 33 34.83 0.87 Kandelwal(2013) 

Marly rocks 26 20.47 0.91 Azimian and Ajalloeian 

(2015) 

Travertine 27.4 62.78 0.80 Jamshidi et al. (2016) 

Marl 19.23 19.91 0.60 Present study 

 

 

Fig.  4-20. Correlation between a and b constant of the linear regression of UCS-Vp under dry condition (Davarpanah 

et al. 2021a) 

Our measurements showed a good correlation between uniaxial compressive strength and 

Is(50) in dry, saturated, and frozen conditions with a determination coefficient(R2) of 0.81, 0.73, 
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and 0.7, respectively. Our findings agree with the published results by ķahin et al. 2020 for 

different rock types, such as basalt, limestone, marble, andesite, sandstone, and granite, with a 

determination coefficient of 0.9. Our results are also in good accordance with the published data 

by Heidari et al. 2012 for gypsum rock in dry and saturated conditions with a determination 

coefficient of 0.94 and 0.93, respectively. 

According to the results, Frozen samples' average uniaxial compressive strength is 21.93 

MPa, 86% more than saturated ones (11.76 MPa). Under freezing conditions, the cementation of 

the ice and particles improves the integrity of the rock mass, making the rock viscoplastic and 

brittle. Moreover, the strength of rock mass is thought to increase in frozen rock because of the 

increase in the fracture initiation stress, which follows the elastic deformation region, due to a 

reduction in the stress concentration in the pores or interstitial spaces within the rock. 

The average tensile strength of frozen samples is 4.98 MPa, 219 % more than saturated 

ones (1.56 MPa). So, the gain in tensile strength is 2.5 times more than the gain in uniaxial 

compressive strength. The reason is that the reduction in stress concentration in tension was found 

to be more than in compression, contributing to more significant increases in tensile strength than 

in compressive strength. An average Youngôs modulus of frozen samples is 2.74 GPa, 13% more 

than saturated ones (2.36 GPa). The average rigidity of frozen samples is 5.35, 26% less than 

saturated ones, 6.74. An average maximum axial failure strain of frozen samples is 1.37%, about 

50% more than saturated ones (0.71%). An average modulus ratio of frozen samples is 110.28, 

which is 75% less than saturated ones (193.83). A correlation was observed between uniaxial 

compressive strength (UCS) and Vp under dry conditions with a coefficient of 0.6. This 

correlation, notwithstanding, was weak under saturated and frozen conditions. 

Considering the relationship between UCS and Is (50), a good correlation was observed 

under dry and frozen conditions with a coefficient of 0.8 and 0.7, respectively. Although there was 

a good correlation between MR and maximum axial strain in saturated conditions with a 

determination coefficient of 0.8, the observed correlation under dry and frozen conditions was not 

remarkable. Based on the rigidity of examined samples, a good correlation was established 

between the rigidity and Vp (km/h) under dry and frozen conditions with a determination 

coefficient of 0.7 and 0.6, respectively. Nevertheless, this correlation was not notable in saturated 

conditions. 
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4.2 Strength and deformation behavior of Mórágy Granitic rocks 

The laboratory compressive tests, statistical analysis, and empirical and analytical relations 

have been used to estimate mechanical parameters for granitic rocks. Studied rock samples 

exhibiting a wide range of mechanical properties (57.425 GPa < E < 88.937 GPa, 0.18 < n < 0.32, 

77.3 MPa < scd < 212.42 MPa, 133.34 MPa < sc < 213.04 MPa, 0.18 < ea max < 0.19, 0.04 < ecd 

< 0.14). The ranges of   and  and 
  
 Ratios are 1.49ï5.28 and 0.5ï0.9, and 0.2-0.5, 

respectively. These values are different from the values of  = 0.5ï1.0 and  1.51-6.91 

obtained by Palchik (2011). They are also different from the values of  = 0.71ï0.84 obtained by 

Brace et al. (1966), Bieniawski (1967), Martin (1993), Pettitt et al. (1998), Eberhardt et al. (1999), 

Heo et al. (2001), Katz and Reches (2004) for granites, sandstones and quartzite. The range of 
  
 

Most rocks fall in the range of 0.3 to 0.5. Moreover, the relative and root-mean-square errors were 

calculated. The relative error ‟ ȟϷ  for studied samples is between 0.28 % and 25 %, and the 

root-mean-square error is (c = 50), while Palchik (2011) calculated the relative error is between 

0.08 % and 10.8 %, and the root-mean-square error is 43.6. Furthermore, the relationships between 

deformation constants were investigated. Based on our analyses, there is a correlation between tan 

and secant Youngôs modulus (R2 = 0.91ȟ tan and secant modulus of rigidity (R2 = 0.90), tan and 

secant modulus ratio (R2 = 0.95), tan Youngôs modulus, and rigidity modulus (R2 = 0.96), secant 

Youngôs modulus and rigidity modulus (R2 = 0.95), Tangent Modulus ratio (ὓ ) and Secant 

Modulus ratio (ὓ ) with the value of (R2 = 0.95). The values of the root-mean-square errors (c) 

were also calculated for samples. For sample(a), this value is 2.3 MPa and 1.91 MPa; for 

sample(b), this value is 18.71 MPa and 21.39 MPa; for sample(c), this value is 7.32 MPa and 4.97 

MPa; for sample(d), this value is 34.7 MPa and 21.87 MPa. Palchik(2019) observed a very good 

linear correlation(0.983<Ὑ <0.99) between estimated and observed axial stresses for very 

strong(„ ρππ ὓὴὥ) carbonate rocks, his results are in good agreement with our obtained 

results(0.997 < R2 < 0.999) for granitic rock samples 

The mechanical properties of granitic rock samples are summarized in Table 4-35. The 

value of MR in each of the 50 studied granitic rock samples is between 326.4 and 597.4, with a 

mean of 439.4. The range of MR obtained by Deere (1968) is between 250 and 700, with the mean 

of 420 for limestone and dolomites. The range of MR obtained by Palchik (2011) is between 60.9 
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and 1011.4, with a mean value of 380.5 for carbonated rock samples. The mean value of MR in 

this study is like that of MR obtained by Deere (1968) and Palchik (2011). Fig.  4-21 shows the 

importance of MR for all studied samples in this study. As demonstrated in Fig.  4-22, the range 

of MR =326.4-597.4, observed in this study, is narrower than the range of MR obtained by Deere 

(1968) and Palchik (2011). 

