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ABSTRACT

Oneof the most important aspectsf any engineering project ithe rock mechanics domain is
understanding intact rock's mechanibahaviour 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 go#heofirst partof this researci{new
scientific resultl, new scentific result2, new scientific resulB, andnew scientific resuld) isto
present these changesatks' physical and mechanical propestiieie to saturation and freezing.
For this purpose, different kinds of ra;kuch as highly porous Miocene liniese (65 samples)
and porous rhyolite tuffl7 samples)and marl(120 samples)were selected and analyzddhe
samples wereexaminedin various conditions, including ajrsaturated water, and freezing
temperatureq-20 °C) The laboratory tests includedetermining density, ultrasound speed
propagation, porosity, capillary water absorptiand strength parameteiRRegression analysis
was used to examine the measured physical and mechanical parametessvelidge uniaxial
compressive strength of frozemarl samples (21.93 MPayas found to bé 6 petcent higher
than saturatedampleq11.76 MPa but 25.9% lower than dry specimens (29.62 MH#&.main
objective of the second pdrhew scientific resulb, newscientific result, new scientific result

7, new scientific resulB) is to investigate the relationships betwelase parametdimiaxial
compressive strength(), tensile strength() and Y o u n gnédsilugE) for granitic rock
samples(50 samples) tmited from Bataapati radioactive waste repositamg calculatel the
values of crack initiation stress{) and crack damage stressd) based orexisting approaches.
According to the analysis, the mathematical model proposed for very $8eorgl100 MPa)
carbonate rocks based on Haldaneds distributd.i
linear part ofthe observed stresstrain relation of studied granitic rock samplEarthermore,
comprehensive review reseamhsperformed ongneous, sedimentgrgnd metamorphic rocks.
The results show that there isvall-fit nonlinearrelationshipbetween statias well aslynamic
Youngos (o & 0 u pwith asignificantdetermination coefficierR?=0.9). Finally,

a detailed analysis was undertakemthe quastisotropic intact rocko compute the value of mi

and compare the resutts propose new materialodelconstantdeg fit the experimental data

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

Youngo6s ,Hoekdnownunsterial constant Poi ssonés ratio
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1 Introduction
1.1 Background

Foralmost anytype of design andnalyssin geomechanical projecta precise estimation
of the geomechanical properties of rocks is esseMahy authors have studige strength and
deformation behaviauf differentrock typegXiong et al. 2019Yang et al. 2016; Zhao et al. 2017,
Ranjith et al. 2004; Rahimi and Nygaard 2018; Davarpanah et al. B@t8zovski and Van
2017. Moreover,the effect of water on these properties has captured the attention of other
researcherévasarhelyi (2005), Vashelyi & Van (2006), Vaséarhelyi & Davarpanah (2018) and
Wong et al. (2016)Li et al. (2020)

However,the mechanical behaviasf frozen rockhas not received as much attention as it
deservesGround 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 imanymining and construction projectsridwide, butthere 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. (H3963, Artificial
ground freezing is commonly used ddll deep, challenging, disturbed, or sensitive ground or
whena complete groundwater cafff is required. (Schmall and colleagues, 2005). It has been
employed in shaft sinking through wet loose statscenturiesMore recently, it has been used
underpinning, mining, deep excavations, and groundwateoftsitfor temporary support or
recovery dudo collapsed soils. Artificial ground freezing has been used insstiaking up to
900 meters in S&atchewan for problematic ground conditions and rock/soil interfaces that
produce considerable wateAmong the available ground consolidation and waterproofing
technologies, the main advantages of this technagae(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 contanmmaphenomena; (ii) applicability to any
soil, from coarse to fine grain and rogkcca 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 strédngre 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 lawadia 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

Themostcritical parameters in the design of ground waaks rock engineering properties.
Before altering the excavation arekgfining the frozen rock mass behavior is vitahy other
design process in or on a roequiresthe accurate calculation of the mechanical characteristics
of thefrozen rock mass. To put it another way, the precisioime mechanical inpuparameters
of frozen rock for any numerical modelisggnificantly impactghe final designoutcomesThe
problemis that in some&ircumstancesthe mechanical properties$ the frozen rockarenot well
defined and theanalysis is based amrmalrock mass behavioAs a resultthe final design is

noteconomically 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 besedittle r

on how frozen materials behave.

The first part of this thesis aimmto look at how saturation and freezing influence the
mechanical and physical properties of rocks. In addition, linear andineam correlations
between thessentiamechanical fatures of the examined rockave been establishedifferent
laboratory experiments were carried out on several types of,roukading nordestructive
measures of density and ultrasonic pulse wave velocities, as well as destructive testing such as
uniaxial compressive, Brazilian, and point load tests-d&y; watersaturated, and freezing
conditions were used to test the séBpAs a result, the following are the key objectivethef
first part ofthethesis:
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- Influence of water saturation on the different mechanical properties of intact rock such
as uniaxial compressive strength, tensile strengtb,u n g 6 s , Muoolus féa, s
Internal friction angle, cohesion, Ho&town constant(m of limestone

- Effect of freezing on uniaxial compressive strength, tensile strength, rigadity

Youngos ofmuoydlitc ltutf, imestone and marl

The main objectiveof the second part of this thesis can be summarized as $ollow

Complex experimental analysis of uniaxial compressive strengthoodgy Granitic

Rock Formation

Investigatiorof the linkbetweervarious rocks' static and dynamic deformation moduli

Determination of Youngé6és Modul us and Poi s

Characterization of Hoé&Brown constant frfor quastisotropicintact rock

1.3 Thesis outline

This thesis consists of 6 chapters. Chapter one includisseriptionof the freezing

backgroundrelated research histqrgnd the objectives of the current research work.

Chapter 2 reviews the history of sevetgpes of researctabout the fundamental
mechanical behavior of rockshe effect of freezing on mechanical propertasd proposed

mathematical modeling for rock mass behavior.
Chapter3 outlines the methodology forew scientific resultas follows:

New c<ientific result (1) aims to investigate the effect of water saturation tioa
mechanical properties of intact rock and rock miasthienew scientific resultg), we have probed
the changes iporous limestone's mechanical and physical propedies to saturation and
freeang. New scientific result ) focuseson the physical and mechanical properties of dry,
saturatedand frozen porous limestone and tuff samplesielv scientific resuf (4), tests have
been carried out to obsertige variation in mechanical and physical properties of marl samples
due to saturation and freezingew scientific resultg) discusseshe strength and deformation
behaviour othe Méragy Granitic Rock FormatioiNew scientific result®) investigates té link
between static and dynamic deformation constants of different embsrding to statistical
analyses of collected data frothe literature New scientific result {) shows the resultsf
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YounGdéddul us and Poi ssonds Raand ibustrdtes the éxistinga c t
correlations between these properties. Finalhew scientific result§) comprehensively reviews
theliterature's collected data to establisteav material model fadoek-Brown material constant
determinationwhich displays the best fit with experimental results.

Chapter4 discusses the achieved results and provides the conclusions for each set of
analyzed experimental data and collected data from the literature.

Chapter5 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 orctedllelata 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 practicé&ércek 2007; Yagiz 2009; Dincer et al. 2004; Patel and
Martin 2018; L6g6 and Vasérhelyi 2019, Xiong et al. 2019; Yang et al. 2016; Zhao et al. 2017;
Ranijith et al. 2004; Rahimi and Nygaard 2018; These two constants can be used to calculate other
moduli, sich as bulk and shear moduli. Young's modulus and Poisson's ratio play the most
important roles (AlvareFernandez 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 ddtbyntire rock

mass.

Almost all commercial numerical modeling codes have used these pesgertstress and
deformation analyses. By way of example, understanding stress concentrations and deformation
are vital fordesigningunderground radioactive wagtepositories in Moragy (Hungary) granitic
rocks (Davarpanah et al. 201%heir research focuses on deformation behavamdits relation
to stress levels, such as crack initiation strdaspage 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 decisivedctor 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 elastiave velocity to calculatelasticity (Martinez
Martinez et al., 2012). Stregsduced anisotropy, the size of the applied strain amplitude,
microfractures, andnicrofractures all contribute to the difference between static and dynamic
elastic characteristics.

Understanding the qligy of theintactrock is one of thessentiaparts of any engineering
project in the field of rock mechanic$or limestones, agglomerates, dolomites, chalks,
sandstones, and basafts example, different empirical relationships betwseand E have been
establishedVéasarhelyi, 2005; Palchik, 2007; Ocak, 2D8ypothetical stresstrain curves for
three different rocks are presentedrig. 2-1. by Ramamurthy et al. (201 QurvesOA, OB, and
OCindicatethree stresstrain curveswith failure occurring at A, Band C, respective)yas shown
in the diagramAccording to other samples, curves OA and OB have the same modulus but
different strengths and strains at faliwhereas OA and OC have the same strength but different
modulus andstressesat failure. This meansthat neither strength nor moduluisn be used to
describe a rock'sverall quality As a result, combiningtrengh and modulus wilprovide an
accurag picture of the rock'sesponse to engineerigplicationsThis approacho defining the
quality of intact rocks was proposed by Deere and Miller (1,968)sidering the modulus ratio
(MR), which is defined as thatio of tangent modulus of intact rofi) at 50 % of failure strength

and its compressive strengh).

For intact rock samples, the modulus ratia ME/s. between modulus of elasticity (E)
and uniaxial compressive strenggh)(ranges from 106 to 1600 (Palmstrom & Singh, 2001). Most
rocks have M values ranging from 250 to 500, with an averaged400 and E of 400 degrees
Celsius. Palchik (2011) looked ttte Mg values of 11 different carbonate rocks from different
parts of Israel. The dolomites, limestonasd chalks studied ranged from weak to very strong,
with a wide elastic modulus range. He discovered thasMtrongly related to the maximum axial
strain €a may at the rock's uniaxial strength¢f, and the following relationship was discovered

(see Fig. 2) and Equation2-1:

Equation2-1
2k
MR= f P
ea,max (1+ e ' )

Where k is a conversion coefficient equal to 100, @nghxis in %. When M is known,
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eamaximum (%0) is obtained fronEquation2-2as:

~ K
€amax = MR- 046k Equation2-2

since the expansion of teepression2(1+€*™) usi ng Tayl ords theor e
of 2/(1+€%™) = 1 + 0.46e, max(Palchik, 2013).

A

Unconfined compressive sh'eng]rh,UE

o

Axial struin, €,

Fig. 2-1 Hypothetical stresstrain curvegRamamurthy et al. 2017)
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Fig. 2-2 Relationship between modulus ratiofMind maximum axial straire(may using different carbonate rocks
(Palchik, 2011)

2.2 Effect of freezing on the mechanicaproperties of rocks
Around tunnels and mines, freezing is a commoihor rock mass stabilization method

You'll need to know the frozen rock's strength parameters to use this tectifoqukee design,
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there is frequently insufficient knowledgd the bdnavior of materials. Vasarhelyi (2005),
Véasarhelyi & Van (2006), Vasarhelyi & Davarpanah (2018), Wong et al. (2016), and Li et al.
(2016) all examine the impact of water on the strength of rocks (2020d)he other hand, the
effect of freezing on the meahical properties of intact rock and rock mass received little

attention.The freezing of water in potthroats can be broken down into three stages:
1. fast freeze stage (temperatures between 65804
2. afreezedevelopment stage with a temperatunge of5 to-10 degrees Celsius

3. Freezing stable stage at a temperature of less-108G6 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, thebiitibtile
transition in ice occurs at lower strain rates beedhs applied stress directly opens the cracks.
The required tensile tension is generated locally during compression by crack sliding. Over the
temperature range o610 t0-20°C, ice's tensile strength ranges from 0.7 to 3.1 MPa, while its
compressive strgth ranges from 5 to 25 MPlae 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 pathdbunters, as shown in the diagram. Under a
triaxial state with high hydrostatic pressures, polycrystalline ice yields and fails, weakening and
eventudly melting. Up to a strain rate of 4) ice behaves ductilely, but above that, it transitions
to totaly brittle failure. Above a strain rate of 4A) 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 é08B; 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, watesaturated, and frozer2Q °C) situationsThe mechanical behavior of frozen rock
is observed to differ significantly from that of saturated andlgirspecimens, with increased
strength and modulus of elasticity. Torok et al. (2018) investigated the link betveeamechanical

ard physical properties of oolitic Miocene limestone and Miocene rhyolite tuffhigédy porous
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rocks. The strength dlfieice, dry, and watesaturated porous rocks is very low, but when frozen,

they have extremely high uniaxial strength values.

Yang et & (2018) examined the mechanical properties of a frozen rock mass with two
diagonal intersected fractureBheyrevealed that the dips of the two fractures had a substantial
impact on the results. Mellor (1971, 1973) tested the uniaxial compressivensihe $&engths of
wet and dry granite, limestone, and sandstone rock cores at temperatures ranging frem 25 to
1950C. Mellor observed that as the temperature drops, the compressive strengihinerse.
grains shrink when the temperature dr@glice formationin 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'smodulus increases with a fall in temperature; however, a further decrease in temperature

from -10 to-20 Cdoes not affecYoung's modulus (2001).

