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1. INTRODUCTION

Understanding the quality of the intact rock is one of the essential parts of any engineering
project in rock mechanics. Accurate determination of unconfined compressive strength and
Young's modulus are critical in rock engineering practice (Gercek 2007; Yagiz 2009; Dincer
et al. 2004; Patel and Martin 2018; Logo6 and Vasarhelyi 2019; Xiong et al. 2019; Yang et al.
2016; Zhao et al. 2017; Ranjith et al. 2004; Rahimi and Nygaard 2018)

Several papers address the impact of water on the strength of rocks by Vasarhelyi (2005),
Vésarhelyi & Van (2006), Vasarhelyi & Davarpanah (2018) and Wong et al. (2016). Li et al.
(2020). However, there is limited research on the effect of freezing on the mechanical
properties of intact rock and rock mass. Torok et al. (2018) investigated the relationship
between the mechanical and physical properties of two highly porous rocks, such as oolitic
Miocene limestone and Miocene rhyolite tuff. It was observed that the strength of the ice, dry
and water-saturated porous rocks are relatively low, but when the rocks are frozen, very high
uniaxial strength values are measured (Davarpanah et al. 2021)

Significant strength increase was observed in several rock types with subzero temperatures.
Similarly, in the paper by Davarpanah et al. (2019), the relationship between different
mechanical properties of highly porous limestone in dry, water-saturated, and frozen conditions
(-20 °C) was investigated. It was found that the mechanical behaviour of the frozen rock is
significantly different from saturated and air-dry specimens, having higher strength and
modulus of elasticity. Yang et al. (2018) investigated the mechanical properties of frozen rock
mass with two diagonal intersected fractures and concluded that the dips of two fractures
significantly influenced the results.

Mellor (1971, 1973) measured the uniaxial compressive and tensile strengths of water-
saturated and air dry granite, limestone, and sandstone rock core from temperatures of 25 to -
195°C. Mellor observed that the compressive strengths increase with decreasing temperature.
As the temperature drops, mineral grains shrink, and ice formation in pore spaces contributes
directly to the strength of the material. Freezing was noted to increase rock strength by 4 in
porous rock and 1.8 in crystalline rock. Also, Young's modulus increases with a decrease in
temperature; however, a further reduction in temperature from -10 to -20 C does not affect
Young's modulus, according to Yamabe & Neaupane (2001).

Glamheden and Lindblom (2002) investigated frozen rock mass properties and completed
numerical modelling for an unlined hard rock cavern measuring 7m in diameter and 15 m high
in Gothenburg, Sweden. It was observed that tensile strength increases with decreasing
temperature, and Young's modulus and Poisson's ratio marginally increase at decreasing
temperature. In practical case studies, the application of freezing to improve rock mass quality
was reported by Wardrop (2005) for several underground mines in Russia and Canada.
According to the reports, significant improvement was observed in RMR and Q due to freezing.

Roworth (2005) conducted a series of USC tests on three different rocks (hematized sandstone,
bleached sandstone, and metapelaite basement). Based on his observations, there was a
significant gain in strength due to freezing. The weakest rock samples are expected to have the
most significant increase in strength due to freezing. He also established the link between the
stress-strain behaviour of tested samples and freezing temperature. Frozen earth exhibits time
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and temperature-dependent rheological behaviour. In other words, the strength is based on the
rock's temperature and the loading duration.

Kodama et al. (2019) investigated the long-term behaviour of Shikotsu welded tuff at subzero
temperatures. The results illustrated that the uniaxial compressive strengths of frozen wet
specimens were greater than those of the frozen dry samples; however, frozen wet specimens
experienced shorter creep lives than frozen dry specimens. Moreover, the strains of the frozen
wet specimens were much more significant than those of the frozen dry specimens. It is
associated with the time dependence of the mechanical behaviour of pore ice. In addition, the
UCS of a frozen wet specimen can be more significant because the fracture initiation stresses
of the pores in the frozen wet specimen are more significant on average than those in a frozen
dry sample. In another similar work published by Liu et al. (2020), crack initiation stress and
crack damage stress increased due to freezing in sandstone and mudstone. The reason is that
pore ice reduces stress concentration around a crack and enhances the cementation of mineral
particles. Therefore, peak stresses of sandstone and mudstone increase linearly with the
decrease in freezing temperature.