Table 4-35. Mechanical properties of investigated Mórágy granitic rock samples (Davarpanah et al. 2019) 

Rock sample ɜ  E eci sci ecd scd ea max sc MR 

 (-) (GPa) (%) (MPa) (%) (MPa) (%) (MPa) (-) 

BeR-6_U-10 0.24 74.776 0.030 50.73 0.091 152.244 0.278 181.05 413.0 

BeR-7_U-02 0.21 71.612 0.037 50.37 0.095 145.15 0.34 174.80 409.7 

BeR-7_U-04 0.25 74.447 0.037 59.61 0.063 131.70 0.33 183.39 405.9 

BeR-8_U-01 0.22 63.357 0.060 59.84 0.120 165.89 0.29 184.48 343.4 

BeR-10_U-08 0.21 66.129 0.025 30.06 0.044 77.30 0.22 137.14 482.2 

BeR-10_U-18 0.23 72.794 0.048 64.89 0.078 148.24 0.2 148.39 490.6 

BeR-10_U-20 0.23 63.787 0.035 39.28 0.087 133.75 0.27 156.74 407.0 

BeR-11_U-08 0.23 68.950 0.054 80.82 0.104 168.94 0.31 204.23 337.6 

BeR-12_U-02 0.22 79.660 0.029 34.36 0.08 128.84 0.18 133.34 597.4 

BK1-1_U-12 0.23 70.153 0.036 51.74 0.076 131.50 0.23 172.74 406.1 

BK1-3_U-01 0.32 72.891 0.037 79.97 0.053 121.05 0.28 184.59 394.9 

BK1-3_U-03 0.19 69.164 0.065 71.75 0.14 132.66 0.22 133.62 517.6 

BK1-3_U-04 0.18 71.860 0.045 47.93 0.113 112.28 0.18 153.60 467.8 

BK1-3_U-08 0.23 70.137 0.059 80.36 0.147 142.79 0.22 172.55 406.5 

BK1-3_U-12 0.25 57.425 0.066 67.99 0.13 134.11 0.27 135.14 424.9 

BK2-1_U-03 0.21 74.228 0.057 74.61 0.09 131.78 0.19 146.65 506.2 

BK2-3_U-07 0.28 77.332 0.036 59.84 0.068 119.12 0.19 143.71 538.1 

BK2-3_U-15 0.22 80.365 0.035 48.57 0.090 160.74 0.24 178.41 450.5 

BK2-3_U-18 0.2 73.819 0.069 80.22 0.11 153.84 0.23 159.16 463.8 

BK2-4_U-02 0.2 76.820 0.06 88.12 0.106 177.32 0.26 205.62 373.6 

BK2-4_U-04 0.21 77.709 0.045 60.07 0.090 130.57 0.20 155.49 499.8 

BK2-5_U-02 0.25 77.866 0.038 62.63 0.070 134.14 0.23 166.29 468.3 

Bkf-1_U-03 0.24 77.665 0.050 50.46 0.070 120.14 0.30 161.63 480.5 

Bkf-2_U-03 0.22 60.602 0.065 76.84 0.118 164.66 0.39 180.93 334.9 

Bkf-4_U-03 0.22 79.856 0.042 60.29 0.083 142.38 0.24 179.28 445.4 

Bkf-5_U-02 0.24 79.818 0.034 53.90 0.067 135.29 0.20 169.67 470.4 

Bl-112_U-02 0.21 72.897 0.029 37.88 0.093 144.19 0.20 164.59 442.9 

Bp-4_U-05 0.25 76.992 0.041 69.46 0.1 181.85 0.24 187.69 410.2 

Bp-4B_U-01 0.21 69.800 0.042 49.25 0.109 159.85 0.36 184.45 378.4 

Bp-4B_U-05 0.23 76.237 0.033 49.37 0.076 148.77 0.28 170.10 448.2 

Bp-4B_U-13 0.27 77.924 0.049 74.11 0.096 170.28 0.25 177.91 438.0 

Bp-4B_U-17 0.24 74.648 0.045 60.27 0.083 162.61 0.26 181.43 411.4 

Bp-4B_U-19 0.22 77.182 0.058 80.43 0.100 160.13 0.25 190.48 405.2 

Bp-4B_U-23 0.24 74.683 0.053 80.00 0.077 137.96 0.24 165.23 452.0 

Bp-5_U-19 0.25 73.506 0.031 49.73 0.056 121.48 0.23 149.76 490.8 

Bp-5_U-21 0.25 80.159 0.040 70.45 0.064 137,00 0.26 171.46 467.5 

Bx-81_U-03 0.22 65.782 0.045 53.44 0.088 130.84 0.29 149.28 440.7 
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Bx-82_U-01 0.25 82.940 0.046 80.51 0.085 162.08 0.27 180.33 459.9 

Bx-82_U-03 0.29 84.949 0.024 49.99 0.044 120.612 0.2 166.87 509.1 

Bx-83_U-01 0.26 72.864 0.030 60.56 0.067 150.321 0.26 169.70 429.4 

Bx-83_U-03 0.25 78.072 0.057 90.36 0.095 182.085 0.37 212.42 367.5 

Bx-84_U-01 0.25 80.669 0.047 79.90 0.073 147.6 0.23 178.07 453.0 

Bx-84_U-03 0.27 81.144 0.039 69.38 0.062 138.183 0.26 166.94 486.1 

Bx-101_U-02 0.24 76.994 0.042 71.53 0.058 112.5 0.19 142.49 540.3 

Bx-101_U-04 0.26 79.300 0.048 60.58 0.091 160.96 0.23 163.19 485.9 

Bz-921_U-01 0.21 71.574 0.056 68.79 0.121 164.573 0.3 192.80 371.2 

Bz-942_U-01 0.23 73.511 0.053 73.43 0.11 182.66 0.28 198.58 370.2 

Bz-1221_U-01 0.2 69.540 0.049 58.25 0.100 165.836 0.29 213.04 326.4 

Bz-1311_U-01 0.3 88.937 0.035 75.93 0.060 163.371 0.23 206.48 430.7 

Bz-1351_U-01 0.25 67.053 0.034 50.86 0.080 145.566 0.28 159.97 419.2 

The ranges of the Youngôs modulus (E), Poissonôs ratio (n), crack damage stress (scd) and 

uniaxial compressive strength (sc), axial failure strain (ea max) and maximum volumetric strain 

(ecd), crack initiation stress (sci) and crack initiation strain (eci) for the studied 50 samples are 

presented as following (Davarpanah et al. 2019). Fig.  4-23 shows Linear correlation between 

observed and estimated axial stresses for granitic rock samples. 