In Gothenburg, Sweden, Glamheden and Lindblom (2002) researched frozen rock mass
properties and conductedmarical 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 seriedQf experiments
(hematized sandstone, bleached sandstone, and metapelaite basement). According to his
observations, freezing resulted in a significant increase in strength. Figdird$h@ weakest rock
samples are expected to improve the greatest in streogthofreezing. He also discovered a
relationship between freezing temperature and the sttess behavior of studied samples. The
rheological behavior of frozen earth varies with time and temperature. In other words, the strength

of the rock is determed by its temperature and the length of time it is loaded.
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Fig. 2-3. Frozen UCS vgotal strain of bleachedsandstonesampleqafter Roworth, 200%

Mamot et al. 2018 conducted 141 shearing experiments usingjic@ckock samples at
constant strain ratdsetter tounderstand the effect of temperature fluctuations on slop stability.
Acoustic emission (AE) has been successfully used to characterize fradiahagior and to
predict rockice failure, as an AE predates all failures and peaks just before failurecdieyde
that warming and unloading (i.e., less overburden) ofiliegl rock joints result in a significant

reduction in shear resistance.

At subzero temperatures, Kodama et al. (2019) investigated thetdomgbehavior of
Shikotsu welded tuff. The results showed that frozen wet specimens had higher uniaxial
compressive strengths than frozen dry specimens; nevertheless, frozen wet specintersenad s
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 beingtime-dependent. Furthermore, the UCS of adrmowet 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 aren 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-2at °C). Frozen argillaceous siltstone with six

saturation degrees was examined for strength (uniaxial compressivétsttensgile strength, and

21



pointload strength) and deformability. Surprisingly, they discovered that the initial degree of
saturationsignificantly impactedhe strength of frozen intact rock. In other words, mechanical
properties are governed by unfrozeater 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 secandreasing stageWith the initial saturation degree
surpassing the critical saturation degree for frost damage (80% in this case), frost damage starts to

weaken frozen rogkasshown inFig. 2-4.
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Fig. 2-4. Influence of freezing on the strength and deformability of frozen argillaceous siltstone within different
intervals of initial saturatiordegree éfter Jia et al. 2020)

(Maoyan Ma et al. 2020)sed a series of triaxial tests on western Jurassic san@stdne
found that mechanical parameters sastpeak strength, cohesiveness, internal friction angle,
residual strength, and elasticity modulus rose dramatically as the temperature dropped. The rock's
strength increases as the temperataiteunder steady c¢dining 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 reducesnder steady confining pressure, and brittleness becomes

increasingly apparent as the temperature diropggure 25.
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Another studyby Liu et al. (2020) indicated that freezing increased crack initiation stress
anddamage stress in sandstone and mudstone. The reason for this is because the presence of pore
ice minimizes stress concentration around a crack and improvesahparticle 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, theyatest 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 saturaiegles is influenced by three main
mechanisms: mineral grain shrinkage, icqersgth enhancement, and water/ice interaction with
rocks. Microcrackscausesignificant 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) invedtigate
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 sandstoneasergith increasing confining pressure;
however, the peak strength and elastic modulus of frozen red sandstone increase with decreasing
temperature, buthe temperature has little effect on the peak strain at a lower tempertere,
biting force between meral and friction angle plays a significant role in rock mass strength; in
contrast, at lower temperatureAs illustrated in Fig. 2, the frozen red sandstone deformation
characteristics are split into four stages: initial compaction (OA), elasbodafion (AB), plastic

yield stage (BC), and pepeak softening stage (CD).
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Fig. 2-6. Deformation process of the frozen red sands{omek skeleton deformation (blue line) and void closure
deformation (redine) (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 variati in strength between porous and crystalline rocks when they freeze.

24



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, rawealing
temperatures betwee# and 150C are most effective in inducing crack growtiermodynamic

limits prohibit ice pressure from building up significantly at higher temperatures, whereas water
migration for crack formation is restricted at lower tempaes. Yang et al. (2012) explored the
application of HoekBrown brittle parameters to frozen ground and found it applicable in low

stress conditions. In higtonstrictingstress settings, however, it did not function well.

Water saturation and freeziadfectthe 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 tmore significantgains in tensile strggth than in compressive
strength. To better understand this phenomenon, an inclusion model-rflat3spheroid was
used to calculate the fracture initiation stress around a (&wyeation2-3, Equation2-4, Equation
2-5, Equation2-6)

Equation2-3
'Y w
TPy
Equation2-4
. P
® Tp 0 PO
¢'n ‘e 55 1070
Equation2-5
5 Y
¢ I“n t1p FOro
Equation2-6
i P
ny p

Wheret and,, are the sheaiand normal stresSY is the theoretical tensile strengthtioé
body, s is the ratio dhe centrabhxis totheminor axis, G ang are the shear modulus aRdisson's
ratio of the mediumrespectively,’O and0 Are the shear modulus and Bulk modulus of the

inclusion, respectively.
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Krautblatter (2013) established modified Mdabolomb failure criteria for icdilled rock
fractures,including ice creeprockiice contactsthe friction of rough fracture surfaces, and
fracture of cohesive rock bridges. As a result, the frictional resistance of rock can be expressed as
(Equation2-7)

o Equation2-7
r — pTIY Ma, 1@+ OAD YD

i -

Whereu : critical fracture toughness, : uniaxial compressive strength,: temperature
in C,"Y: temperature in Kelvip, : joint wall compressive strength,;, 6 = Arrhenius factor A
depends mainly on ice temperature, crystal size and orientatjourjiyncontent and water content
in the ice (Paterson, 2001,),: effective normal stregs,: residual friction angle athe smooth

unweatlered rock surface, |:: water content; : peak shear strength

A.F. RottalLoria (2017) proposes a simple elastoplastic constitutive model for modeling
the nonlinear mechanical behavior of frozen silt. The model is built on a set of flow principles.
The model's usefulness for capturing the-tine@ar mechanical response of fevzsilt 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 unifom and unidirectional freezing conditions, Zhitao Lv(2018) presented the Empirical
Frost Heave Model. Thegoncludedthat saturated rocks with high porosity exhibit significant
frost heave and that frost heave increases with porosity but decreases witimeldslus growth.

As a result, the frost heave potential is determined by the combination of porosity and freezing
temperature. Thebserved frost heaving strains of saturated rock under ediinal freezing

conditiors areEquation2-8, Equation2-9)

Equation2-8
- — e € — ] 1 Q

| Y Y (T<Y )
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Equation2-9
- — m8le € —] 1 1 Q

| Y Y (T<Y )
Where-- and - The observed frost heaving strainparallel and gerpendicular to the

freezing direction.

n: porosity, : constrain coefficient, : density of rock grains, : density of waterf, *:
residual unfrozen water content, : minimum unfrozen water content at freezing pdivit a:
material parameter, : thermal expansion coefficient, T: freezing temperatMrdreezing point

of pore water,Y : initial temperaure of rock, K: anisotropic frost heave coefficient

Shibing Huang(2018) suggested a new coupld-W1 model for freezing rock, which
considerscrucial parameters such as unfrozen water content, ice pressure, permeability, thermal
conductivity, and vlumetric strain. They considered energy conservation, continuity, and

equilibrium equations in their calatlons.

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 streagiratéd silty
mudstone was shown to be related to temperature in a parabolic relationship. The influence of
temperature on compressive peak strengthmae significanthan the influence of loading rate.

They devised an empirical prediction model toatiée the link between compressive peak
strength, axial strain at peak strength, temperature, and loadingEatation2-10, Equation
2-11)

Equation2-10
., . A@DPYpmn plcht Q°YQ

] QY o Equation2-11
Where
AdAT I DOARMBOAAT GBEA OO @A OM O & d Wknatural
compressive peak strength, MPa, T: temperature,IGading rate, MPa/s, d,e: fitting coefficients,

- : axial strain at peak strength,%

Tounsi et al. (2019) proposed a fully coupled thehmgdro-mechanical model based on in
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situ temperature and displacement monitoring data acquired in Canada's Ceyantakground

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 ghhsseporous media
because it is initially fully saturated with water ahdr frozen (Coussy 2005).

3 Materials and Methods

A material testing program including Uniaxial compressive strength (UCS), Brazilian test,
water absorption test, Point load teahd Ultrasonic wave velocity tesExperiments were
performed based ofSRM (1985, 2007) and ASTM (1995) suggested methdtie studied
materials include highly porous limestone, Miocene limestané Miocene rhyolite tuff, Mar]s

Moragy Granitic Rock Formation (Hungary)

3.1 The dfect of water saturation onthe mechanical properties ofrock

We analyzedmany laboratory tests of high porosity Hungaridhiocene limestones to
examine the effect of water content on uniaxial compressive strength, tensile stveagthn g 6 s
modulus, rigidity, Hoekbrown material constajand MohrCoulomb 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 (nam#ig modulus ratip is independent of the
water content. Unfortunately, there is no information about the influence of the water content on

Poi s s o fi pgo novattwasaot 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 fdine uniaxial compressive tesand the others were
selected fothe Brazlian test. Samples were categorized into three groups, dry, satuaated
frozen. The tests were carried out in different petrophysical stateslfy.ewatersaturategand
frozenconditiors after water saturation). Ultrasonic pulse velocity maasured on all specimens
andwater absorption tests were recorded on selected sanipksfsozen samples were tested
watersaturated rock samples cooled20 °C. The tests were made according to ISXMlusay

and Hudson 2006uggested methods.
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The el astic modul umwerekEgdlculateddrheRalue sfitt &/acdildrasonet i o  (
wavevelocity is calculated based on tA8 TM (2005) suggested method

A standard testletermineghe water absorption coefficient due to capillary act®amples are
drying to constant mass, and then one face of the specimens is immersed in watpthaviaIle

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 chatigeabsorbed
amount of water in time. The increase in mass was recovdater absorption coefficient AW
characterizes capillaritgccording tdEquation3-1:

o a a ..., . Equation3-1
0 e QKIX QS q

olo

Where mx weight of absorbed water per unit area (Ig/and OO , square root of time andim
weight of the specimen attime. The water absorption coefficient expresses the rate of capillarity
actionat a particulartime. Aw is mathematically defined as a tangent to capillary water content
function by Sicakova et a(2017). A typical water absorption curve is showrFig. 3-2. The
range of Av is between 3.31 and 6.8Bhe wsual methods for conducig tests are shown jrFig.

3-3.
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Fig. 3-2. Typical water absorption curver differenthighly porous limestongpecimer(Davarpanah et al. 2020a)

Fig. 3-3. a) uniaxial compressive test b) ultrasonic wave velocity test c) Brazilian test d)aateption
(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: Miocdingestone and Nbcene rhyolite tuff. ig.
3-4. Cylindrical samples othelly Miocene limestone (left) and rhyolite tufight) (T6rok et
al.201§.) The rhyolite tuff samples from Eger represent a common lithotype dfidtgary with
well described meclmécal properties (Vasarhelyi 2002; Torok and Barsi 20M0. lithotypes of
Miocene limestone from the Soskut quarry were chosen for the tests: a rggdined and a
coarsegrained bioclastic one that contains shell fragmedésailed lithological descriptions of
the porous limestone is given by Torok (20@@3ylindrical test specimens of 5 cm diameter were
used for the laboratory tests. Density and ultrasonic pulse wave velocity were measured in different
petrophysical statdse., dry, watersaturatedand frozen states after water saturatidhefrozen
samples were testemh waters at ur at ed r oc k s alUnpdnfmed caanpressived t o
tests measured t he sstThelabgratdry inrestdjationem cagiédout mo d u |
according to the ISRMuggested methods (Ulusay and Hudson 2006). Altogether 30 limestone,

12 rhyolite tuff andsevenice samples were tested.

Fig. 3-4. Cylindrical samples aghelly Miocene limestone (left) and rhyolite tuiglt) (Tordket al.2018.
3.4 Physical and mechanical characteristics of marl samplaesnder freezing
Investigated marl specimens were taken from Part of Budapest Metro pagsthginder
the Danube riveiThe mechanical behavior of the Buda Matrl lies betweehk and soil; therefore,
it is appropriate to define it as weak rock and strong soil. Calcareous marl resembles a-medium
strong or strong rockyhich behaves like a weak on&.detailed description dhis material was

published by Go6rog (2007). As shownrFig. 3-5, the freezing techniquarovidedsupport during
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tunnel excavation.

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

then watersaturategieces wereplacedat freezingtemperature-g0 degres) for 72 hours.