Davarpanah et al. 2022, published a review paper on the mechanical behaviour of frozen
rocks and compared the different mathematical models for frozen rock behaviour. According
to their results, gain and increase in strength and deformation of rocks are material dependent.

This dissertation is intended to discuss the strength and deformation behaviour of different
rocks and the influence of saturation and freezing on these mechanical properties. The outline
of this research consists of 8 new scientific results, which will be discussed in the following
parts.

2. OBJECTIVES

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 changes in the physical and
mechanical properties of porous rocks 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 prepared 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 analyses were used to examine
the measured physical and mechanical parameters. The main objective of the second part (new
scientific result 5, new scientific result 6, and new scientific result 7, new scientific result 8) is
to investigate the relationships between strength and deformation behavior (uniaxial
compressive strength (o), tensile strength (o;), Poisson's ratio (v) and Young modulus(E) for
different igneous, sedimentary and metamorphic rocks such as siltstones, sandstones, quartzites
and limestone. Also, granitic rock samples (50 samples) were collected from Béataapati
radioactive waste repository and the values of crack initiation stress (o.i) and crack damage
stress (Gcq) were calculated based on existing approaches (Brace et al. 1966; Martin et al. 1994;
Diederichs 2007). Moreover, the link between various static and dynamic deformation moduli
was investigated, and the results show a well-fit nonlinear relationship between deformation



moduli. Finally, a detailed analysis was undertaken on the quasi-isotropic intact rock to
compute the value of m; and compare the results to propose new material model constants that
best fit the experimental data.

3. MATERIALS AND METHODS

3.1. The effect of water saturation on the mechanical properties of limestone

This part analyzes many laboratory tests of high porosity Hungarian miocene limestones to
examine the effect of water content on uniaxial compressive strength, tensile strength, Young
modulus, rigidity, etc., 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.

3.2. Changes in physical and mechanical properties of highly porous limestone

Thirty-five cylindrical, highly porous limestone specimens were drilled from stone blocks
for the tests. 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 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 states 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
(1985, 2007) suggested methods.

3.3. Physical and mechanical properties of dry, saturated and frozen porous limestone
and tuff samples

Two highly porous rocks were studied: Miocene limestone and Miocene rhyolite tuff. Two
lithotypes of Miocene limestone from the Soskut quarry were chosen for the tests: a medium-
grained and a coarse-grained bioclastic one that contains shell fragments. 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 —20 °C. Unconfined compressive tests measured the strength and Young's
modulus. The laboratory investigations were carried out according to ISRM's (1985, 2007)
suggested methods (Ulusay and Hudson 2006).

3.4. Physical and mechanical characteristics of marl samples under freezing

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 in dry condition, 11 samples in saturated condition and 13 samples in frozen



condition 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 test was
carried out. After performing the Brazilian test, half-cut broken tensile test samples 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.

3.5. Investigation of the strength and deformation characteristic of Moragy Granitic rock

Laboratory samples originated from research boreholes deepened in the carboniferous
Mo'ra'gy 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. Fifty
uniaxial compressive tests were performed in the rock mechanics laboratory at RockStudy Ltd.
The D = 50 mm cylindrical rock samples with the ratio L/D = 2/1 (here, L and D are the length
and diameter of a model, respectively) were prepared. The samples were tested using a
computer-controlled servo-hydraulic machine in continuous load control mode. The loading
magnitude was settled in kilonewton with 0.01 accuracy, and the loading rate was 0.6 kN/s.
Axial and tangential deformation was measured by strain gauges, which measure the
deformation between 1/4 and 3/4 of the sample's height. Moreover, crack initiation stress (oci)
and crack damage stress (ocq) were calculated based on the Onset Dilatancy Method, Crack
Volumetric Strain Method, and Change of Poisson's Ratio Method (Brace et al. 1966; Martin
et al. 1994; Diederichs 2007).

3.6. Nonlinear regression analyses between static and dynamic deformation moduli of
different kinds of rocks

There are several relationships between the static and dynamic Young's moduli (Belikov et
al. 1970; King 1983; Eissa and Kazi 1988; McCann and Entwisle 1992; Eissa and Kazi 1988;
Christaras et al. 1994; Nur and Wang 1999; Brotons et al. 2014; Brotons et al. 2016). These
equations can be divided into linear and nonlinear 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.Determination of Young's Modulus and Poisson's Ratio for Intact Stratified Rocks

The rock materials discussed in this part are from the surface and underground mining
projects in two distinctly different geological, environmental, and climatic settings. 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. 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.