57.425 GPa < E < 88.937 GPa 

0.18 < n < 0.32 

30 MPa < sci <  90 MPa 

77 MPa < scd < 182 MPa 

133.34 MPa < sc < 213.04 MPa 

0.02 < eci < 0.06 

0.18 < ea,max < 0.19 

0.04 < ecd < 0.14 
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Fig.  4-21. Observed values of modulus ratio (MR) in each of 50 examined rock samples (Davarpanah et al. 2019) 

 

Fig.  4-22. Histogram of measured parameters (Davarpanah et al. 2020b) 
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Fig.  4-23. Linear correlation between observed and estimated axial stresses for granitic rock samples (Davarpanah 

et al. 2020b). 

The mean value of (MR mean =439) for all granitic rock samples observed in this study 

and the mean value of (MR mean =420) obtained by Deere (1968) for limestone and dolomite, and 

the mean value of (MR mean =380.5) obtained by Palchik (2011) for carbonate rock samples. 

However, the range of (MR =326.42-597.42) obtained in this study is narrower than the range of 

(MR =250-700) acquired by Deere (1968) and the range of (MR = 60-1600) obtained by Palchik 

(2011). The observation confirms that there is no general empirical correlation (with reliable R2) 

between elastic modulus (E) and uniaxial compressive strength (sc), MR and maximum volumetric 

strain (ecd), MR and crack damage stress scd. 

The analytical relationship between ea max and MR offered by Palchik (2011) for carbonate 

rock samples was investigated for granitic rock samples in this study. It is observed that this 

relationship can also be used for granitic rocks. The relative error ‟ ȟϷ  for studied samples is 
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between 0.2 % and 24.5 %, and the root-mean-square error is … υπ. Comparing the values 

with the result of Palchik (2011) for carbonate rock samples, the relative error is between 0.08% 

and 10.8%, and the root-mean-square error is 43.6. The observed correlation between MR and ‐  

for the studied granitic rock sample is (R2 = 0.20). Palchik (2011) found a good relationship (R2 = 

0.85) between these two parameters for carbonate rock samples. 

A mathematical model proposed by Palchik (2019) for very strong (sc > 100 MPa) 

carbonate rocks based on Haldaneôs distribution function has a good predictive capability for the 

linear part of observed stress-strain relation of studied granitic rock samples; however, when it 

comes to non-linearity behavior, there is a significant difference. Based on the proposed 

mathematical model by Palchik (2019), there is a perfect linear correlation between observed and 

estimated stresses for studied granitic rock samples with R2 = 0.99. Notably, for a more precise 

and fundamental description of the mechanical behavior of rock, one should apply nonequilibrium 

continuum thermodynamics along the lines of Asszonyi et al. (2015) and beyond. These 

relationships can be used to determine the mechanical parameters of the rock mass (Vásárhelyi 

and Kovács, 2017). 

4.3 Correlation between static and dynamic deformation moduli of rocks 

The determination of deformation parameters of rock material is an essential part of any 

design in rock mechanics. For this study, 40 samples of different rocks from the literature were 

collected and analyzed (Lama and Vutukuri 1978). Data were classified according to rock types, 

and the relationship between dynamic and static constants was investigated in Table 4-36.  Fig.  4-

24 shows the previously published correlations between static and dynamic Youngôs modulus. 

Table 4-36 Static and dynamic deformation constants of studied rocks (Lama and Vutukuri 1978) 

Rock name 
6
ËÍ

Ó
 ὠ

+Í

Ó
 

  

ʉ  ʉ  

 

% (GPa) % (GPa) ' (GPa) ' (GPa) + (GPa) + (GPa) 

Sedimentary rocks 

Chalcedonic 
limestone 

5 2.73 0.18 0.25 55.16 46.85 23.37 18.74 28.73 31.23 

Limestone 5.39 3.32 0.25 0.28 66.88 70.96 26.75 27.72 44.59 53.76 

Oolitic limestone 5.45 2.98 0.18 0.21 45.51 53.74 19.28 22.21 23.70 30.89 

Quartzose shale - - 0.08 - 16.5 22.04 7.64 11.02 6.55 7.35 

Stylolitic limestone 5.1 2.98 0.11 0.27 38.61 56.49 17.39 22.24 16.50 40.93 

Limestone 4.5 2.16 0.18 0.2 16.55 28.24 7.01 11.77 8.62 15.69 
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Limestone 4.7 2.72 0.17 0.31 33.78 52.36 14.44 19.98 17.06 45.93 

Siltstone 5 2.23 0.05 0.08 13.1 26.87 6.24 12.44 4.85 10.66 

Subgraywacke 4.5 2.09 0.03 0.19 12.41 26.18 6.02 11.00 4.40 14.08 

Sericite schist - - 0.02 0.44 7.58 17.91 3.87 6.22 2.43 49.75 

Subgraywacke 5 2.22 0.02 0.06 11.03 26.18 5.41 12.35 3.83 9.92 

Calcareous shale - - 0.02 - 15.86 24.80 7.77 12.40 5.51 8.27 

Subgraywacke 4 1.95 0.02 0.29 9.65 24.80 4.73 9.61 3.35 19.68 

Subgraywacke 4.95 2.2 0.05 0.08 8.96 26.18 4.27 12.12 3.32 10.39 

Leuders limestone 4.66 2.3 0.21 0.22 24.13 33.37 9.97 13.68 13.87 19.86 

Leuders limestone 4.65 2.3 0.21 0.22 24.82 33.37 10.26 13.68 14.26 19.86 

Green River shale 4.92 2.56 0.18 0.22 29.65 40.06 12.56 16.42 15.44 23.85 

Green River shale 4.69 2.3 0.17 0.27 35.16 42.54 15.03 16.75 17.76 30.83 

Sandstone with 

chalcedonic  

- - - - 71.58 76.29 35.79 38.15 23.86 25.43 

Equigranular 
dolomite 

- - - - 49.52 52.06 24.76 26.03 16.51 17.35 

Limestone - - - - 18.43 23.73 9.22 11.87 6.14 7.91 

Calcareous dolomite - - - - 34.22 46.28 17.11 23.14 11.41 15.43 

Fine-grained detrital 

limestone 

- 

 

- - - 46.77 55.99 23.39 28.00 15.59 31.23 

                    Igneous rocks 

Granite - - - - 64.71 69.62 32.36 34.81 21.57 18.66 

Gabbro - - - - 69.62 73.54 34.81 36.77 23.21 23.21 

Dunite - - - - 149.1 160.81 74.55 80.41 49.70 24.51 

Granite(slightly 

altered) 