Onthesitethe process i s, i n general, di vided i
p h a smaich,ends when the soil or rock achieves the design temperature needed to start the
excavation, and a fAmaintenance phaseo, whi ch
temperature constant during the excavat{®occa, 2011)

Depending orthe 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 temperafife of
C and released in the atmosphere in gaseous phase at a temperature-89weand-170 C;
(i) 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 betw#®erC andi 40 C. A
combination of the two previous methods is known as a mixetthod, 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 tun
phases:
Phase 1 Nitr ogen: niffdyen at@am ind tensperaturecof abod@b °Cyi t h
While the expected outlet temperature is aroiutitD °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)
Phas Waiting: At the end of nitrogen feeding,
brine feeding, and to avoid brine freezing inside the probes;
Phase 3 Brine: Mai ntaining the | examingtio8 ckness
with brine, at a temgrature of abow35 C. Phase 3 is used during the tunnel excavation
maintain the soil temperature below water freezing oveemtahe, and the desired thickness of

the frozen wall.

Therefore, itis essential to make an accurate estimate of the maahgmoperties of frozen

samples for designing a support system and analysis.
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i .
Fig. 3-5. Freezing technique to prova@xcavation support for the tunnel (Metro Lind8ddapest)Davarpanah et
al. 2021a)

Several tests were carried out in tBepartment of Engineering Geology and Geotechnics
laboratoryof BME university on the calcareous type of Buda Marl formation. Thardabry tests
included firstly nordestructive tests, such as the measurements of density and ultrasonic pulse
wave velocities in different petrophysical states, and destructive, ®msth as Uniaxial
Compressive Strength (UCS), the tensile strengthduBiazilian test), and point load test (PLT).

To determine the mechanical properties of investigated rock sar@@leglindrical marl samples

were prepared (btihreesamples failed in the water saturation stage before the test), so 36 samples
were availéle for the uniaxial compressive test from which 12 sampésein dry condition, 11
samples in saturatestateand 13 samples ithe frozen statewere tested. The samples were
between 49 and 49.72 mm in diameter and 75 and 107.18 mm in height. SjmRasgmples

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 PLFdesteightpointload tests were
carriedout Thefrozen samples were tedten watersaturated rock samples cooled20 °C. The

tests were made according to ISR§L985, 2007) suggested methods.

The int load test (PLT), which was first designed hgdRmuth(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, 20807d ASTM (1995)o calculatds. The point load test
allows the determination of the uncorrected point load strength indlek (hust be corrected to
the standard equivalent diameter)Df 50 mm.The correction is unnecessary if the core being

testal is "near"” 50 mm in diameter (like NX coréllhe procedure for size correction can be
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obtained graphically or mathematically as outlined by the ISRM procdéanestion 3-2,
Equation3-3, Equation3-4, Equation3-5).

| P Equation3-2
sT 2
De
> _4hD Equation3-3
=T
_ é,De 0’-\35 Equation3-4
&50
1,(50)=F 9 Equation3-5

Where }, is the point load strength index in MPa, P is the failure lo&dNipand Qb is the
equivalent diameter in mnthis papeiperformedthe point load tedson halfcut broken samples,

as presented iRig. 3-6.

(@) (b)

Fig. 3-6. (a) halfcut broken sample after tensile strength test; (b) A typical point load test sdrthee

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

Laboratory samples originated from research boreholes deepened in carboniferous Méragy
Granite Formation during the research and construction phaaeteep geological repository of
low and intermediatéevel radioactive waste. This granite formatioraisarboniferous intruded
and displaced Variscan granite pluton in Sewtbst Hungary. The main rock types are microcline
megacrysbearing, mediungrained, biotitemonzogranites, and quartz monzonites (Buda 1985)
(Fig. 3-7). From a spatial viewpoint, the monzogranitic rocks generally comteahkshaped,
variably elongated monzonite enclaves (predominantly amphibolite monzonites, diorites,
andsyenites) of various sig¢from a few cm to several hundred ) reflecting the mixing and
mingling of two magmas with different composition. Feldsgaartzrich leucocratic dykes
belonging to the latstage magmatic evolution and Late Cretaceou$ytacand tephryte dykes
crosscut all previously described rock types (Kiraly E., Koroknai B., 2004). In gefracalired
but fresh rock is commosparsely intersected by fault zones vaflew metes thick clay gauges.

Intense clay mineralization in tli@ult cores indicates a legrade hydrothermal alteration.

o -

Fig. 3-7. Main types of rock samplesbamegacrysbearing, mediungrained, biotitemonzogranites, c:medium
grained, biotitemonzogranis with elongated monzonitic enclaves, d: quartz monZdpétearpanah et al. 2019)

o — = b C

The samples were tested using a compcoetrolled servenydraulic machine in
continuous load control mode. Tleading magnitude was settled in kN with 0.01 accuracy, and
the loading ratevas 0.6 kN/s. Axial and tangential deformatioaswneasured by strain gauges
that measure the deformatioah we e n 1 to b of the samplebs hei
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 (Heead darethe length and diameter
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of a sample, respectively) were prepalgdy. 3-8)

Fig. 3-8. A prepared samplat the beginning of the UC8st(Davarpanah et al. 2019)

Thevaluesof angent YourOg 0isdefineddsithewslspe ¢f a line tangent to
the stressstrain curve at a fixed percentage (50%) of the ultimate strength, ItheeofaAverage
Youngos Odaddiinedas the slope of the straijhe part of the stresstrain curve, the
val ue of SecantO Yiodefineg assthe siapel afthedise from the origin (usually
point (0; 0)) to some fixed percage of ultimate strengttsually, 50 %and Poi ss) nds
were calculated using linear regressions along linear portions ofi stxegsstrain curves and
radial straifiaxial strain curves, respectivelyhe International Society for Rock Mechanics
suggests three standard methods for its determination (Ulusay and HudsonTBe0@lue of
"O ,"0 andv ,0 They ae calculated based on the following equatid&sjuation3-6,
Equation3-7).

Equation3-6

Equation3-7

op ¢

=x

The values of crack initiation stressqj and crack damage stressd were calculated
based on the following methods:

-Onset dilatancy method
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Brace (1966) illustrated th#tecrackinitiation threshold is visible on the aXiablumetric
strain curve when it diverges from the straight lirig( 3-9). In practiceadlight deviaton of the
stressvolumetric strain curve from the straight line can make some difficult to define one point

determining therack initiation threshold

o (MPa)
175

failure stress level

/ crack damage stress ley
150

Volumetric

crack initiation stress level

-0.12 -0.07 -0.02 0.03 ¢ (%fJ.OS 0.13 0.18 0.23 0.28

Fig. 3-9. Axial stresévolumetric strain curvevith the threshold of crack initiation and crack damage and failure
stress for Hungarian granitic samples (uniaxial compression d@d@yarpanah et al. 2019)

-Crack volumetric strain method

Martin and Chandler (1994) proposed that ciiadiation could be determined using a plot
of crack volumetric strain versus axial strdhig 3-10) according tdEquation3-8, Equation3-9,
andEquation3-10.

Equation3-8
ev=e1+ 28, (%)

Equation3-9
- @)

Equation3-10
- - 0» CH ’(%)

€y, @: axial and lateradtrain, 00)

S1, S3: axial and confiningtress IPa)

E.n;Youngds modulus and Poisdgdonds ratio, respec
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Crack volumetric straipvcr is calculated as a difference of the elastic volumetric sttain
and volumetric straipy determined in the testrack volumetric strain is calculateadsed onhese

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

not give objective values.

0.02 =

crack initiation strain

(X1 0.25 03

Axial strain(%)
-0.02 4

-0.04 4

-0.06

Crack voumetric strain(%)

-0.08 T

-0.1

-0.12
Fig. 3-10. Crack volumetric strain method for crack initiation threshdetermination for Hungarian granitic rock
sample (uniaxial compression cagBavarpanah et al. 2019)
- Change of Poissoné6és ratio method

Diederichs (2003) proposecteack initiation threshold identification methbdsed orhe
changgnPoi sson6s ratio. The onset ofzinggheeelation i ni t i

of Poissonbs ratio, evaluatFgd3-ll).ocally, to the

0.5

0.45

=
=

0.35

03 crack initiation point

Awerenging incremental poisson's ratio
5
h

1.0 10.0 100.0 1000.0
log oy (MPa)

Fig. 3-11. Poi ssonds ratio method for crack initiation thre
(uniaxial compression &) (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 anddynamic deformation moduli of different rocks

An accurate estimate t¢iie geomechanical properties of rocks is crucial for almost any
form of design and analysis in geomechanical projétasy authors have studied rocks' strength
and deformation behavigKiong et al. 2019)Yang et al. 2016; Zhao et al. 2017; Ranjith et al.
2004; Rahimi and Nygaard 2018; Davarpanah et al. Ba&zovski and Van 2017

Among these propertiethe modulus of elasticityE), modulus of rigidity ), and bulk
modulus K) are the basic parameters used in rock engineering. There astatvdardnethods
to calculate the moduli: destructive and fa@structive procedures. In the destructive one, moduli
are calculated from the stressain curves of the rock material. Thisalaracteristic of the
modulus of elasticity. For the natestructive one, the most common method is an ultrasonic test,

measuring both longitudinal and shear wave velocities.

Measuring the longitudinal and shear wave velocities, the dynefastic material
parameters for isotropic and ideal elastic rocks are calculated with the help of the following
formula (Martinez et al2012) (Equation3-11, Equation3-12, Equation3-13, Equation3-14)

Equation3-11

W oW W

0 ’
()
) i Equation3-12
: W cw
C W 0
) 0 Equation3-13
O - @
¢p T
0 Equation3-14
op ¢
Edyn= dynamic modulus of elasticity, GPag/&= dynamic modulus of rigidity, GPa,d¥s =
dynamic bulk modulus, GPa AUT AD EBICOA Q@i AAT 6EQ®
OEAGNMO THAIE@eU 1 1 1 CE GO AMHITAAEDHA | THAIED U
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There are sever al relationships between
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 nodinear groups.

For this study, 40 samples affdrentrocks {gneous, sedimentargnd metamorphic) from
the literature weranalyed (Lama and Vutukuri 1978). Data were classified according to rock

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

3.7 Youngb modulusa nd P o ratiosfar imtacsstratified rocks

The rock materials discussed in tpeper(Davarpanatet al. 2020)are from the surface
and underground mining projects in two distinctly different geological, environmental, and
climatic settings Kig. 3-12). In Project 1, weathered to fresh, calcarecausd argillaceous
siltstones, sandstonesd quartzites from Proterozoic stratigraphy in the Yeneena Supergroup are
found from the surface down to approximately 1,2@€tres depth in the Great Sandy Desert of
Wesern 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 Deg#vestern
Australia; 2: Large ope#pit coppergold mine in the Star Mountains of Papua New Guinea (P(@@yarpanah 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 dn&i€rs depth in the Western
Province of Papua New Guinea (PNG), a high rainfall, tropical region. Thmesdry 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 266 raetl
extend regionally across several kilonest Themonzonite porphyry and monzodiorite intrusions
are 1.2 and 2.6 million years old, respectively. Skarns and endoskarns that host copper
mineralization vere formed by the intrusive rocks' metasomatism aadimentary hosts. Both
project sites have similaigs in recent phase tectonic deformations involving intrusions uplifting
sedimentary sequences, causing local folding to form 'dbaseshown irFig. 3-13. In Project 1
(Yeneena Supergroup), the intrusion is deep and has not reached the mining area ofrsurface.
contrast, in Project 2, the Sydney Monzodiorite and Fubilan Monzonite Porphyrsiams have

reached the surface.

Legend

Project 1:

I Siltstone (Highly Weathered)
Siltstone (Moderately Weathered)
Siltstone (Slightly Weathered)

I Sandstone
I Quartzite

Project 2:
Upper Darai Limestone

Upper leru Siltstone
Lower Darai Limestone
Lower leru Siltstone
Fubilan Monzonite Porphyry
Sydney Monzodiorite
I skarn and Endoskarn
I Thrust Faults

900 m

Fig. 3-13 Typical Lithostratigraphic CrosSections of Open Pit Minedl: Gold mine in the Great Sandy Desert of
Western Australia; 2: Coppegold mine in the Star Mountas of PNGDavarpanah et al20209

Site investigations for both regions comprised sev@l@mnetresof diamond core drilling
from the surface and underground where surface terrain or existing excavations permitted access.

Diamond drilling wassupplemented with regional and borehole geophysical surneysuécrop

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

context.

