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Abstract 

The main focus of this thesis is to study some basic rock mechanical and physical 

anisotropic properties of selected rocks. The study is mainly conducted in laboratory 

conditions to examine property variation in rocks and their inter-relationships. In order to 

present a clear contribution in understanding the influence of anisotropic characteristics of 

rocks on physical and mechanical properties, a series of average grain diameter 

examination, ultrasonic wave velocity test, fluid permeability test, uniaxial compressive 

strength test, Brazilian test, fracture toughness and triaxial compression test were 

conducted on four rock types known to be anisotropic.  

In order to achieve the mentioned experimental goals, sedimentary, metamorphic 

and igneous rock samples were randomly collected from different continent around the 

globe (Czech Republic, Japan, South Korea and South Africa). In each selected sample, a 

definition scheme was introduced based on directionality as Axis-1, Axis-2 and Axis-3 and 

planes perpendicular to each axis were defined as Plane-1, Plane-2 and Plane-3. In this 

thesis, classification scheme for cored samples obtained from directional coring was also 

introduced; samples from perpendicular direction are called Type-1 and those from Parallel 

direction are called Type-3.  

The anisotropic grain size distribution and micro-cracks orientation are successful 

describe by estimaing the average grain diameter distribution with microcracks orientation 

and propagation by observation made on thin sections in three perpendicular planes. This 

was performed for separate rock block using a polarization microscope. The rock blocks 

were also found to possess stronger degree of anisotropy of elastic wave velocity when 

compared between tested samples. With strong anisotropic wave velocity, I was able to 

determine the direction of higher and lesser propagation of wave. The results obtained 

from ultrasonic wave velocity test are in strong correlation with grain size distribution at 

measured axis orientation.  

The permeability properties were measured as Intrinsic ones for all specimens 

under a constant confining pressure of 2.0MPa.Cylindrical test specimen with diameter 

50 mm x 50 mm were used. The intrinsic permeability test was carried out in 3 hour time 
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for each specimen. The saturation density was then analyzed by means of X-ray CT 

method operated under industrial use of X-ray CT scanner system (TOSCNNER-

20000RE). Tomography images from both dry and saturated conditions were used to 

calculate porosity and saturation distribution densities. The results of permeation have 

shown little anisotropic characterization. Further analysis of this permeability result is 

correlated to mechanical properties and argued. 

Thesis work was further extended in studying the deformational properties through 

triaxial test by observing brittle strength and ductile creep behavior after post-peak at 

different confining pressures. A failure criterion model was adopted using the Mohr- 

Coulomb criterion representing different stresses at failure. A series of Mohr-Coulomb 

envelop of failure were constructed for each set of tested samples (Type-1 and Type-3) 

using uniaxial compressive strength and tensile strength parameters. At another approach, I 

estimated the mode1 fracture toughness (KIC), uniaxial compression strength (σc) and the 

tensile strength (σt). Then, I created a relationship between KIC which is proportional to σc 

and σt for determining the strength parameters at failure. The estimation shear strength 

parameters like, frictional angle (ϕ) and cohesion(c) through laboratory data collected from 

triaxial compressive strength was then correlated for different sets of rock samples for the 

purpose of understanding anisotropic fracture of materials at both micro and macro scale 

for different rock samples.  

The deformational properties were also studied by observing the fracture patterns of 

different tested specimens under confined asymmetric loads and were simulated using a 

clump particle model. This consist of individual particles assemble together to form a large 

unbreakable solid (clump). The model was calibrated by strength and deformation data 

from laboratory test conducted for uniaxial and triaxial compression. I presented a  

relationship between fracture initiation between  the platen and the specimen and moving 

towards the unloaded part of specimen. Further  relations of anisotropic effect on micro 

and macro properties using the  modeling code was performed. The whole scenario is 

operated like a distinct element method (DEM), which uses the bonded–particle mode code 

of PFC
2D

 , developed by ITASCA consulting group. The PFC2D code was used as a tool to 

observer the behavior of granular materials. Results show that the observed simulated 

fractured paths obtained from the clumped particle model match the observed laboratory 

experiments at various confinements. The simulated results also show that tensile cracks 
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dominate the fracture process zone and fracture patterns from Type-1 specimens are 

significantly different from fracture patterns of Type-3. 