4.19 1.65 0.04 0.1 5.52 15.15 2.65 6.89 2.00 53.60 

Monzonite porphyry 5.53 3.05 0.18 0.21 41.37 56.49 17.53 23.34 21.55 6.31 

Quartz diorite 4.69 2.25 0.05 0.19 21.37 30.31 10.18 12.74 7.91 32.47 

Uralite basalt 6.57 3.66 0.15 0.28 78.5 104.7 34.13 40.90 37.38 16.30 

Dolerite 6.37 3.44 0.13 0.29 82 91.9 36.28 35.62 36.94 79.32 

Uralite diabase 6.13 3.13 0.25 0.32 91 82 36.40 31.06 60.67 72.94 

Dolerite 6.48 3.73 0.2 0.25 93.9 109.3 39.13 43.72 52.17 75.93 

Syenite - - - - 72.56 79.42 36.28 39.71 24.19 72.87 

                                               Metamorphic rocks 

Quartzose phyllite - - -0.03 - 7.58 18.60 3.91 9.30 2.38 6.20 

Graphitic phyllite - - - - 9.65 26.87 4.83 13.44 3.22 8.96 

Tremolite schist 6.32 3.46 0.11 0.29 89.6 92.7 40.36 35.93 38.29 73.57 

Hornblende schist 6.3 3.92 0.28 0.29 98.2 104.2 38.36 40.39 74.39 82.70 

Actinolite schist - - 0.29 0.26 77.9 148.6 30.19 58.97 61.83 103.19 
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Fig.  4-24. Previously published correlations (Davarpanah et al. 2020c) 

This research measured and analysed the basic geo mechanical properties of different rock 

types. The results show a good correlation between static and dynamic elasticity modulus, rigidity 

modulus, and bulk modulus. Regarding the relationships between static and dynamic modulus of 

elasticity, the best correlation was nonlinear logarithmic and power regression with the value of 

(R2 = 0.91). Similarly, Brotons (2014, 2016) established the nonlinear correlation between static 

and dynamic elastic modulus of different types of rocks with the value of R2 = 0.99. Eissa and 

Kazi (1988) conducted similar research and discovered that the best correlation was nonlinear with 

the value of R2 = 0.92. On the other hand, some other researchers adopted the linear correlation as 

a well-fitted regression line ((Belikov et al. 1970) for Granite with R2 = 0.92, (King 1983) for 

Igneous and metamorphic rocks with R2 = 0.82, (McCann and Entwisle 1992) for crystalline rocks 

with R2 =0.82, (Christaras et al. 1994) for all types of rocks with R2 = 0.99, (Nur and Wang 1999) 

for all kinds of rocks with R2 =0.8). Nevertheless, in the present study, we established linear 

correlations for igneous rocks with R2 =0.95, sedimentary rocks with R2 =0.90, and metamorphic 

rocks with R2 =0.69. Considering the relationship between static and dynamic modulus of rigidity, 

the best correlation observed was nonlinear logarithmic regression with the value of (R2 = 0.97); 

when it comes to bulk modulus, the best correlation was linear with the value of (R2 = 0.77).  

According to rock types, for igneous rock, the best correlation between static and dynamic 

modulus of elasticity (E) was nonlinear logarithmic and power ones with the value of (R2 = 0.96); 



 

77 

 

However, King (1983) found that the best correlation was linear for igneous-metamorphic rocks 

with the value of (R2 = 0.82). For sedimentary rocks, the best correlation was linear with the value 

of (R2 = 0.88) and for metamorphic rocks was nonlinear logarithmic and power with the value of 

(R2 = 0.93). For igneous rocks, the best correlation between static and dynamic modulus of rigidity 

(G) was nonlinear logarithmic with the value of (R2 = 0.96); for sedimentary rocks was nonlinear 

logarithmic with the value of (R2 = 0.98); for metamorphic rocks was nonlinear logarithmic with 

the value of (R2 = 0.99). For igneous rocks, the best correlation between static and dynamic bulk 

modulus (K) was nonlinear logarithmic with the value of (R2 = 0.88); for sedimentary rocks was 

linear with the value of (R2 = 0.38); for metamorphic rocks, was nonlinear logarithmic with (R2 = 

0.98). These values demonstrate an interesting finding that there is a higher correlation between 

static and dynamic constants in igneous rocks than in sedimentary and metamorphic rocks, except 

for bulk modulus. Our achieved results, fits well with previously published results with a high 

correlation R2 =0.91. It means the static modulus of elasticity depends on the dynamic modulus 

only with a one-parameter formula (Equation 4-10): 

Estat = (0.135 ln(b) +0.78) Edyn ïb 
Equation 4-10 

 

Where b is the rock type-dependent parameter. 

Additionally, for a more accurate comparison, root-mean-square (ɢ) errors between the dynamic 

and static elastic modulus were calculated as (Equation 4-11): 

…ά
В    

ὲ ρ
 

Equation 4-11 

 

Where     is the observed value of a parameter in the jth sample, here is the modulus 

of elasticity (E),    The calculated value of a parameter in the jth sample, j = 1, 2,»,n, is the 

number of tested samples. Based on our analyses, we received the following correlations(Equation 

4-12, Equation 4-13, Equation 4-14) 

log10 Estat = 1.37 log10(rbulk Edyn) ï 1.32, 

R2=0.91, …= 10.52 

 

Equation 4-12 
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Ὁ πȢρφτὉȢ , R2=0.91, …=11.58 

 

Equation 4-13 

 

Estat = 0.89Edyn ï 5.26, R2=0.89, …=13.17 

 

Equation 4-14 

 

The difference between dynamic and static elastic moduli is highly associated with 

mineralogical differences, grain/crystal size, and porosity. A deviation of dynamic elastic modulus 

from static elastic modulus can be attributed to fractures, cracks, cavities, and planes of weakness 

and foliation (Al-Shayea 2004 and Gueguen 1994). In other words, as the number of 

discontinuities increase, the lower value of Youngôs modulus and the higher discrepancy between 

static and dynamic values are expected. The most crucial petrographic parameter that influences 

rock deformation behavior is porosity. The trend observed in porous rocks was that the static elastic 

modulus was inversely proportional to porosity (Brotons et al., 2016 Garcia-del-Cura, 2012). 

However, Crystalline rocks exhibit lower elastic moduli values because a dense microcrack 

network constitutes their porous system. Crystalline rocks act as non-continuous solids, while 

porous rocks with interparticle porosity behave as a more continuous solid due to cement and 

matrix between grains. The effect of mineralogy on elastic moduli of rocks has been studied by 

several authors and found to be much less than other factors such as porosity and crystal size (Heap 

2008 and Palchik 2002). Regarding the effect of grain size on the elastic modulus of 

nanocrystalline, with the decrease of grain size, the elastic modulus decreases (Kim and Bush 

1999; Chaim 2004; Zhang 2019; Tugrul and Zarif 1998). 