Fig. 3-14 Rock outcrops from the Western Province of Papua New Guintalimestone; B: siltstone; C:
monzodiorite; Drill core trays (1m length) from Telfer in Western Australiz highly weathered siltstone; E:
moderately weathered siltstone; F: sandstone; @artgitDavarpanah et al. 2020d)

In Perth, Australia, sixbgight uniaxial compressive tests were performed in the rock mechanics

laboratory at EPrecision Laboratory Pty Lid he cylindricalshaped rock samples adhered to the

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

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

A

o To Do Do

Secant Youngho%® (EBrodul us (O
Tangent Youngdéds modul us (E
Secant Poi(l0S®®n)0os ratio

Tangent Pomwssonodos ratio (

Uniaxial Compressive Strength

3.8 Characterization of Hoeki Brown constant 0 for intact rock

The Hoek Brown failure criterion is widely used in rock mechanics and rock engineering

practice for determining the strength of brittle intact rock and rock ma$sek.and Brown 1980

introduced this notlinear semiempirical failure criterionand the fdlowing form was suggested

for intact rock Equation3-15):
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Equation3-15

where, and, are major and minor principal stress at failure, respectinglytheHoek
Brown material constant and It is the uniaxial compressive strength of intact rock. According

to EQ. 1, two independent parameters are necessangly the:
1 Uniaxial compressive strength {

1 Hoek Brown material constant of the intact rock)(

Although several practical, empirical, and probabilistic approaches have been presented in
the literature to address uniaxial compressive strength ((®arpanah et al. 202Bloek and
Brown 1997 Hoek et al. 2013Vasarhelyi and Kovacs 2016ndWen et al. 202)) the accurate
determination ofm is still challenging taskVany factors, such as mineral composition, grain size,
and rockcementation influence.iGenerallym presents curvefitting parameter fothe Hoek

Brown failure envelopéHoek and Marmos 2000.

So far, different approaches such the rigidity index method (Rndex), 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 ofm. This study aims to thoroughly review the previously existipgyocedurs to
calculate the value ofi andcompare the obtaina@sults to propose the new material constants

thatbest fitthe experimental data.

A wide range of data from literature lfyan andVasarhelyi 2013 were selected and
analyzed.The Statistical analyses of the measuned values for different rock types are

summarized imable3-1.

Table3-1 Summary of the measuredfor a different group ofocks(Davarpanah et al. 2021b)

ook tve Number Measuredn
P of datasets 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 freezethaw and water saturation on mechanical
properties of rocks
According toFig. 4-1, it is evident that the strength at zero water cordefd) = a +c,
and the strength at full saturatisg(sat) =c(sat) Parameteb is a dimensionless constant defining

the rate of strength loss with increasing water corftéatvkins and McConnellL992).

a7y
o=a*exp(—bw)+c

- )
E \‘

=1 c _—
%

&

=
A

(PP
L7
in

0 0.5 l 15 2 235

water content(%)

Fig. 4-1. Influence of the water content on the strength of the irathematicurve (Hawkins and McConnell,
1992)

The generalized HoeRrown failure criterion for jointed rock masses is defined by
Hoek (2002)Equation4-1)
Equation4-1
S3

. & s 0
S1=S3+s g, —+13
¢ Sa =

Wheres16 a&#®d are the maxi mum and mini myuym eff e

and the HoelBrown parametersy, s,anda areEquationd-2, Equation4-3, Equation4-4):

6s1100 Equation4-2
m, = me 2814
651100 Equation4-3
s=g 92D
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Equation4-4

a:}+%(e-esv15_

; -20/3)

e

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.

GSilis the Geological Strength Index, which can be calculated frostrineture of the
rock mass and the joint surface quality (Hoek 20@&éarhelyi2016). 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 theexperimental results, the dry and saturated mechanical parameters ratio is
constantndis rock material dependent. It should be mentioned that similar results were obtained
for different environmental effects (Aydan et al. 20&)cording to theempirical equations, the
mechanical parameters of the rock mass similarly depend on the water content than the intact rock
(Vasarhelyi et al., 2017). It means the exact determination of the rock mass quality (e.g.,
Geological Strength IndéxGSI or Rock Miss Raté RMR) isessentiafor the calculationof the
mechanical behavior of the rock mass but does not influence the water content. Van and Vasarhelyi
(2019 calculated the sensitivity of GBlased equations, and it was found that these relationships
are highly dependent on the input parameters changing one parameter the3if@l results may
vary more than 50 %The results of Hungarian MiocerenestongéVasarhelyi2005,British
sandstones (Hawkins and McConnell 1992séarhelyi and Van 2006/asarfkelyi 2003, and
rhyolitic tuffs from Eger (Hungary)X(leb andVaséarhelyi 2003yere analyzed. Still, similar results
were found for other Hungarian tuffs (Vasarhelyi 2002). These results can be used in general
(Romana and Véaséarhelyi 2007). Notably, for arenprecise and fundamental description of the
mechanical behavior of rock, one should apply-aquilibrium continuum thermodynamics along
the lines of(Asszonyi et al. 2016 and Asszonyi et al. 20a6d beyond. The similarity of the
regression lines forhe 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 (Van 200).

Test result®f porous limestonare summarized in Tab#el, 4-2, and 43 for dry, saturated, and

frozen conditions.
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Table4-1. Mechanical properties of dgamplegDavarpanah et al. 2020a)

Rock n , E Sc Camax Mg Ultrasonic ~ Water abs.
sample o4 (GPa) 0 wave velocity coefficient
wa (MPa) (%) (km/s)
8 0.3 1.49 0.2 2.17 0.8 92.17 2.55 5.37
12 0.44 15 0.66 3.13 0.7 210.86 2.73 5.24
20 039 152 0.91 2.63 0.34 346.01 2.73 3.31
23 037 154 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 0.2 151 0.94 2.27 0.7 41410 2.79 5.42
Table4-2. Mechanical properties of saturatsdmplegDavarpanah et al. 2020a)
Rock n , E Sc Gamax Mg Ultrasonic ~ Water abs.
sample oa (GPa) 0 wave velocity coefficient
wa (MPa) (%) (km/s)
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
Table4-3. Mechanical properties of frozemamplegDavarpanah et al. 2020a)
RockI n , ( E ) Se emax MR UItrasoInic Watf$r abs.
sample o4 GPa 0 wave velocity coefficient
wa (MPa) (%) (km/s)
18 0.12 1.68 0.88 10 1.07 88.00 4.25 5.60
15 052 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
13 048 1.71 1.32 9.84 1.98 134.15 4.41 5.04
28 029 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 Tablnferdrydampiesis @tvger 0.20ahd 0B,0 i1 S S ¢
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, saturateplesmre between 123.18 and

253.78, and frozen samples are between 26.93 and 144.15. The rangerodry samples is

between 1.95 and 3.13 (MPa), saturated sangiebetween 1.49 and 2.5 (MPa), and frozen
samplesare between 9.45 and 12.5 (MPa). Adar relationshighas been discovered between

density, uniaxial compressive strength, tensile strength, elasticity modyle, M nd Poi ssoné.
(n). Fig. 4-2illustrates the relationship between uniaxial compressive strength and density in dry,

saturated, and freezing conditions.
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* dry highly porous limestone
saturated highly porous limestone
Irozen highly porous limestone

12 1 Lincar (frozen highly porous limestonce)

a¢(Mpa)
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Fig. 4-2. Uniaxial compressive strength of highly porous limestone as a function of density (drysatatated,
and frozerstates)Davarpanah et al. 2020a)

There is a linear correlation between uniaxial compressive strength and density in freezing
conditions (R = 0.6); however, in dry and saturated samples, these parameters show a very weak
relationship (R = 0.05 and 0.0Irespectively) Table4-4). The maximum uniaxial compressive

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

Table4-4. Uniaxial compressive strength of the highly porous limestone as a detisigar function(Davarpanah
et al. 2020a)

Rock type state a b R?
Highly porous limestone dry -4.6 9.51 0.05
saturated 2.10 -1.10 0.01

frozen 55.64 -73.72 0.6

Therelationship between tensile stress and density shows another trend. A good correlation
with R? = 0.86 exists for saturated specimens, but dry and frozen ones have weak corréiations (
4-3 andTable4-5). It means that the effect of density on tensile strength in saturatdii@os 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-satbexrted, and frozen)
(Davarpanah et al. 2020a)

Table4-5. Tensile strength of the highly porous limestone as a function of detisigar function(Davarpanah et

al. 2020a)
Rock type state a b R?
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 grablgc 4-4). From
this, it can be understood that there is a better correlation between these parameters in saturated
conditions (R = 0.53) than in dry and frozen conditiof@ble4-6). In other words, the effect of

density on elasticity modulus in the saturated state is more expressed than in dry armh&szen

» dry highly porous limestone
1.2 4 » saturated highly porous limestone

frozen highly porous limestone

0.8 1

E(GPa)

0.6 1 .
0.4 4 “ _ -_“_—:__7__"-_-

0.2 1

1.48 1.49 1.5 1.51 1.52 1.53 1.54 1.55 1.56

dcnsit_\'(%]

Fig. 4-4. Modulus of elasticity of the highly porous limestone as a function of dénsigar function
(Davarpanah et al. 2020a)
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Table4-6. Elasticity module of the highly porous limestone as a function of dénsisar function(Davarpanah et

al. 2020a)
Rock type state a b Y
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 goodcorrelation between density andkMas found in a saturated conditi¢R? = 0.53)
while the relationship between these parameters in dry and frozen conditions iFigeak3
andTable4-7). Also, unlike the previously studied relationships, in this graph, the\a the

physical parameter in the frozen condition is less than in other conditions.
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1.48 1.49 1.5 1.51 1.52 1.53 1.54 1.55 1.56
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Fig. 4-5. Modulus of elasticity of the highly porous limestone as a délisiar function(Davarpanah et al.
2020a)

Table4-7. Modulus of elasticity of the highly porous limestone as a function of dédsigar function
(Davarpanah et al. 2020a)

Rock type state a b R
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 matieés also calculatedrig. 4-6). A
weak correlation between these parameters was documented in freezing condftior®s IR
(Table4-8).

49



0.6 1
= dry highly porous limestone

» saturated highly pargus limestone

05 ¢+

frozen highly porous limestone

04 +

03 1

0.2 v

0.1 +

148 1.49 1.5 1.51 1.52 1.53 1.54 1.55 1.56

dcnsit)'[%)

Fig. 4-6. Poi ssonbs ratio of the hi ghilpearfuaction(@avarpanametalt one as

2020a)
Table4-8. The Poissob gtio of the highly porous limestone asunction of densitilinear function(Davarpanah
et al. 2020a)
Rock type state a b R
Highly porous limestone dry 0.25 -0.037 0.003
saturated -2.57 411 0.2
frozen 3.57 5.08 0.22

The relationship between density and ultrasonic wave veldi¢igys for frozen and water
saturated specimenBi¢. 4-7). The parameters of saturated samples show some correlation (R
0.42), but density and ultrasonic pulse velocity of dry and frozen specimens have no real

correlation Table4-9).

sdry = satarated frozen

Ultrasonic wave velocity(km/sec)

+

1.48 1.49 1.5 1.51 1.52 153 1.54 1.55 1.56

0

density(%)

Fig. 4-7. Ultrasonic pulse wave velocity of the highly porous limestone as a function of ddimsiyr functon
(Davarpanah et al. 2020a)
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Table4-9. Ultrasonic pulse wave velocity of the highly porous limestone as a function of deliségr function
(Davarpanah et al. 2020a)

Rock type state a b R
Highly porous dry 2.214 -0.66 0.11
limestone
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 R= 0.6 in frozen conditions, but these parameters do not connect well in dry
and saturated conditions{R 0.05 and 0.01, respectively). It means that the effect of density on
the strength in freezing conditions is mardluential. The maximum uniaxial ompressive
strength of samples in the frozen condition is about 13 MP&agr®d2,7 MPa in dry and saturated,
respectively. Namely, the strength in the frozen state is about 80 % more tihedrinand 65 %
more than in saturated conditioridnlike the uniaxial compressive strength, in the Brazilian
(tensile) test, there was not a good correlatioth@frozen condition (R= 0.05), but a good
correlation was found ithe saturated condition @= 0.8). The effect of density in saturated
conditions onénsile strength is more notable, whereas this was not observed in dry conditions.
Considering the modulus of elasticity, there is a correlation in saturated condiien@.8Rrather

than dry and frozen conditions{R 0.02 and 0.001, respectively).

In case ofmiddle-grained, bioclastidimestone rhyolitic tuff, a linear relationship was
found between the dry and saturated/frozen densities. Itpassible to calculate a linear
regression between the dry density of the rock and both the saturatedbzerd density, i.e.
(Equation4-5)

Equation4-5
rizarq+b

Wherer ¢ andr i are the sample's dry density and saturated or frozen density, respectively,

a and b are material constants. The obtained values are summariadditih-10.
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Table4-10. Calculated linear equations for the density of the sample in the case ofsatiested and frozestates
(Torok et al. 208)

rock type state a b R?

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 (Torok et al. 2010). According to the published data, the ultrasonic
pulse wave velocity of the ice a4°C is 3.25 km/sec (Andersland @&t 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 Table4-11).

Table4-11. Calculated the linear equation in case of ultrasonic waslecityTorok et al. 2018)

Rock type a b R?