3.8.Characterization of Hoek—Brown constant mi for quasi_isotropic intact rock

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, Vasarhelyi and Kovacs 2016, and Wen et al. 2020], the
accurate determination of m; is still challenging task. Many factors influence it, such as mineral
composition, grain size, and rock cementation. Generally, m; 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 (T.S.) based practice, and the combination of these two methods
(Combination based method) have been proposed for calculating the value of m;. This study
aims to thoroughly review the previously existing procedures to calculate the value of m; and
compare the obtained results to propose the new material constants that best fit the
experimental data.

4. NEW SCIENTIFIC RESULTS(NSR)

4.1. 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 (Vasarhelyi 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:

co(w) =ae™ + ¢, (1)
Where oc(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 (¢) can be calculated
from the ratio of the uniaxial compressive strength (c¢) and the tensile strength (oy):
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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 m; constant in the Hoek-Brown failure criterion is equal to the ratio of
UCS (o) to tensile strength (o) (see Eq. 2). According to the calculation of Cai (2010), when
R > 8, the error for approximating m; by R (is less than 1.6 %; thus, the Hoek-Brown
parameter (m;) can be calculated using the following form (Eq.3)
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According to Hoek (2007), mi values range from 4 to 33 for some commonly encountered rocks
in engineering practice, and m; depends on many factors such as mineral contents, foliation and
grain size (texture) — but as it was shown previously, m; value is independent on the water
content.

4.2. NEW SCIENTIFIC RESULT (2)

I experimentally proved that freezing causes an increase in mechanical properties such
as uniaxial compressive strength, tensile strength and Young’s modulus of highly porous
limestone. In contrast, these parameters experience a decrease due to saturation
(Davarpanah et al. 2020a)

Typical stress-strain curves of highly porous limestone are very different for dry, water-
saturated and frozen specimens (Fig. 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. Namely, the strength in the frozen condition is about 80 % more than in dry and
65 % more than in saturated conditions.

- frozen axial
10 ~-frozen_lateral
——saturated axial
. saturated_lateral
dry axial
——dry_lateral

strain(%) | : L § 5

Fig. 1. Typical stress-strain curves of highly porous limestone (Davarpanah et al. 2020a)

4.3. NEW SCIENTIFIC RESULT (3)

I experimentally proved that mechanical properties such as uniaxial compressive
strength, tensile strength, and Young’s modulus of porous limestone and tuff increase due
to freezing but decrease due 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. These experiments have
proved that the uniaxial compressive strength of porous rocks can be significantly increased by
freezing (Fig. 2); accordingly, freezing can stabilize porous rock masses around tunnels or deep
foundations.

S, 13,96 MPa

g _
2 __dry
: — saturated
5., 4,148 MPa __ frozen
N Grmaet 1,823 MPa
i -1 3 F

1 z
strain [%]

Fig.2.Typical stress-strain curves of the rhyolitic tuff (Davarpanah et al. 2022)

4.4. NEW SCIENTIFIC RESULT (4)

I experimentally proved that the mechanical properties such as uniaxial compressive
strength, tensile strength and Young’s 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. 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. 3. A typical stress-strain curve under dry, saturated, and frozen conditions (Davarpanah et al. 2021a)

4.5. 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 (o, > 100 MPa)

carbonate rocks based on Haldane's distribution function (Haldane 1919).

e—S€a

=) (4)

Oq = 0¢ (11_7
Where g, is current axial stress (MPa), €, is a current axial strain (%) at the axial stresso,, o,
is a uniaxial compressive strength (MPa), parameter (s) is a constant involved in a canonical
form of Haldane's function. For very strong limestones and dolomites (o, > 100 MPa) the

value of s is between 0.5 and 1, and exponent 0 is defined as follows

— _%9crq4 _ ,-05¢g,
6 =-In|1 E1-e )] (5)
And can be presented in the following form by using Taylor's series expansion:
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Y=o+l 4L (10)
v= (91— e M) (1D

The estimated and observed stress-strain relationships for four granitic rock samples are
presented in Fig. 4.