It is worth mentioning that more detailed material models beyond ideal elasticity give an 

exact relationship between the elastic and static moduli. The observed relations can be explained 

in a universal thermodynamic framework where internal variables characterize the structural 

changes (Asszonyi et al., 2015, Berezovski and Ván, 2017). The dynamic and elastic moduli 

difference is natural in this framework, as it is clear from the corresponding dispersion relation 

and related laboratory experiments (Barnaföldi et al., 2017,  Ván et al. 2019). These constitutive 

models are based only on universal principles of thermodynamics, are independent of particular 

mechanisms, and successfully characterize rheological phenomena in rocks, including and beyond 

simple creep and relaxation. This is following the difficulty of finding a detailed quantitative 

mesoscopic mechanism for the dynamics of dissipative phenomena in rocks. 
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In conclusion, the performance difference between the linear and power-law formulas was 

small; the linear relationship fitted the data well. Therefore, considering the possibility of one-

parameter formulation, the linear relationship between dynamic and static elastic moduli is suitable 

for rock engineering. It was expected that the modulus of rigidity and bulk modulus would 

correlate better as the original theoretical Lamé parameters. However, the correlation between the 

static and dynamic Youngôs modulus (R2 = 0.89) is as good as the others (R2 = 0.89 and 0.77), 

even though Youngôs modulus is a composite parameter. The reason could be the uncertainty in 

the Poisson ratio measurements, and also, the difference in rock types for the bulk modulus 

measurements is remarkable. It is worth mentioning that more detailed material models beyond 

ideal elasticity give exact relationships between the elastic and static moduli. Mainly, the observed 

relations can be explained in a universal thermodynamic framework where internal variables 

characterize the structural changes in the rock. 

4.4 Determination of strength and deformation properties of intact stratified rocks 

The laboratory compressive tests and statistical analysis were conducted to establish new 

correlations between the critical mechanical properties of different types of rocks including 

siltstone, sandstone, limestone, quartzite, monzodiorite. According to our analyses, new linear 

correlations have been published between deformation constants. As Fig.  4-25 shows, the secant 

and tangent Youngôs Modulus values are close to each other with a high correlation of R2 = 0.99 

for all studied rock types. Similarly, there is a well-correlated trend between tangent and secant. 

Modulus's ratio with R2 = 0.99 in Fig.  4-26. The correlation between tangent and secant Poissonôs 

ratio is plotted in Fig.  4-27. It shows a high correlation with the value of R2 = 0.91. For Shear 

Modulus, like Youngôs Modulus, a high correlation between tangent and secant moduli is found 

with R2 = 0.99. Fig.  4-28. For Bulk Modulus (K), correlation with the value of R2 = 0.94 was 

established, as seen in Fig.  4-29. More interestingly, a good correlation between the ratio of 

tangent Shear Modulus (Gt) to secant Shear Modulus (Gs) and tangent Young's Modulus (Et) to 

Secant Young's Modulus (Es) is apparent in Fig.  4-30. Results for regression analysis for all types 

of studied rocks are presented in   
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Table 4-37 

 

Fig.  4-25 Relationship between Es-Et 

 

Fig.  4-26 Relationship between MRs-MRt 

  

 

Fig.  4-27 Relationship between ns-nt 

 

Fig.  4-28 Relationship between Gs-Gt 

   

 

Fig.  4-29 Relationship between Ks-Kt(Davarpanah et 

al. 2020d) 

 

 

Fig.  4-30 Relationship between Et/Es-

Gt/Gs(Davarpanah et al. 2020d) 
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Table 4-37 Results of regression analysis for all types of studied rock (Davarpanah et al. 2020d) 

Regression analysis Rock type Equation R2 

Et-Es All types Et=1.02Es-0.006 0.99 

MRt-MRs All types MRt=1.006MRs+4.86 0.99 

nt-ns All types nt= 0.96nt+0.0016 0.91 

Gt-Gs All types Gt=1.02Gt+0.11 0.99 

K t-Ks All types K t=0.99Ks+0.27 0.94 

Gt/Gs-Et/Es All types Gt/Gs=.084 Et/Es+0.16 0.82 

Based on our studies, a high correlation (R2 Ó 0.95) between tangent and secant values for 

Youngôs modulus (E), shear modulus (G), bulk modulus (K), modulus ratio (MR), and Poisson's 

ratio (n) was observed. However, the correlations between Young's modulus (E), shear modulus 

(G), bulk modulus (K), and uniaxial compressive strength (sc) were not very significant, with the 

average value of (R2 = 0.5). Concerning the rock types, the high correlations between tangent and 

secant Young's modulus, shear modulus, and bulk modulus with uniaxial compressive strength 

were noted for sandstone (0.8 < R2 < 0.94) and quartzite (0.7 < R2 < 0.8); however, a weak 

correlation of these parameters with UCS for limestone and monzodiorite was observed. It is 

probably due to the heterogeneity and deformability of the studied samples. In other words, as 

previously discussed, rock samples were collected from two distinctly different geological and 

climatic settings. That is why the weak correlation between limestone and monzidiorite is apparent 

in samples from the Papua project. The existence of very non-typical rocks that are very young 

recently deformed rocks, and still deforming rocks widely affects the results. Also, the results 

obtained for the relationships between different moduli were notable. There is a high correlation 

between secant Young's and shear modulus and tangent Young's and shear modulus (R2 = 0.98) 

for all the investigated rocks. 

4.5 Characterization of Hoek-Brown constant (mi) using different approaches  

An accurate determination of HoekïBrown constant mi is of great significance in the 

estimation of the failure criteria of brittle rock materials. So far, different approaches such as 

rigidity index method (R-index), uniaxial compressive strength-based method, and tensile 
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strength-based method have been suggested. According to our calculations and analyses for 

providing best estimation of mi, for diorite, the value of mi based on the guidelines, is between 20 

and 30; however, according to published data, the value of mi is between 6.1 and 11. For 

granodiorite, based on the guideline, the value of mi changes between 26 and 32, while based on 

published results, it is between 11 and 18.15. For diabase, according to the guidelines, the value 

of mi is between 10 and 20; nevertheless, based on published data, it is between 15.3 and 20.3. For 

andesite and rhyolite, the value of mi based on the guidelines is between 20 and 30; however, the 

published values are 6.22 and 5.43 for andesite and rhyolite, respectively. For agglomerate, the 

value of mi is between 16 and 22, but the published value is 7.92, which does not fit the guideline 

range.  