Limestone 4.3486 -4.4767 0.695
Rhyolite tuff 1.5722 -0.6068 0.598
Ice 49942 -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 straintesitgerature, porosity, crystal

size, and structure. Pure ice is typically polycrystalline with random crystal orientation whose
response to deviatory stress can be represented by alpawenreep equation. For short loading
periods, polycrystalline ice haves 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 26WdiPRthe 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 mglar the published valueBhe strength of the porous limestone
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decreases after water saturation but increases when it is ftbeéss( was carried out &20 °C).

All measured strength of the limestone samples is plotteddassity functionand botHinear
and exponential functions exigtig. 4-8). Using the linear equation for determining the strength
of the limestone as a function of the density is as foll&giationd-6):

Equation4-6
s=ar +b

The calculated material constants (a and b) are summariZediad-12. Using the exponential
equation Equationd-7):

- Equation4-7

A GA q

The material constants (c andade summarized and rock type depend€&able4-13).

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 ggevious
published resultdy Vaséarhelyi (2005). The strength of the frozen saturated limestone is much
higher than that of the saturated of&gy( 5-2). Thedry uniaxial compressive strength of the
mediumgrained limestone is higher tharathof the bioclastic limestone since the forrhas a

more homogeneous microfabric. The opposite was observed when frozen samples were tested.
Namely the bioclastic limestenhas higher strength in freezing conditions. The strength of the
bioclastic limestone increases 4.3 times compared to the dry strength.

18

” ALA limestone
v . .
14 — + dry bioclastic
o coarse
2! " o mdry medium-gri
A
10 ° , sat. bioclastic

coarse
o sat.medium-gri

¢ A frozen biocl.
. . coarse
¢ o frozen

2 a0 = medium-gri

1580 1,600 1620 1.640 1.660 1,680
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Fig. 4-8. Strength of the Miocene limestone in the function ofityefisy, saturatedand frozerstates] Téroket al
.2018)
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Table4-12. Strength of the Miocene limestone in the function of dehditygar function (Eq. 46)

rock type state a b R?

Bioclastic Imst  dry 55.791 -87.74 0.580
Middle-grained dry 64.015 -98.945 0.984
Bioclastic Imst  saturated 24.073 -37.165 0.924
Middle-gained  saturated 34.956 -53.986 0.511
Bioclastic Imst  frozen 108.64 -163.04 0.895
Middle-grained frozen 91.184 -136.03 0.975

Table4-13. Strength of the limestone in the function of deriséyponential function (Eq.-4)

rock type state c d R?

Bioclastic Imst  dry 8e15 20.622 0.603
Middle-grained dry 7E-11 15.397 0.961
Bioclastic Imst  saturated 8E-10 13.276 0.905
Middle-gained  saturated 2E-08 11.494 0.505
Bioclastic Imst  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 calculateduasaon of the
density Fig. 4-9) using linear and exponential regressions. The material constants are summarized

in

Table4-14 andTable4-15, respectively.

16 ¢

=
S

| =g |
o b

strength [MiPa)
o

# dry
B saturated
E_ i
s frozen
- o = *l S— -
2} m g E
1,300 1,350 1,400 1,850 1,500 1550
density [g/sm®)

Fig. 4-9. Strength of the rhyolite tuff as a function of the density (dry, veatierrated, and frozestates) Torok et
al .2018)
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Table4-14. Strength of the rhyolitic tuff in the function of the derisiipear regressionTorék et al. 2018)

state a b R?

dry 3.3707 -0.6447 0.704
watersaturated 7.4471 -8.6623 0.637
frozen 44,7340 -52.2550 0.973

Table4-15. Strength of the rhyolitic tuff in the function of the derisiégxponentiategressionToérok et al. 2018)

state c d R?

dry 1.2977 0.8163 0.719
watersaturated 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 reyuiff was already documented
(Véasarhelyi 2002)The rhyolite tuff is a product of the Inner Carpathian volcanism (Lukacs2018)
and samples from Eger represent a common lithotype oHWOgary with well described
mechanical properties (Vasarhelyi 2002; Toaid Barsi 2018)Compared to bioclastic limestone
(Fig. 49), water saturation and frost cause a smaller change in strength-{B)gThe difference
is related to the tuff's micsfabric, which containsnany micro-pores and very porous pumice
clasts(Torok et al. 2007, Stick et al. 200&ompared to sandstones (Vasarhelyi 2003), the
strength of dry and watesaturated conditions changssnuch higher. Our results show that the
changes in the strength of frozen vs. {fimzen specimens are more significanporous stones

than that soils (Esmaeikalak 2018).

In fact, he tests of frozen porous limestone and rhyolite tuff samplesdisihre idea that
in frozen rocks, the igevith its crystallization pressureause micrecracking and leads to a lower
compressive strength. On the contrary, much higher strength was measured on frozen porous rocks
(limestone, bioclastic limestone, andyolite tuff). The ice has a strength close to the samples'
watersaturated strength values. Thus, the strength of the ice, dry, anesatai@ted porous rocks
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isr el ati but when the rocksotharr e fro

vely small ,
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 sasseind tunnels or deep

foundations.

In case of marl samplesdtest results are summarizedTiable4-16, Table4-17, Table
4-18, Table4-19, Table4-20, andTable4-21. As evident, the compaction stage can be shortened
with the temperaturereduction 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 exhibigl i4-10.

Table4-16. Mechanical properties of dgamplegDavarpanah et al. 2021a)

Rock , U E(GPa) 5.4 Sty Gmax@ MR@ Ultrasonic Rigidity
sample wa (MPa) (MPa) (%) Ve|VC\)/2I\t/;(d) (Scy Sta)
(km/s)
U10 2.47 6.20 28.17 4.20 1.26 220.11 2.83 6.71
Ull 2.40 3.30 2951 3.05 0.96 111.83 2.67 9.69
ul4 242 3.76 35.39 6.22 1.26 106.25 2.55 5.69
Ul6 241 3.60 28.80 6.29 1.31 125.01 2.29 4.58
U2 2.47 8.60 3752 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 2715 5.28 0.78 162.04 2.86 5.14
U3l 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 2848 4.25 0.99 69.17 3.47 6.7
us 2.35 3.88 2755 551 0.94 140.82 2.33 5.00
U6 242 1.82 2714 6.02 1.72 67.05 2.12 4,51
Table4-17. Statistical analysis of drygamplegDavarpanah et al. 2021a)
" ﬁ Eq(GPa) Se() St() Eamax(d) MR(d) Ultrasonic Rigidity
wa (MPa) (MPa) (%) vel\,(\)lgi\tlg(d) (Scy St
(km/s)
min 2.35 1.63 23.58 3.05 0.63 61.37 2.12 451
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
Table4-18. Mechanical properties of saturatedmplegDavarpanah et al. 2021a)
Rock , 1 E(GPa) s Sy @maqs Mre  Ultrasonic  Rigidity
sample W A (MPa) (MPa) (%) verggi\{i(s) (Sc(s) Sts)
(km/s)
ul2 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
uz7 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 1436 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 0.8 135.7 241 2.79
Table4-19. Statistical analysis of saturatsdmplegDavarpanah et al. 2021a)
) ﬁ E{(GPa) s St Eamax(s) Mggs) Ultrasonic  Rigidity
wa (M Pa) (Mpa) (%) Velvg(?l\{i(d) (S C(S)l SI(S))
(km/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
Table4-20. Mechanical properties of frozesamplegDavarpanah et al. 2021a)
Rock ﬂ E(GPa) s sy @maw Mrp  Ultrasonic  Rigidity
sample wa (MPa) (MPa) (%) Ve}gg}:ﬁi(f) (scw! Stp)
(km/s)
Ul 2.52 4.96 22.71 4.18 1.03 218.37 4.72 5.43
Ui13 2.50 12.70 40.65 2.83 0.61 312.44 494 14.37
ui15 251 0.64 1461 8.17 2.47 43.80 3.34 1.79
Ui18 2.49 241 20.13 4.63 1.68 119.74 4.39 4.35
u20 2.59 2.30 2440 2.56 0.85 9428 4.88 9.54
u22 2.47 2.37 1481 551 0.79 160.03 4.76 2.69
u25 2.54 151 1931 7.47 1.66 78.19 4.60 2.58
U26 2.46 2.20 2351 3.78 1.02 93.56 4.56 6.23
U3z 2.55 1.34 30.94 7.19 0.82 43.31 4.22 4.30
U35 251 0.64 9.90 7.09 1.43 64.67 3.42 1.40
U39 2.54 0.84 2341 3.89 2.57 35.89 449 6.02
u4 2.52 2.75 2547 4.01 1.04 107.97 4.53 6.35
U9 2.47 0.94 1530 3.45 1.81 61.42 4.17 4.44
Table4-21. Statistical analysis of frozesamplegDavarpanah et al. 2021a)
, ﬂ E(GPa) sy S ema@ ~ Mrp  Ultrasonic  Rigidity
wa (MPa) (MPa) (%) ve}/g)g@(f) (sco/ Stp)
(km/s)
min 2.46 0.64 9.9 2.56 0.61 35.89 3.34 14
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)
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Based on the aboyaresented tabléFable4-16, Table4-17, Table4-18, Table4-19, Table
4-20, andTable4-21), the range of module of elasticity (E) for dry samples is between 1.63 and
8.6 witha mean value of 3.83 GPa; for saturated samples is between 0.63 and 4.52 Gia with
mean value of 2.36 GPa, and for frozen das\[s 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 229.28matn value of
126.7 for saturated samples is between 94.53 and 33®i#8a mean value of 193.8and for
frozen samples is between 35.89 and 312vtH the mean value of 110.28. The ranges ofor
dry samples is between 23.58 and 37.52 atiean value of 29.62 MPa, and for saturated samples
is between 4.64 and 19.5 walmean value of 11.76 MPand for frozen samples is between 9.90
and 40.65 with the mean value of 21.93 MPa. The results of PLT tests are summariaela in
4-22, Table4-23, andTable4-24.

Table4-22. Point load test of drgamplegDavarpanah et al. 2021a)

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

B251 27.89  49.67 42.01 3.09 0.92 1.75 1.62
B25-2 2282 48,92 37.71 2.12 0.88 1.49 131
B14-1 24.08 48,56  38.60 2.03 0.89 1.36 1.21
B331 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 2.39 211
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 4711  39.65 1.83 0.90 1.17 1.05
B29-1 29.59 4931 4311 4.85 0.94 2.61 2.44
B29-2 2049  48.47 3557 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 31.33 493 44.36 3.98 0.95 2.02 1.92
B31 28.18 491 41.98 0.93 0.92 0.53 0.49
B22 20.57 4754  35.29 1.15 0.85 0.92 0.79
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Table4-23. Point load test of saturateshmple(Davarpanah et al. 2021a)

Sample D(mm) w(mm) De(mm) P(KN) F Is Is (50)
number
B7-1 25.72 49.11 40.11 1.18 0.91 0.73 0.66
B131 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
Table4-24. Point load test of frozesamplegDavarpanah et al. 2021a)

Sample numbel 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 1.72 151
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
B151 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
B351 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
B231 24.94 48.03 39.06 5.81 0.89 3.81 341
B23-2 23.52 48.6 38.16 5.65 0.89 3.88 3.44
B191 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

Analyzing data shows new linear and dmear correlations between densityiaxial
compressive strength, tensile strength, elasticity modweaM rigidity Fig. 4-11illustrates the
relationship between uniaxial compressstrength and density in dry, saturated, and freezing
conditions.Fig. 4-12 exhibits the relationship between tensile strength and density in dry,

60



saturated, and freezing conditions. The correlation is very weakgbési-26). Fig. 4-13depicts

the relationship betweevio u n g 6 s andoddnsity in slry, satated, and frozen conditions.

No correlation exists (s€Bable4-27). Fig. 4-14 exhibits the relationship between rigidity and
density in dry, saturated, and frozen conditions. There is no correlationglsiest-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. (seeTable4-29). 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. Table4-30). Fig. 4-17 shows the rigidity of marl as a function of.\As shown, there is a
strong correlation between dry conditions rather tladumrated and frozen one3aple4-31). Fig.

4-18 shows the relationship betweenz ®Modulus ratio) and maximum axial strain. As shown,
there is a stronger correlation between saturated and dry and frozen conditadmes 4{32).