Sample(al):o, = 181.05 MPa, 0,; = 27.8 MPa at 44 = 0.037%

Sample(b4): o, = 184.48 MPa, 0,; = 22.22 MPa at €5, = 0.042%

Sample(c6): o, = 148.39 MPa, 0,4 = 34.44 MPa at 4,4 = 0.045%

Sample(d8): o, = 204.23 MPa, 0,; = 28.93 MPa at £, = 0.032%
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Fig. 4. Examples of comparison of stress-strain models [Eqs. (4), (8)] and stress-strain relationships observed
in this study for very strong (o. > 100 MPa) granitic rock samples

(a, b, ¢, d) (Davarpanah et al. 2020b)

4.6. NEW SCIENTIFIC RESULT (6)

According to regression analyses, new linear and nonlinear correlations were established
between static and dynamic Young’s modulus of different rocks (Davarpanah et al.,
2020c¢).
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Fig.5 and 6 show the logarithmic, power and linear regression analysis between static and
dynamic modulus of elasticity for different rock types. Based on our analyses, we received
the correlations with high determination coefficients. for igneous rocks, the value of R? =

0.96; for sedimentary rocks, the value of R? = 0.91; for metamorphic rocks, the value of R? =

200 - Egtar= 0.17E387
= igncous rocks stat ) dyn
180 4 . sedimentary rocks R*=0.96
160 * metamorphic rocks
- 140 1
B 120 4 = 1359
-] Estar 0.135Edm
\'é 100 4 E o= 0.091E5552 R2=0.93
é 80 - R%=0.88 .
g
60 4
40
20 1
0 T T T "
0 50 100 150 200
E GPa
0.63. d}mmn(c( )

Fig. 6.. Relationship between static and dynamic modulus of rigidity based on rock types (Davarpanah et al. 2020c)
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Fig. 5. Linear and nonlinear achieved correlations for all rock types (Davarpanah et al. 2020c)

4.7.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 Young’s modulus (E), shear modulus (G) and

bulk modulus (K), and uniaxial compressive strength (c¢) are displayed. As shown Fig 6 and
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Fig. 7, there is a correlation with the value of (R? = 0.52) between secant and tangent Young’s
modulus and uniaxial compressive strength. Fig. 8 and Fig. 9 exhibits the correlation between
secant and tangent Young's modulus with the value of (R? = 0.51). Nevertheless, in Fig. 10 and
Fig.11, 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 ).
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Fig. 10 Relationship between Ks-UCS (Davarpanah et al. Fig. 11 Relationship between Kt-UCS (Davarpanah et al.
2020d) 2020d)

Table 1 Correlations between unconfined compressive strength (MPa) with tangent Young’s modulus (GPa) (Davarpanah et

al. 2020d)
Rock type Equation R? Reference
Sandstone E; = 0.28UCS + 5.83 0.80 Wuerker (1959)
shale E, = 0.28UCS%%7 0.89 Wuerker (1959)
Sandstone E; = 0.19UCS + 4.86 0.93 Dhir and Sangha (1978)
Limestone E, = 0.97UCS%¢° 0.87 Dhir and Sangha (1978)
Dolomite E; = 0.15UCS + 21.6 0.44 Lama and Vutukuri (1978)
Shale E, = 1.93UCS%¢3 0.55 Lama and Vutukuri (1978)
Sandstone E; = 0.31UCS Wilson (1980)
Marble E, = 1.06UCS%7? 0.86 Wilson (1980)
Sandstone E, = 0.13UCS + 3.42 0.71 Dennis et al. (1982)
Bituminous schist E, = 0.15UCS°%7¢ 0.78 Dennis et al. (1982)
Sandstone E, = 0.28UCS + 12.5 0.35 Bell (1983)
Siltstone Shale E, = 1.24UCS°%78 0.90 Bell (1983)
Limestone E; = 0.25UCS + 15.5 0.85 Sachpazis (1990)
Dolomite E, = 0.5U€S%% 0.95 Sachpazis (1990)
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Sandstone E;, = 0.05UCS + 20.6 0.29 Rohde and Feng (1990)

Sandstone E, = 2.25UCS%>2 0.5 Rohde and Feng (1990)
Gypsum E, = 0.27UCS + 19.08 0.81 Arslan et al (2008)
Gypsum E, =10.52UCS%%8 0.78 Arslan et al. (2008)

Sandstone E, =0.17UCS 0.73 Vasarhelyi(2003)

Sandstone E, = 0.14UCS 0.75 Vasarhelyi(2003)

4.8.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 (Van and Vasarhelyi 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 m;
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
uppet/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. 8.
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Fig. 8. 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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