For sedimentary rocks, the minimum value of mi for shale is 3.76, which is close to the 

estimated range of mi between 4 and. Also, the maximum published value of mi for sandstone is 

35.11, which is much higher than the estimated range of mi value and based on guidelines that vary 

between 13 and 21. Moreover, for dolomite, the value of mi based on guidelines is between 6 and 

12, whereas the value of mi based on published data is between 7.8 and 17.5. For limestone, the 

value of mi based on guidelines is between 7 and 15; however, based on published data, the value 

of mi is between 5.3 and 14.6. 

For metamorphic rocks, it is interesting to know that both maximum and minimum published 

values are for slate, with 1.42 and 29.54, respectively. However, based on guidelines, the 

importance of mi for slate changes between 3 and 11. It means that the range of published values 

for slate does not fit the estimated range given by the guidelines. For gneiss, the value of mi based 

on guidelines is between 23 and 33; however, based on published data, the value ranges between 

5.3 and 27. For schist, mi's published value is 20.42, but the values based on guidelines vary 

between 9 and 15. For quartzite, mi's published value is between 7.36 and 22.7; however, the 

guideline is between 17 and 23. Also, the mi values were calculated according to (Cai  2010). The 

differences between the published values of mi and the guideline values are displayed in Table 

4-38 and Fig.  4-31. As shown, the published values of mi do not fit well with the guideline. As it 

is clear from the graph, there is a good consistency between published experimental data for the 

mi and R-index methods. In contrast, other methods have significant errors in estimating mi for all 

studied rock samples.  
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Table 4-38 Maximum and minimum values of mi based on different methods for different rocks (Davarpanah et al. 

2021b) 

Rock 

type 
Rock name 

Guideline R-index UCS based TS based 
Combination 

method 
Published data 

min Max min max min max min max min max min max 

Ig
n

e
o
u

s 

diabase 10 20 15.31 20.32 6.17 18.99 10.06 12.72 13.61 18.84 15.31 20.2 

diorite 20 30 6.11 11 9.55 22.5 7.21 14.26 5.53 9.62 6.1 11 

gabbro 24 30 15.04 20.73 14.73 15.4 11.08 14.22 13.34 19.29 15.03 20.74 

granite 29 35 11.69 34.08 8.92 22.8 7.42 15.42 10.22 36.95 11.68 34.03 

granodiorite 26 32 11.01 18.15 9.1 12.2 13.14 13.2 9.65 16.49 11.04 18.15 

quartz diorite - - 11.9 20.96 8.08 31.69 7.38 16.02 10.41 19.56 11.9 20.97 

S
e
d

im
e
n

ta
ry 

dolomite 6 12 7.86 17.5 21.49 23.51 5.23 9.18 6.95 15.81 7.86 17.49 

limestone 7 15 5.32 14.67 19.8 22.11 6.18 13.05 4.9 13 5.32 14.66 

sandstone 13 21 3.97 35.13 17.82 22.23 5.48 29.87 3.83 38.53 3.98 35.11 

shale 4 8 3.76 24.96 17.82 22.13 6.52 29.87 3.65 24.3 3.76 25.31 

coal - - 4.21 27.86 17.89 20.17 8.99 30.4 4.02 28.03 4.21 28.02 

M
e
ta

m
o

rp
h

ic slate 3 11 1.43 31.04 7.2 22.27 3.83 48.42 1.98 32.44 1.43 30.97 

gneiss 23 33 5.34 32.31 8.07 22.46 4.68 11.44 4.92 34.28 5.34 32.33 

quartzite 17 23 7.36 30.1 8.45 21.1 5.66 10.43 6.55 31.1 7.36 30.1 

marble 6 12 6.07 8.52 19.94 21.35 7.66 11.24 5.5 7.5 6.08 8.53 
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(a) 

  

(b) 

 
(c) 

Fig.  4-31Comparison of published values of mi Sheorey 1997 with the guidelines(Broch (1974), Brace WF (1964), and 

Attewell 1974), R-index, UCS based and TS based and Combination methods: (a) igneous rocks; (b) sedimentary rocks; 

(c) metamorphic rocks(Davarpanah et al. 2021b) 

In conclusion, this study reviewed the proposed methods for determining mi value using 

the triaxial data set published by (Sheory 1997). New linear and non-linear correlations were 
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found. New material constants were suggested for igneous, sedimentary, and metamorphic rocks, 

such as granite, quartziodiorite, sandstone, shale, limestone, gneiss, quartzite, and slate. 

Furthermore, the error function was calculated for each rock type. According to our analyses, the 

R-index approach with new material constants best fits all the studied lithotypes, including 

igneous, sedimentary, and metamorphic rocks. Moreover, it is worth mentioning that a comparison 

graph between our achieved results for quasi-isotropic rocks and anisotropic rocks was developed. 

The data scattering of quasi-isotropic rocks differs from the anisotropic rocks in that quasi-

isotropic rocks exhibits normal distribution in a narrower range between 1.43 and 35.11. In 

contrast, anisotropic rocks display a more comprehensive range of data distribution between 1 and 

80. The combination method (UCS) and (TS) provide the best fit for investigated rock data, 

considering the determination coefficient and error function. For various rock types, such as 

igneous, sedimentary, and metamorphic rocks, the different approaches resulted in non-uniform 

correlations. For instance, TS based system works well for the granite and gives an estimation fit 

with 2 πȢψω. For quartzites, UCS based approach displays the best approximation with 2

πȢωρ, and for slate, TS based model exhibits the best correlation with 2 πȢφχ.  R-index method, 

the value of mi is not influenced by rock type. In other words, this method gives the best estimation 

for all the investigated rock types and is independent of rock type. 

5 NEW SCIENTIFIC RESULTS  

5.1 NEW SCIENTIFIC RESULT (1)  

Based on statistical analyses, due to water saturation, both the uniaxial compressive 

strength and tensile strength decrease similarly; However, the ratio of these two values is 

constant. Thus, the internal friction angle does not change but only the cohesion. Likewise, 

the Hoek-Brown constant (mi) remains constant, independent of the moisture content 

(Vásárhelyi and Davarpanah, 2018). 

According to the laboratory test results, different mechanical parameters decrease due to 

the increased moisture content of the rock. Hawkins and McConnell (1992) investigated the 

influence of the moisture content on the strength of the rock, and they suggested the following 

form (Equation 5-1): 

sc(w) = ae-by + c , 
Equation 5-1 
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Where sc(w) is the uniaxial compressive strength (MPa), w is the water content (%), and 

a, b and c are constants. 