Finally, Fig. 4-19 shows the relationship between unidxi@mpressive strength and Is(50). Good

correlations were observed in dry, saturated, and frozen condifi@ide §-33).
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Fig. 4-11. Uniaxial compressive strength of marl as a function of density (dry, \satarated, and frozestates
(Davarpanah et al. 2021a)
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Fig. 4-13. Modulus of elasticity of marl as a function of densitinear function(Davarpanah et al. 2021a)
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Table4-25. Uniaxial compressive strength of marl as a function of deindityear function(Davarpanah et
al. 2021a)

Fitting function Linear Exponential

Equation b= a | + Db G= oo Aexp (Rl )

Parameters a b R? Cico A Ro R?
o dry 60.1 -115.9 0.25 28.49 5.55E88 82.11 0.212
S saturated |-7.62  30.11 0.001 |6.607 O 489.81 -
@ frozen 56.86 -120.92 0.066 22.96 -3.-1E107 -99.81 0.055
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Table4-26. Tensile strength of marl as a function of derisiiyear function(Davarpanah et al. 2021a)

Fitting function Linear Exponential
Equation &= a J} + b 0= ot Aexp (R} )
Parameters a b R? Uco A Ro R?
o dry 5.21 -7.92 0.034 4.81 -3.18E91 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 -

Table4-27. Modulus of elasticity of marl as a function of densitinear function(Davarpanah et al. 2021a)

Fitting function Linear Exponential

Equation E = a J} + b E=Ec+Aexp (R} )

Parameters a b R? Eo A Ry R?
o dry 27.466 -62.8 0.22 2.84 5.58E115 107.26 0.736
T saturated -1.177 5.1 - 2143 0 -169.78 -
@ frozen -0.366 2.87 - 1.96 0 -64.28 -

Table4-28. The rigidity of marl as a function of densityinear function(Davarpanah et al. 2021a)

Fitting function Linear Exponential

Equation G,%k= a J} + b Oc/Ck= i) + Aexp (R} )

Parameters a b R? (@) A Ro R?
o dry 22.91 -48.99 0.135 6.59 -1.05E80 -78.18 0.736
S  saturated |24.32  -54.9 0.062 | 6.4 0 -140.1 -
@ frozen 26.53 -62.09 0.18 4.59 0 -217.38 -

Table4-29. Uniaxial compressive strength of marl as a functiongD&varpanah et al. 2021a)

Fitting function Linear Exponential

Equation G.=aVep+b G.= coF Aexp (RVp)

Parameters a b R? Cico A Ro R?
o dry 4.81 15.35 0.6 478.96  -463.79 -0.0107 0.185
J saturated 5.29 -5.06 0.48 -803.46 798.56 0.0065 0.48
@ frozen 6.56 -8.09 0.31 20 1.175E47 22.42 0.041

Table4-30. Tensile strength of marl as a function of \ipgvarpanah et al. 2021a)

Fitting function Linear Exponential

Equation k=aVep+Db k= w& A exp (RVp)

Parameters a b R? Cio A Ro R?
o dry 0.78 2.8 0.09 6.3 -4.83 -0.46 0.09
IS 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 Vpower and linear (dry, watesaturated and frozen states)

(Davarpanah et al. 2021a)

Fitting function Linear Exponential

Equation G, k=aVp+Db OO = /i) + A exp (B V)

Parameters a b R? (d&/lo) A Ro R?
o 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 6.44E30 14.08 0.72
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Table4-32. MR of marl as a function of straitinear and power (dry, watesaturated and frozen states)
(Davarpanah et al2021a)

Fitting function Linear Exponential
Equation Mgr= a @max+ b Mgr= Mro+ A exp (R @na)
Parameters a b R? Mro A Ro R?
o dry -0.035 0.136 0.059 0.086 0.294 -3.167 0.065
3 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 o{50) (dry, watersaturated and frozen states)
(Davarpanah et al. 2021a)

Fitting function Linear Exponential

Equation dc=alg50)+ b Oc= coF A exp (R1450))

Parameters a b R? Cico A Ro R?
o dry 6.52 19.26 0.42 8930.25 -8911 -7.33E4 0.42
:@ saturated -8.55 21.45 0.74 16.15 -1.67E28 3541 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,
Youngo0s ,andrdyidity of snarl samples under dry, saturated, and freezing conditions are
presented in Table 1,2,Bhe average maximum uniaxial compressive gfitem the frozen state
is 21.93 MPa, 86% more than saturated ones (11.76 MPa). Similarly, (Térok 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 5f4n that of the saturated one. Likewise, (Davarpanah et al.
2020) onductedsimilar 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 de 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 (Vasarhelyi 2005) for Miocerestane, which
showed a 60% loss in strength due to saturafdaoyan Ma et al. 2090

Furthermore, the correlation between Ultrasonic wave velocity (Vp) and UCS has been
studied by different authors (Turgrul and Zarif, 1999; Cobanoglu and Celik, 20a8n&tand
Singh, 2008; Diamantis et p2011; Sarkar et al2012; 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 (TaB#84). The differece in the (R 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 formulatgg=a*x+b), an interesting correlation between a and b constant with a
high determination coefficient@Ris notable [Fig. 4-20). It means that the uniaxial compressive

strength depends on the Vp only with a-paeameter formul&quationd-8, Equation4-9):

Equation4-8
Y=ax-b

Equation4-9
Y=(5.75*b"046) *x-b
Where b igherock typedependent parameter.

Table4-34. Previously published linear regression(Y=axbetween UCS (MPa) and Vp (km/h) for different rock
types in drycondition(Davarpanah et al. 2021a)

Rock type a b R? author
Igneous rocks 35.54 55 0.80 Turgrul and Zarif(1999)
Sandstondjmestone, and cement mortar 56.71 192.93 0.67 Cobanoglu and Celik(2008)
Sedimentary, metamorphic and igneous roc 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
160
140 y= 5.756x0-4671 o
- R?=0.9517
100
= 80
60
40
20 our obtained poit(19.23,19.91)
0
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Fig. 4-20. Correlation between a and b constant of the linear regression of\(fO8hder drycondition(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 coefficfpat{R.81, 0.73,
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and 0.7, respectively. Our findings agree with the published resulksdoyh i n et al . 2 (
different rock typessuch as basalt, limestone, marble, andesite, sandstone, and, gvihite
determination coefficient of 0.9. Our results are also in good accordance with the published data

by Heidari et al. 2012 for gypsum ¥odn dry and saturated conditions with a determination

coefficient of 0.94 and 0.93, respectively.

According to the result$srozen samples' average uniaxial compressive streng@th93
MPa, 86% more than saturated ones (11.76 MPa). Under freezing conditions, the cementation of
the ice and patrticles improves the integrity of the rock mass, making the rock viscoplastic and
brittle. Moreover, the strength of rock mass is thoughntrease 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 stiggh 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 compressjaontributing to more significant increases in tensile strength than
in compressive strengtAn averageY o u n g 0 s ohfrozérusanpkes is 2.74 GPa, 13% more
than saturated ones (2.36 GPH)e average rigidity of frozen sgles is 5.35, 26% less than
saturated ones, 6.7An average maximum axial failure strain of frozen samples is 1.37%, about
50% more than saturated ones (0.718%).average modulus ratio of frozen samples is 110.28,
which is 75% less than saturated on&33(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 betwee® and Is (50), a good correlation was observed
under dry and frozen conditions with a coefficient of 0.8 and 0.7, respectNislgugh there was
a good correlation between gVand maximum axial strain in saturated conditions wvath
determination coeffi@nt 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 anddeformation behavior of Méragy Granitic rocks
The laboratory compressive tests, statistical analysis, and empirical and analtoals
have been used to estimate mechanical parameters for granitic rocks. Studied rock samples
exhibitingawide range of mechanical properties (57.425 GPa < E < 88.937 GPa,9<68.82,
77.3 MPa <s¢4< 212.42 MPa, 133.34 MPass < 213.04 MPa, 0.18 & max< 0.19, 0.04 <4
< 0.14). The ranges 6f—— and— and— Ratios are 1.4%.28 and 0.60.9, and 0.20.5,

respectively. These values are different from the valfies-& 0.5 1.0 and—— 1.51:6.91

obtained by Palchik (2011). They are also different from the values ©f0.71 0.84 obtained by

Brace et al. (1966), Bieniawski (1967), Martin (1993), Pettitt et al. (1998), Eberhardt1&o4),

Heo et al. (2001), Katz and Reches (2004) for granites, sandstones and quartzite. The+ange of

Most rocks fall in the range of 0.3 to 0.5. Moreover, the relative andmreasquare errors were
calculated. The relative errot fb for studied samples is between 0.28 % and 25 % tted
rootmeansquare error isc(= 50), while Palchik (2011) calculated the relative error is between
0.08 % and 10.8 %, and the roneansquare error is 43.6. Furthermore, the relationships between
deformation constants were investigated. Based on our analyses, there is a correlation between tan
and secant Y o?i=r0®bhen ambsdcart maslulug & rigidityy(R 0.90), tan and
secant modulusratof® 0. 95), tan Youngods maédmuob)usscant an d
Youngods modul us ai«d0.96)j Tangeht Moglulusiratid (1 | )uasd SécBnt
Modulus ratio ) with the value of (R= 0.95). The values of the reoteanscuare errorsq)

were also calculated for sampleBor sample(a), this value is 2.3 MPa and 1.91 MBa
sample(b), this value is 18.71 MPa and 21.39 Métasample(c), this value is 7.32 MPa and 4.97
MPg for sample(d), this value is 34.7 MPa and 21.87aviPalchik(2019) observed a very good
linear correlation(0.983¥ <0.99) between estimated and observed axial stresses for very
strong(, p Tt n Jocarbonate rocks, his results are in good agreement with our exbtain

results(0.997 < R< 0.999) for ganitic rock samples

The mechanical properties of granitic rock samples are summariz&dhle 4-35. The
value of Mk in each of the 50 studied granitic rock samples is between 326.4 and 597.4, with a
mean of 439.4. The range okMbtained by Deere (1968) is between 250 and 700, with the mean
of 420 for limestone and dolomites. The range efdtained by Palchik (20113 between 60.9
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and 1011.4, with a mean value of 380.5 for carbonated rock samples. The mean vatua of M
this study is like tht of Mr obtained by Deere (1968) and Palchik (20Fiy. 4-21 shows the
importane of MR for all studied samples in this study. demonstrateth Fig. 4-22, the range

of Mr =326.4597.4, observed in this study, is narrower than the rangeratthined by Deere
(1968) and Palchik (2011).

Table4-35. Mechanical properties of investigated Méragy granitic reaknplegDavarpanah et al2019

Rock sample 3 E a; S &d Scd @ max  Sc Mr
) (GPa) (%) (MPa) (%) (MPa) (%) (MPa) (-)

BeR6 U-10 0.24 74.776 0.030 50.73 0.091 152.244 0.278 181.05 413.0
BeR7_U-02 0.21 71.612 0.037 50.37 0.095 145.15 0.34 174.80 409.7
BeR7_U-04 0.25 74.447 0.037 59.61 0.063 131.70 0.33 183.39 405.9
BeR8 U-01 0.22 63.357 0.060 59.84 0.120 165.89 0.29 184.48 3434
BeR10 U08 0.21 66.129 0.025 30.06 0.044 77.30 0.22 137.14 482.2
BeR10 U18 0.23 72.794 0.048 64.89 0.078 148.24 0.2 148.39 490.6
BeR10 U20 0.23 63.787 0.035 39.28 0.087 133.75 0.27 156.74 407.0
BeR11 U08 0.23 68.950 0.054 80.82 0.104 168.94 0.31 204.23 337.6
BeR12 U02 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 17255 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 4454
Bkf-5_U-02 0.24 79.818 0.034 53.90 0.067 135.29 0.20 169.67 470.4
BI-112 U02 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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0.25
0.29
0.26
0.25
0.25
0.27
0.24
0.26
0.21
0.23

Bz-1221_U01 0.2
Bz-1311_U01 0.3
Bz-1351_U01 0.25

82.940
84.949
72.864
78.072
80.669
81.144
76.994
79.300
71.574
73.511
69.540
88.937
67.053

0.046
0.024
0.030
0.057
0.047
0.039
0.042
0.048
0.056
0.053
0.049
0.035
0.034

80.51
49.99
60.56
90.36
79.90
69.38
71.53
60.58
68.79
73.43
58.25
75.93
50.86

0.085
0.044
0.067
0.095
0.073
0.062
0.058
0.091
0.121
0.11

0.100
0.060
0.080

162.08
120.612
150.321
182.085
147.6
138.183
112.5
160.96
164.573
182.66
165.836
163.371
145.566

0.27
0.2

0.26
0.37
0.23
0.26
0.19
0.23
0.3

0.28
0.29
0.23
0.28

180.33
166.87
169.70
212.42
178.07
166.94
142.49
163.19
192.80
198.58
213.04
206.48
159.97

459.9
509.1
429.4
367.5
453.0
486.1
540.3
485.9
371.2
370.2
326.4
430.7
419.2

The ranges of th¥ 0 u ngA®duU |l us

uniaxial compressive strengthcf, axial failure straings maxX and maximum volumetric strain
(ecq), crackinitiation stress €ci) and crack initiation straine) for the studied 50 samples are

presented as following (Davarpanah et al. 20E#). 4-23 showsLinear corréation between

( E) , n)Rmdk dasnage étress.f) and i o

observed and estimated axial stresses for granitic rock samples

57.425 GPa < E < 88.937 GPa
0.18<n<0.32

30 MPa <s¢i < 90 MPa

77 MPa <s¢4< 182 MPa
133.34 MPa s < 213.04 MPa

0.02 <e;i< 0.06

0.18 <eamax< 0.19

0.04 <eq< 0.14
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Fig. 4-21. Observed values of modulus ratiog)Nh each of 50 examined roskmplegDavarpanah et al. 2019)
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The mean value of (Mmean =439) for all granitic rock samples observed in this study
and the mean value of @gMnean =420) obtained by Deere (1968) for limestone and dolanide
the mean value of (Mmean =380.5) obtained by Palchik (2011) for carbonate rock samples
However the range ofMr =326.42597.42) obtained in this study is narrower than the range of
(Mr =250-700) acquired by Deere (1968) and the rang@ef = 60-1600) obtained by Palchik
(2011).The observation confirms that there is no general empirical coorel@tiith reliableR?)
between elastic modulus (E) and uniaxial compressive stresyytiiz and maximum volumetric

strain €:q), Mr and crack damage stress.