Presented Ph.D. thesis deals in detail with the influence of anisotropy on physical 

and mechanical rock properties and evaluating parameters from uniaxial compression 

strength, tensile strength, fracture mechanics and tri-axial compression strength to estimate 

anisotropy effect. The dissertation summarizes actual knowledge and offers alternatives for 

use in the future. 

The purpose of this Ph.D. thesis was the creation of an evaluation scheme using a 

combination of destructive and non-destructive measuring methods and then the evaluation 

of anisotropy in rock mechanics. To reach this goal, standard principles in specimen 

preparation, recommended design machines and standard procedures by ISRM were 

adequately employed. 

The data acquired was utilized using the knowledge of mining engineering, 

geological conditions of deposition, microstructures and then processed with sophisticated 

software, and functions from the X-ray CT scan. 

 

Keywords: anisotropy, mechanical and physical properties, tensile strength, uniaxial 

compressive strength, triaxial test. 
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Abstrakt 

Vliv anizotropie na fyzikální a mechanické vlastnosti hornin. 

Disertační práce je zaměřena především na studium anizotropie základních 

mechanických a fyzikálních vybraných hornin. Studie byla provedena v laboratorních 

podmínkách s cílem testovat variabilitu vlastností hornin a jejich vzájemné vztahy. Pro 

pochopení vlivu anizotropního charakteru hornin na jejich fyzikální a mechanické 

vlastnosti byly realizována série následujících měření a analýz: měření velikosti 

horninových zrn, rychlosti šíření ultrazvukových vln, měření permeability pro kapaliny, 

zkoušky pevnosti v prostém tlaku, brazilská zkouška, zkoušky lomové houževnatosti a 

triaxiální pevnosti. Testovány byly 4 typy anizotropních hornin. 

Pro dosažení výše uvedeného cíle byly odebrány vzorky sedimentárních, 

metamorfovaných a magmatických hornin z lokalit na různých kontinentech (Česká 

republika, Japonsko, Jižní Korea, Jižní Afrika. Na každém z vybraných vzorků byly 

definovány základní osy anizotropie, označení jako  Axis-1, Axis-2 and Axis-3. Roviny 

kolmé ke každé z os byly definovány jako  Plane-1, Plane-2 and Plane-3. Pro účely této 

práce byla obdobně definována i použitá válcová tělesa, získaná orientovaným jádrovým 

vrtáním horninových bloků. Tělesa vrtaná kolmo na vrstevnatost nebo foliaci byla 

označena jako Type-1 and tělesa vrtaná paralelně, jako Type-3.  

Anizotropie stavby hornin, daná orientací zrn a mikrotrhlin, byla úspěšně 

vyhodnocena na mikroskopických výbrusech odebraných z horninových bloků ve třech 

navzájem kolmých rovinách.  K tomu byl použit optický polarizační mikroskop. 

Anizotropie hornin byla vyšetřována také metodou měření rychlosti šíření ultrazvukových 

vln materiálem, kde byly určeny rozdíly v rychlosti ultrazvuku ve třech definovaných 

směrech. Výsledky z ultrazvukových testů jsou v dobré korelaci s měřením orientace zrn a 

mikrotrhlin.  

Permeabilita byla měřena na všech vzorcích za konstantního bočního tlaku 2 MPa. 

Byla použita válcová zkušební tělesa o průměru 50 mm a výšce 50 mm. Čas testování byl 

pro každý vzorek 3 hodiny. Saturace horniny byla analyzována s využitím metody 

rentgenové počítačové tomografie CT na zařízení TOSCANNER-20000RE). 
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Tomografické snímky vzorků v suchém a vodou nasyceném stavu byla využity pro 

výpočet pórovitosti a posouzení distribuce hustot nasycení vzorku vodou. Výsledky testů 

permeability ukázaly pouze nevýznamné známky anisotropie.  

V rámci disertační práce byly dále studovány deformační vlastnosti hornin 

triaxiálními zkouškami, zejména křehké a tvárné chování za mezí pevnosti za různých 

bočních tlaků. Byl aplikována Mohr-Coulombova teorie porušení pro různá napětí při 

porušení. Byly konstruovány  Mohr-Coulombovy obálky pro každý z testovaných souborů 

těles (Type-1 a Type-3) s využitím parametrů pevnost v prostém tlaku a pevnost v tahu. 