According to the Coulomb failure criteria, the internal friction angle (f) can be 

calculated from the ratio of the uniaxial compressive strength (sc) and the tensile strength (st) 

(Equation 5-2):  
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Equation 5-2 

 

As shown before, this ratio is independent of the water ratio. Thus, the internal friction 

angle is a material constant, not influenced by the moisture content. Cai (2010) showed that mi 

constant in the Hoek-Brown failure criterion is equal to the ratio of UCS (sc) to tensile strength 

(st) (Equation 5-3). According to the calculation of Cai (2010), when R Ó 8, the error for 

approximating mi by R (is less than 1.6 %. Thus, the Hoek-Brown parameter (mi) can be calculated 

using the following form: 

t
ů

c
ů

Rmi =º

 

Equation 5-3 

 

According to Hoek (2007), mi values range from 4 to 33 for some commonly encountered 

rocks in engineering practice, and mi depends on many factors such as mineral contents, foliation 

and grain size (texture) ï but as it was shown previously, mi value is independent on the water 

content. 

5.2 NEW SCIENTIFIC RESULT (2)  

I experimentally proved that freezing causes an increase in mechanical properties 

such as uniaxial compressive strength, tensile strength, and Youngôs modulus of highly 

porous Miocene limestone. In contrast, these parameters experience a decrease due to 

saturation (Davarpanah et al. 2020a). 

Typical stress-strain curves of highly porous limestone differ for dry, water-saturated, and 

frozen specimens (Fig.  5-1). The maximum uniaxial compressive strength of samples in the frozen 

condition is about 13 MPa, and 3.5, and 2.7 MPa in dry and saturated, respectively. The strength 
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in the frozen condition is about 80 % more than in dry and 65 % more than in saturated condition. 

 

 

Fig.  5-1. Typical stress-strain curves of highly porous limestone (dry, water-saturated, and frozen states) 

(Davarpanah et al. 2020a) 

 

5.3 NEW SCIENTIFIC RESULT (3)  

I experimentally proved that the mechanical properties such as uniaxial compressive 

strength, tensile strength, and Youngôs modulus of porous limestone and tuff increase due to 

freezing but decrease owing to saturation (Davarpanah et al. 2020a, Davarpanah et al. 2022). 

The tests of frozen porous limestone and rhyolite tuff samples disproof the idea that in 

frozen rocks, the ice, with its crystallization pressure, cause micro-cracking and leads to a lower 

compressive strength. On the contrary, much higher strength was measured on frozen porous rocks 

(limestone, bioclastic limestone and rhyolite tuff). The ice has a strength close to the samples' 

water-saturated strength values. Thus, the strength of the ice, dry, and water-saturated porous rocks 

is relatively small, but when the rocks are frozen, these strength values are 'added' to each other, 

and very high uniaxial strength values are measured. The uniaxial compressive strength of the 

medium grain size limestone increases only 2.6 times compared to the dry strength. A typical 
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stress-strain curve of rhyolite tuff is shown in Fig.  5-2. 

 

Fig.  5-2. Typical stress-strain curves of the rhyolitic tuff (dry, water-saturated, and frozen states) (Davarpanah et 

al. 2022) 

 

5.4 NEW SCIENTIFIC RESULT (4)  

I experimentally proved that the mechanical properties such as uniaxial compressive 

strength, tensile strength, and Youngôs modulus of frozen saturated marls significantly 

increase due to freezing (Davarpanah et al. 2021a). 

     A typical stress-strain curve of studied marl specimens is very different under dry, 

water-saturated, and frozen conditions (Fig.  5-3). As it is evident, with the reduction of 

temperature, the compaction stage can be shortened. The slope of the elastic stage increases, and 

then yield phenomenon becomes more and more unobvious, which means increases in elastic 

modulus and brittleness. Frozen samples' average uniaxial compressive strength is 21.93 MPa, 

86% more than saturated ones (11.76 MPa). Under freezing conditions, the cementation of the ice 

and particles improves the integrity of the rock mass, making the rock viscoplastic and brittle. 

Moreover, rock mass strength is thought to increase in frozen rock because of the fracture initiation 

stress, which follows the elastic deformation region due to a reduction in the stress concentration 

in the pores or interstitial spaces within the rock. 
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Fig.  5-3. A typical stress-strain curve under dry, saturated, and frozen conditions (Davarpanah et al. 2021a) 

 

5.5 NEW SCIENTIFIC RESULT (5) 

I experimentally proved that the proposed model by Palchik (2019) for very strong 

limestones and dolomites is in good agreement with the elastic region of stress-strain 

relationships observed in this study for very strong granitic rock samples. However, there is 

a significant difference in the non-linear part of stress-strain relationships between the 

observed and estimated values (Davarpanah et al. 2019, Davarpanah et al. 2020b). 

Palchik (2019) proposed a simple stress-strain model for very strong („ ρππ -0Á) 

carbonate rocks based on Haldaneôs distribution function (Haldane 1919) (Equation 5-4).  

„ „
ρ Ὡ

ρ Ὡ
 

Equation 5-4 

Where „ is current axial stress (MPa), ‐ is a current axial strain (%) at the axial stress„, 

„ is a uniaxial compressive strength (MPa), parameter (s) is a constant involved in a canonical 

form of Haldaneôs function. For very strong limestones and dolomites („ ρππ -0Á)  the value 

of s is between 0.5 and 1, and exponent — is defined as follows (Equation 5-5) 
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Equation 5-5 

 

And can be presented in the following form by using Taylorôs series expansion (Equation 

5-6, Equation 5-7): 
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Equation 5-6 

ᶮ
„

„
ρ Ὡ Ȣ  

Equation 5-7 

 

when s = 1.1(Equation 5-8,Equation 5-9,Equation 5-10,Equation 5-11) 
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Equation 5-8 
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Equation 5-9 
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Equation 5-10 
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Equation 5-11 

 

The relevant modeling parameters are the following, and the results are displayed in Fig.  5-4. 

Sample(a1):„ ρψρȢπυ -0Á, „ ςχȢψ ὓὖὥ at ‐ πȢπσχϷ 

Sample(b4): „ ρψτȢτψ -0Á, „ ςςȢςς ὓὖὥ at ‐ πȢπτςϷ 

Sample(c6): „ ρτψȢσω -0Á, „ στȢττ ὓὖὥ at ‐ πȢπτυϷ 

Sample(d8): „ ςπτȢςσ ὓὖὥ, „ ςψȢωσ ὓὖὥ at ‐ πȢπσςϷ 
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Fig.  5-4. Examples of comparison of stress-strain models (blue line: observed, red and green line: calculated) and 

stress-strain relationships observed in this study for very strong (sc > 100 MPa) granitic rock samples(a, b, c, d) 
(Davarpanah et al. 2020b) 

5.6 NEW SCIENTIFIC RESULT ( 6) 

According to regression analyses, new linear and nonlinear correlations were 

established between static and dynamic Youngôs modulus of different rocks (Davarpanah et 

al., 2020c). 