The analytical relationship betweeymax and M offered by Palchik2011) 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 &rfbr for studied samples is
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between 0.2 % and 24.5 %, and tbetmeansquare error is... UL Tt Compaing the values
with the result 6Palchik (2011) for carbonate rock samples, the relative error is between 0.08%
and 10.8%, and the reateansquare error is 43.8he observed correlation between MR and
for the studied granitic rock sample is{R 0.20). Palchik (2011) found a good relationship£R
0.85) between these two parameters for carbonate rock samples.

A mathematical model proposed by Palchik (2019) Viery strong ¢c > 100 MPa)

carbonate rocks based on Hal daneds distributi

linear part of observed stressain relation of studied granitic rock samples; however, when it
comes to noiinearity behavig, there is a sigficant difference.Based on the proposed
mathematical model by Palchik (2019), there jpedectlinear correlation between observed and
estimated stresses for studied granitic rock samples Wwith(R99.Notably, for a more precise

and fundamental desption 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 (Vaséarhelyi

and Kovacs, 2017).

4.3 Correlation betweenstatic and dynamic deformation moduli of rocks

The determination of deformation parameters of rock material is an essential part of any

design in rock mechanickor this study, 40 samples of different rocks from the literature were
collected andanalyzed (Lama and Vutukuri 1978). Data were classified according to rock types,
and the relationship between dynamic and static constants was investigaibte#36. Fig. 4-

24 shows the previously published correlations between static and dynamicoy swudulus.

Table4-36 Static and dynamic deformation constants of studied rocks (Lama and Vutukuri 1978)

Rock name GE wu o o % (GPa) % (GPa' (GPa' (GPa+ (GPa)+ (GPa
[6) 6]
Sedi mentary rocks
Chal cedon 5 2.7.:0.1 0.2 55. 1¢ 46. 8! 23. 37 18. 7« 28. 7 31. 2¢

Il i mestone
Li mestone 5.3 3.3.0.2 0.2 66. 8¢ 70. 9¢ 26. 7! 27. 7: 44 . 5¢ 53. 7€

Oolitic | 5.4 2.9.0.10.2 45. 5! 53. 7« 19. 2¢ 22. 2! 23. 71 30. 8¢
Quartzose - - 0.0 - 16.5 22.0¢ 7.64 11.0: 6.55 7.35
Styloliti 5.1 2.9.0.10.2 38. 6 56. 4¢ 17. 3¢ 22. 2« 16. 5¢( 40. 9¢
Li mestone 4.5 2.1:0.10.2 16. 5! 28. 2« 7.01 11. 77 8.62 15.6¢
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Fig. 4-24. Previously publishedorrelations(Davarpanah et al. 202f)

This research measured and analysed the basim@ewanical properties of different rock
types The results show a good correlation between static and dynasticigtanodulus, 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
(R? = 0.91). Similarly, Brotons (201£2016) established the nonlinear correlation between static
and dynamic elastic modulus of different types of rocks with the valué sf(R99. Eissa and
Kazi (1988) onductedsimilar research and discovered that the best correlation was nonlinear with
thevalue of R = 0.92. On the other hand, some other researchers adopted the linear correlation as
a welkfitted regression line ((Belikov et al. 1970) for Granite with=R0.92, (King 1983) for
Igneous and metamorphic rocks with R2 = 0.82, (McCann and&eti®92) for crystalline rocks
with R? =0.82, (Christaras et al. 1994) for all types of rocks witk B.99, (Nur and Wang 1999)
for all kinds of rocks with R=0.8). Nevertheless, in the present study, we established linear
correlations for igneous rks with R =0.95, sedimentary rocks witt? R0.90, and metamorphic
rocks with R=0.69. Considering the relationship between static and dynamic modulus of rigidity,
the best correlation observed was nonlinear logarithmic regression with the valde=df.gR);
when it comes to bulk modulus, the best correlation was linear with the valué sfqR?7).
According to rock types, for igneous rock, the best correlation between static and dynamic

modulus of elasticity (E) was nonlinear logarithmic and powesawith the value of @R= 0.96);
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However, King (1983) found that the best correlation was linear for igraetamorphic rocks

with the value of (R= 0.82). For sedimentary rocks, the best correlation was linear with the value
of (R? = 0.88) and for metamorphic rocks was nonlinear logarithmic and power with the value of
(R?=0.93). For igneous rocks, the best correlation between static and dynamic modulus of rigidity
(G) was nonlinear logarithmic with the value of R0.96); for sdimentary rocks was nonlinear
logarithmic with the value of (R= 0.98); for metamorphic rocks was nonlinear logarithmic with
the value of (R= 0.99). For igneous rocks, the best correlation between static and dynamic bulk
modulus (K) was nonlinear logérimic with the value of (R= 0.88); for sedimentary rocks was
linear with the value of (R= 0.38); for metamorphic rocke/as nonlinear logarithmic with &=

0.98). These values demonstrate an interesting finding that there is a higher correlatien betwe
static and dynamic constants in igneous rocks ithaadimentary and metamorphic rogkscept

for bulk modulus.Our achieved resut fits well with previously published results with a high
correlation R =0.91. It means the static modulus of elastidiepends on the dynamic modulus

only with a oneparameteformula (Equation4-10):
Equation4-10
Estat= (0.135 In(b) +0.78kEqyni b

Where b igherock typedependent parameter.

Additionally, for a more accurate comparison, roans quar e (G) errors betyv

and static elastic modulus were calculatedeagiation4-11):

Equation4-11

) B
LA :
e p
Where is the observed value of a parameter in theample, here is the modulus
of elasticity (E), The calculated value of a parameter in thegmple, E 1, 2» ,n, is the

number of tested samples. Based on our analyses, we received thenfptiowelatios(Equation
4-12, Equationd-13, Equationd-14)

10910 Estat= 1.37 logo(r buk Edyn) T 1.32, Equation4-12
R?=0.91,..= 10.52
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O ™ ¢@° , R%=0.91,..711.58 Equation4-13

Estat= 0.89kyn T 5.26, R=0.89,..713.17 Equation4-14

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 (AtShayea 2004 and Gueguen 1994). Ineptlwords, as the number of
di scontinuities increase, the | ower value of
static and dynamic values are expected. The most crucial petrographic parameter that influences
rock deformation behavior is porosifyhe trend observed in porous rocks was that the static elastic
modulus was inversely proportional to porosity (Brotons et28l16 GarciadelCura, 2012).
However, Crystalline rocks exhibit lower elastic moduli values because a dense microcrack
network constitutes their porous system. Crystalline rocks act ascomimuous 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 rack®déen 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 sike, élastic 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 moduliobbkerved relations can be explained
in a universal thermodynamic framework where internal variables characterize the structural
changes(Asszonyi et al.2015, Berezovski and Van, 2017). The dynamic and elastic moduli
difference is natural in this frameworas it is clear from the corresponding dispersion relation
and related laboratory experiments (Barnafoldi et2@l17, Van 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 tthgnamics of dissipative phenomenaaks.

78



In conclusionthe performance difference between the linear and ptameformulas was
small; the linear relationship fittetthe data well Therefore, considering the possibility of ene
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 abeoriginal theoretical Lamé parameters. Hower, the correlation between the
static and dynami¥ oun g 6 s (Rie 0.89) isias good as the otherg €R0.89and 0.77),
even though Youngds modulus is a composite pa
the Poisson ratio measurements, afgh 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
relaions 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 atatistical analysis were conducted to establish new
correlations between the critical mechanical properties of different types of iradkding
siltstone, sandstone, limestone, quartzite, monzodidkiteording to our analyses, new linear
correlationshave been published between deformation constantSigAst-25 shows, the secant
and tangent Young6s Modul us ghacbrielatisn oBR=©®9% | o0 s e
for all studied rock types. Similarly, there is a wakrelated trend between tangent and secant.
Modulus's ratio with R=0.99 inFig. 426. The correl ation between ta
ratio is plotted inFig. 4-27. It shows a high correlation with the value ofR0.91. For Shear
Modul us, | i ke Youngds Modulus, a high correla
with R? = 0.99.Fig. 4-28. For Bulk Modulus (K), correlation with the value of R0.94 was
established, as seen kig. 4-29. More interestingly, a good correlation between the ratio of
tangent Shear Modulus {Go secant Shear Modulus §@Gnd tangent Young's Modulus:(Eo
Secant Young's Modulus {Hs apparenin Fig. 4-30. Results for regression analysis for all types

of studied rocks are presented in
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Table4-37 Resultf regression analysis for all types of studiedk (Davarpanah et al. 202)

Regression analysis Rock type Equation R2

E-Es All types E=1.02E-0.006 0.99
MR+-MRs All types MR=1.006MR+4.86 0.99
Ne-Ns All types n= 0.96%+0.0016 0.91
G-Gs All types Gi=1.02G+0.11 0.99
Ki-Ks All types K=0.99Ks+0.27 0.94
Gi/Gs-E/Es All types Gi/G<=.084 B/Es+0.16 0.82

Based on our studies, a high correlatioA@R.95) between tangent and secant values for
Youngbés modulus (E), shear modul d)sand(PGigson'sb ul k
ratio () was observed. However, the correlations between Young's modulus (E), shear modulus

(G), bulk modulus (K), and uniaxial compressive strengthwWerenot very significantwith the
average value of (= 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 <R 0.94) and quartzite (0.7 <?R 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 disussed, 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 verntypizal rocks hat are very young
recently deformedocks, and still deforming rocksidely affects the results. Also, the results
obtained for the relationships between different moduli were notable. There is a high correlation
between secant Youngisd shear modulusd tangent Young'and shear modulus {R 0.98)

for all the investigated rocks.

4.5 Characterization of Hoek-Brown constant (mi) using different approaches

An accurate determination of Hddkrown constant mis of great significance in the
estimation of the failure criteria of brittle rock materials. So far, different approaches such as

rigidity index method (Rndex), uniaxial compressive strendihsed method, and tensile
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strengthbased meth have been sggsted According to our calculations and analyses for
providing best estimation of nfigr diorite, the value ain based on the guidelings between 20

and 30; however, according to published data, the valuex @ between 6.1 and 11. For
granodiorie, based on the guideline, the valuerpthanges 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 myis between 10 and 20; nevertheless, based on published dabefween 15.3 and 20.3. For
andesite and rhyolite, the valuermafbased 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 ofm is between 16 and 2But the published value is 7.92, which does not fit the guideline

range.

For sedimentary rockghe minimum value ofn for shale is 3.76, which is close to the
estimated range ofi between 4 and. Also, the maximum published values dbr sandstone is
35.11, which is much higher than the estimated range\adlue and based on guidelines that vary
between 13 and 21. Moreover, for dolomite, the valus eased on guidelines is taeeen 6 and
12, whereas the value of based on published data is between 7.8 and 17.5. For limestone, the
value ofm 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 rock it is interesting to know that both maximum and minimum published
values are for slafewith 1.42 and 29.54, respectively. However, based on guidelines, the
importance o for slate changebetween 3 and 11. It means that the range of publishedsvalue
for slate does not fit the estimated range given by the guidelines. For gneiss, the rahesefl
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 20.42tHmutvalues based on guidelines vary
between 9 and 15. For quartzite;sypublished value is between 7.36 and 22.7; however, the
guideline is between 17 and 23. Also, thevalues were calculated according to (Q&ai10). The
differences between the pidfled values o and the guideline values are displayedrable
4-38 andFig. 4-31. As shown, the published valuesmfdo not fit well with the guidelineAs it
is clear from the graph, there is a good consistency between published experimental data for the
m and Rindex methods. In contrast, other methods have significant errors in estimgiomall

studied rock samples.
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Table4-38 Maximum and minimum values of mi based on different methods for difiecka{Davarpanah et al.