    Fig.  5-5   and 5-6 demonstrate the relationship between static and dynamic modulus of 

rigidity based on rock types. Based on our analyses, we received the correlations with high 

determination coefficients, for igneous rocks, the value of R2 = 0.96; for sedimentary rocks, the 

value of R2 = 0.91; for metamorphic rocks, the value of R2 = 0.63. 
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Fig.  5-5. Relationship between static and dynamic modulus of rigidity based on rock types (Davarpanah et al. 

2020c). 

 

Fig.  5-6. Linear and non-linear achieved correlations for all rock types (Davarpanah et al. 2020c) 

 

5.7 NEW SCIENTIFIC RESULT ( 7) 

According to our statistical analyses, new linear correlations have been published 

between deformation constants of different rocks (Davarpanah et al., 2020d).  

The relationships between secant and tangent Youngôs modulus (E), shear modulus (G) 

and bulk modulus (K), and uniaxial compressive strength (sc) are displayed. As shown in Fig.  5-
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7 and Fig.  5-8, there is a correlation with the value of (R2 = 0.52) between secant and tangent 

Youngôs modulus and uniaxial compressive strength. Fig.  5-9 and Fig.  5-10 exhibits the 

correlation between secant and tangent Young's modulus with the value of (R2 = 0.51). 

Nevertheless, in Fig.  5-11 and Fig.  5-12, when we calculate the bulk modulus, there is a 

significant decrease in correlation, which declined to (R2 = 0.22). So far, different relationships 

between tangent Young's modulus and uniaxial compressive strength have been published in the 

literature (Table 5-1).  

 

Fig.  5-7 Relationship between Es-UCS 

 

Fig.  5-8 Relationship between Et-UCS 

  

 

Fig.  5-9: Relationship between Gs-UCS 

 

Fig.  5-10 Relationship between Gt-UCS 
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Fig.  5-11 Relationship between Ks-UCS (Davarpanah et 

al. 2020d) 

 

Fig.  5-12 Relationship between Kt-UCS 

(Davarpanah et al. 2020d) 

  

Table 5-1 Correlations between unconfined compressive strength (MPa) with tangent Youngôs modulus(GPa) 
(Davarpanah et al. 2020d)  

Rock type Equation R2 Reference 

Sandstone Ὁ πȢςψὟὅὛυȢψσ 0.80 Wuerker (1959) 

shale Ὁ πȢςψὟὅὛȢ  0.89 Wuerker (1959) 

Sandstone Ὁ πȢρωὟὅὛτȢψφ 0.93 Dhir and Sangha (1978) 

Limestone Ὁ πȢωχὟὅὛȢ  0.87 Dhir and Sangha (1978) 

Dolomite Ὁ πȢρυὟὅὛςρȢφ 0.44 Lama and Vutukuri (1978) 

Shale Ὁ ρȢωσὟὅὛȢ  0.55 Lama and Vutukuri (1978) 

Sandstone Ὁ πȢσρὟὅὛ  Wilson (1980) 

Marble Ὁ ρȢπφὟὅὛȢ  0.86 Wilson (1980) 

Sandstone Ὁ πȢρσὟὅὛσȢτς 0.71 Dennis et al. (1982) 

Bituminous schist Ὁ πȢρυὟὅὛȢ  0.78 Dennis et al. (1982) 

Sandstone Ὁ πȢςψὟὅὛρςȢυ 0.35 Bell (1983) 

Siltstone Shale Ὁ ρȢςτὟὅὛȢ  0.90 Bell (1983) 
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Limestone Ὁ πȢςυὟὅὛρυȢυ 0.85 Sachpazis (1990) 

Dolomite Ὁ πȢυὟὅὛȢ  0.95 Sachpazis (1990) 

Sandstone Ὁ πȢπυὟὅὛςπȢφ 0.29 Rohde and Feng (1990) 

Sandstone Ὁ ςȢςυὟὅὛȢ  0.5 Rohde and Feng (1990) 

Gypsum Ὁ πȢςχὟὅὛρωȢπψ 0.81 Arslan et al (2008) 

Gypsum Ὁ ρπȢυςὟὅὛȢ  0.78 Arslan et al. (2008) 

Sandstone Ὁ πȢρχὟὅὛ 0.73 Vásárhelyi(2003) 

Sandstone Ὁ πȢρτὟὅὛ 0.75 Vásárhelyi(2003) 

5.8 NEW SCIENTIFIC RESULT ( 8) 

According to statistical analyses, new material models are published to determine the 

Hoek-Brown material constant (mi), which provides the best fit with experimental data 

(Davarpanah et al., 2021b, Davarpanah et al., 2023). 

Comparing the published values of mi by (Ván and Vásárhelyi 2014) with the guidelines 

(Cai 2010, Hoek 2007, and Hoek and Brown 1980) given for igneous rocks, the value of mi for 

basalt is between 20 and 30. In contrast, the minimum published value of mi for Basalt is 4.31, 

which does not fall within the expected range. The minimum published value of mi for basalt is 

even less than for volcanic tuffs. The latter one is between 8 and 13. The published mi values for 

granite are between 11.68 and 34.03, but the expected range based on the guidelines is between 29 

and 35. The same discrepancy was observed for gabbro. Based on the guideline values, the 

predicted range is between 24 and 30, whereas the published results are between 15.31 and 20.74. 

Our developed model with new material constants for Hoek-brown mi determination provides the 

best fit with experimental data. Based on the empirical model by Wen et al. 2020, most of the 

estimated values of mi are within the upper/lower limit of 90 %, which accounts for 96.6 % of all 

the data, and all the calculated values are within the upper/lower limit of 80 %. This result indicates 

that the developed relation estimates of mi agree well with the experimental observations, 

demonstrating that the developed relation can estimate mi accurately. The comparison graph 

between our results and the recently published paper by Wen et al. 2020 is presented in Fig.  5-13 



 

96 

 

 

Fig.  5-13 Comparison between mi values estimated(Wen et al. 2020) via the proposed relation and measured values 

for different rock types (red rhombus symbol is related to quasi-isotropic intact igneous rocks; green triangle 

symbol is related to quasi-isotropic intact sedimentary rocks; blue cross symbol is related to quasi-isotropic intact 

metamorphic rocks; and small orange square symbol is related to anisotropic intact rocks (Davarpanah et 

al.2021b) 
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