2021)
Rock Guideline Reindex UCSbased | TSbased | COMPInaion | i iched data
type Rock name _ _ _ | .method _
min Max min max min max min max min max min max
diabase | 10 | 20 | 1531 | 2032 | 617 | 18.99 | 10.06 | 12.72 | 1361 | 1884 | 1531 | 202
diorite 20 | 30 | 641 | 11 | 955 | 225 | 721 | 1426 | 553 | 962 | 61 | 11
2 gabbro | 24 | 30 | 1504 | 2073 | 14.73 | 154 | 11.08 | 1422 | 13.34 | 19.20 | 15.08 | 20.74
g granite | 29 | 35 | 11.69 | 3408 | 892 | 228 | 7.42 | 1542 | 1022 | 36.95 | 11.68 | 34.03
" [Tgranodiorite | 26 | 32 | 1101 ] 1815| 91 | 122 | 1314 | 132 | 9.65 | 1649 | 11.04 | 18.15
quartz diorite | - | - | 1.9 | 2096 | 8.08 | 31.69 | 7.38 | 16.02 | 10.41 | 19.56 | 11.9 | 20.97
dolomite | 6 | 12 | 7.86 | 175 | 21.49| 2351 | 523 | 918 | 6.95 | 1581 | 7.86 | 17.49
§ [Timesone | 7 | 15 | 532 | 1467 198 | 2211 618 | 1305 49 | 13 | 532 | 1466
S sandstone | 13 | 21 | 3.97 | 3513 | 17.82 | 22.23 | 548 | 2987 | 383 | 3853 | 3.08 | 3511
3 shale 4 | 8 | 376 | 2496 | 1782 | 22.13 | 652 | 2987 | 365 | 243 | 3.76 | 2531
coal T - [ 421 | 2786 1789 | 2017 | 899 | 304 | 402 | 2803 | 421 | 2802
2 slate 3 | 11 | 143 | 31.04| 72 | 2227 | 383 | 4842 | 198 | 3244 | 143 | 30.97
g gneiss | 23 | 33 | 534 | 3231 | 807 | 2246 | 468 | 1144 | 492 | 3428 | 534 | 3233
5 quarzite | 17 | 23 | 7.36 | 301 | 845 | 211 | 566 | 1043 | 655 | 311 | 7.36 | 301
= marble 6 | 12 | 607 | 852 | 1094 | 2135| 766 | 11.24| 55 | 75 | 6.08 | 853
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Fig. 4-31Comparison of published values of mi Sheorey 1997 with the guid8inek (1974), Brace WF (1964), anc
Attewell 1973, Rindex, UCS based and TS based and Combination methods: (a) igneous rocks; (b) sedimentar
(c) metamorphic rockBavarpanah etl. 2021b)

In conclusionthis studyreviewed the proposed methods for determiningatue using

the triaxial data set published §gheory 199Y. New linear and nctinear correlations were
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found. New material constants were suggesteyf@ous, sedimentary, and metamorphic rpcks
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 wit new material constants best fits all the studied lithotypes, including
igneous, sedimentary, and metamorphic rokkseover, it is worth mentioning that a comparison
graph between awachieved results for quaisiotropic rocks and anisotropic rocks veeveloped.

The data scattering of qudsotropic 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 comprehensige raf 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, Bypes as
igneous, sedimentary, and metaptoc rocks, the different approaches resulted in-unaform
correlations. For instance, TS based system works well for the granite andm@stsnation fit

with 2 @) wFor quartzites, UCS based approach displays the best approximati¢h with

T80 pand for slate, TS based model exhibits the best correlatiowithti@® x R-index method,

the value of mis not influenced by rock type. In other words, this method gives the best estimation

for all the investigated rock types and is independerdaak 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 (m) remains constant, independent of the moisture content
(Vasarhelyi and Davarpanah 2018)

According to the laboratory testsults, 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 (Equation5-1):

Equation5-1
sew) =ae® +c,
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Wheres(w) is the uniaxial compressive strength (MRa)s the water content (%), and

a, b andc are constants

According to the Coulomb failure criteria, the internal friction andle d¢an be
calculated from the ratio of the uniaxial compressive stremsgjrafid the tensile strength)
(Equation5-2):

) Equation5-2
Sc _1+ sinf

R= -
|s¢| 1-sinf

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 co@an{2010) showed tham

constant in the HoeBrown failure criterion is equal to the ratio of UCSK)(to tensile strength

(st) (Equation5-3). According to the <calculation of Cai

approximating mby R (is less than 1.6 %. Thus, the Hd&lown parametemG) can be calculated
using the following fom:

Equation5-3

According to Hoek (2007), mi values range from 4 to 33 for some commonly encountered
rocks in engineering practice, anddapends on many factors suchn@seral contents, foliation
and grain size (texturé) but as it was shown previously, walue is independent on the water

content.

5.2 NEW SCIENTIFIC RESULT (2)
| experimentally proved that freezing causesan increase in mechanical properties
such asuniaxial compressive strength, tensile strengthand Youn g 6 s afdighlyl u s
porous Miocene limestone. In contrast, these parameters experience decrease due to

saturation (Davarpanah et al. 20203).

Typical stressstrain curves of highly porodsnestone differ for dry, watesaturated, and
frozen specimeng-{g. 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, respettinestrength
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in the frozen condition is about 80 % more than in dry and 65 % more than in satoratiibn.

a.(Mpa)

= [rocen-axial
10.00 = frozca-latcral
= saluraled-axial
0 - saturated-lateral
dry-axial
LI

o dry-latcral
00

6.00

5.00

4.00

-2.00 =100 0.00 ) 100 2.00 3.00 4.00 5.00

Fig. 5-1. Typical stressstrain curves of highly porous limestone (dry, wagaturated, and frozen states)
(Davarpanah et al. 2020a)

5.3 NEW SCIENTIFIC RESULT (3)
| experimentally proved that the mechanical properties suclasuniaxial compressive
strength, tensile strengthandY o u n g 6 s ohmoobws limestone and tuff increase due to

freezing but decrease owing teaturation (Davarpanahet 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 +oiapking and leads to a lower
compressive strength. On the contrary, much higher strength waanegan frozen porous rocks
(limestone, bioclastic limestone and rhyolite tuff). The ice has a strength close to the samples'
watersaturated strength values. Thus, the strength of the ice, dry, anesatat@ted porous rocks
is relatively small, but wén the rocks are frozen, these strength values are 'added' to each other,
and very high uniaxial strength values are measurbd.uniaxial compressive strength of the

medium grain size limestone increases only 2.6 times compared to the dry strengtltalA typ
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stressstrain curve of rhyolite tuff is shown Fig. 5-2.

stress [MPa)

)

Gy 13,96 MPa

__dry
— saturated

Gyt 4,148 MPa ___ frozen

Gt 1,823 MPa

1 . 2
strain [%)

Fig. 5-2. Typical stressstrain curves of the rhyolitic tuff (dry, watsaturated, and frozen statg§)avarpanah et

al. 2022)

5.4 NEW SCIENTIFIC RESULT (4)

| experimentally proved that the mechanical properties such as uniaxial compressive

strength, tensile strength and Youngd snodulus of frozen saturated marls significantly

increase due to freezingDavarpanah et al. 2024).

A typical stressstrain curve of studied marl specimens is very different under dry,
watersaturated, and frozen conditionBig. 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' getmiaxial 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 stresstrain curve under dry, saturated, and frozmmditions(Davarpanah et al. 20pa)

5.5 NEW SCIENTIFIC RESULT (5)
| experimentally proved that the proposed model by Palchik (2019) for very strong
limestones and dolomites is in good agreement with the elastic region of strsg®in
relationships observed in this study for very strong granitic rock samples. However, ¢hne is
a significant difference inthe non-linear part of stressstrain relationships between the

observed and estimated valueavarpanah et al. 2019, Davarpanah et al. 2020b)

Palchik (2019) proposed a simple strestgain model for very strong, ( p 410 A
carbonate rocks based on Hal daBgud@54.i stri but.

e Equation5-4
B "0 Q
Where, is current axial stress (MPa), is a current axial strain (%) at the axial styess
is a uniaxial compressive strength (MPa), parameter (s) is a constant involved in a canonical

form of Haldanedés function. Forpn#®0yjthesalueong |

of s is between 0.5 and 1, and exponreist defined as followsHqguation5-5)
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Equation5-5

— a¢gp —p Q8
And can be presentedintheol | owi ng form by usi Bggatohay | or @
5-6, Equation5-7):
Equation5-6
n n
—n _
Cc O
Equation5-7
n —p Q¢*

when s = 1.1 quation5-8,Equation5-9,Equation5-10,Equation5-11)
Equation5-8
Equation5-9

) Equation5-10

Equation5-11

P — p Q8

The relevant modeling parameters tirefollowing, and the results are displayedFig. 5-4

Sample(al): p wguv 0 A ¢ WO 0 at- T®tox P

Sample(b4); puya& y 0 A ¢ @ U at- it ¢ b
Sample(c6), pT&® 0A o8B 0 at- @it v b
Sample(d8); ¢ m& @ 0 ¢, ¢ @d 0 @t- mto ¢ b
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Fig. 5-4. Examples of comparison of stregsain models (blue line: observed, red and green loadculated)and
stressstrain relationships observed in this study for very strastgX 100 MPa) granitic rock samples(a, b, ¢, 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 Yourdgsodulus of different rocks (Davarpanah et

al., 2020c).

Fig. 5-5 and5-6 demonstrate the relationship between static and dynamic modulus of

rigidity based on rock typedfased on our analyses, we received the correlatiotis high

determination coeffigints for igneous rocks, the value of R 0.96; for sedimentary rocks, the

value of R = 0.91; for metamorphic rocks, the value 6f3R0.63.
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Fig. 5-5. Relationship between static and dynamic modulus of rigidity based otype(Davarpanah et al.
202@).
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Fig. 5-6. Linear and noflinear achieved correlations for all rock typ@3avarpanah et al. 2020c)

5.7 NEW SCIENTIFIC RESULT ( 7)

According to our statistical analyses, new linear correlations have been published
between deformation constant®f different rocks (Davarpanah et al., 2020d).

The relationships between secant and n g e n t Youngbés modul us ( E

and bulk modulus (K), and uniaxial compressive strergth dre displayed. As shown kig. 5-
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7 andFig. 5-8, there is a correlation with the value of(R0.52) between secant and tangent
Youngds modul us and un iFig.x%%and Fig.o 3D rexhibits the e st r
correlaton between secant and tangent Young's modulus with the value?of (R51).
Nevertheless, irFig. 5-11 and Fig. 5-12, when we calculate the bulk modulus, there is a
significant decrease in correlation, which declined t6%®.22). So far, different relationships

between tangeryoung's modulus and uniaxial compressive strength have been published in the
literature Table5-1).
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Fig. 5-11 Relationship between K4CS(Davarpanah et Fig. 5-12 Relationship between KICS
al. 202a) (Davarpanah et al. 2021)

Table5-1 Correlations between unconfined compressive strehdthPa) wi t h t angent Youngds
(Davarpanah et al. 202)

Rock type Equation R? Reference
Sandstone O m ¥6 Yu® o 0.80 Wuerker (1959)
shale O ™ oY 0.89 Wuerker (1959)
Sandstone O 1 YO YT @ 0.93 Dhir and Sangha (1978)
Limestone 0 ToXYO Y 0.87 Dhir and Sangha (1978)
Dolomite O 1 0Y6 "Y¢ @ 0.44 Lama and Vutukuri (1978)
Shale 0O pREYO Y 0.55 Lama and Vutukuri (1978)
Sandstone O 1™ PY6 Y Wilson (1980)
Marble 0 p8tdro Y 0.86 Wilson (1980)
Sandstone O 1 O6Y06 "Yo8 ¢ 0.71 Dennis et al. (1982)
Bituminous schist O 1 OY6 Y 0.78 Dennis et al. (1982)
Sandstone O m o "Yp & 0.35 Bell (1983)
Siltstone Shale 0 p& Y6 Y 0.90 Bell (1983)
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Limestone O 1 0Y6 Yp @ 0.85 Sachpazis (1990)

Dolomite 0 mYS'Y 0.95 Sachpazis (1990)
Sandstone 0O Tm8riYo "Y¢ 0.29 Rohde and Feng (1990)
Sandstone 0O ¢& 0Y6 'Y 0.5 Rohde and Feng (1990)
Gypsum 0O 1 XY6 "Yp @ty 0.81 Arslan et a2008)
Gypsum 0O p®&OY 0.78 Arslan et al. (2008)
Sandstone O 1™ XY6 Y 0.73 Vasarhelyi(2003)
Sandstone O 1™ TY6 Y 0.75 Vasarhelyi(2003)

5.8 NEW SCIENTIFIC RESULT ( 8)

According to statistical analyses, new material models aggublished 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 oy (Van and Vaséarhelya014) with the guidelines
(Cai 2010, Hoek 2007, and Hoek and Brown 19§i0en 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 expecteahge. 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 . 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 Howekvn mi determinion 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 atbiwthe 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 rests and the recently published paper by Wen et al. 2020 is preserfigd 5-13
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