Dále byla na horninách studována lomová houževnatost – mode 1 (KIC), pevnost v prostém 

tlaku (σc) a pevnost v tahu (σt). Byly definovány vztahy mezi KIC ku σc a σt pro určení 

pevnostních parametrů při porušení.  

Pro pochopení vlivu anizotropie na porušování hornin v mikro i makroskopickém 

měřítku, byly na základě triaxiálních testů získány parametry smykové pevnosti – úhel 

vnitřního tření (ϕ) a soudržnost (c). Hodnoty těchto parametrů byly korelovány s jinými 

typy hornin.  

Byly rovněž studovány makroskopické trhliny na zkušebních tělesech zatěžovaných 

asymetrickým zatížením a porušení bylo také simulováno pomocí částicových modelů 

(clump particle model). Ty sestávají z jednotlivých částic spojovaných do větších shluků. 

Modely byly kalibrovány na základě pevnostních a deformačních dat, získaných 

z jednoosých a trojosých zkoušek pevnosti v tlaku. V této části prezentuji významnou 

závislost. Celý scénář je založen na metodě diskrétních prvků (DEM), využívající kód 

PFC
2D

 , vyvíjený společností ITASCA.  

Jako nástroj pro analýzu chování  zrnitého materiálu jsem využil PFC2D code. 

Výsledky ukázaly, že průběh trhlin porušení, simulovaných částicovým modelem, 

odpovídá zjištěným laboratorním výsledkům při různých zatíženích. Výsledky simulací 

také ukázaly, že v zóně porušení dominují tahové trhliny a že charakter trhlin je výrazně 

odlišný pro tělesa typu Type-1 a  Type-3. 

Prezentovaná disertační práce se detailně zabývá vlivem anizotropie hornin na 

jejich fyzikální a mechanické vlastnosti a studiem parametrů, získaných z testů pevnosti v 

prostém tlaku, pevnosti v tahu, lomové houževnatosti, triaxiální pevnosti s ohledem na 

hodnocení anizotropie horniny.  
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Práce shrnuje aktuální stav znalostí a navrhuje alternativy dalšího výzkumu do 

budoucnosti.  

Cílem této disertační práce bylo vytvořit schéma pro hodnocení anizotropie 

v mechanice hornin s využitím kombinace destruktivních a nedestruktivních zkušebních 

metod. K dosažení tohoto cíle byly použity standardní postupy přípravy vzorků, zařízení a 

procedur, doporučené ISRM.  

Získaná data byla zpracována pomocí sofistikovaných softwarů.  

 

Klíčová slova: anizotropie, mechanické a fyzikální vlastnosti, pevnost v tahu, pevnost v 

prostém tlaku, triaxiální test, lomová houževnatost 
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Introduction 

1.1 Overview and Motivation 

One of the most important, and often frequently neglected, aspects of rock 

mechanics and rock engineering is that we are utilizing an existing material which is 

usually highly variable (J. A. Hudson et al 1997).  

It is known that the physical and mechanical properties in rocks are normally 

affected by preferentially oriented microstructural fabric, especially microcracks, bedding 

planes and grain size distribution. In mining engineering, especially where rocks are 

subjected to tension, compression and shear, anisotropy of rock physical and mechanical 

properties is a major concern in studying the response of rocks for all engineering 

practices. It is therefore, important to understand the estimation of parameters that are 

influenced by anisotropy in order to solve significant problems in geo-mechanical 

engineering. Rock physical and mechanical properties are very important for the design of 

mines, rock blasting, civil engineering construction, carbon dioxide capture and storage 

(CCS), disposal facility of high-level nuclear waste and geotechnical engineering. 

With the above mentioned applications, concerns have been drawn in 

understanding rock physical and mechanical properties in most research fields. There have 

been series of interesting research works in trying to address this issue. Some researches 

like, Saroglou H.,Marinos P.,and Tsiambaos G., have brought some views on the 

characterization of few metamorphic rocks. They focused their concern on just a single 

rock type (metamorphic) from a particular locality. Nasseri et al published a paper on 

fracture toughness of anisotropy in granitic rocks without considering other methods in the 

quantification of rock anisotropic properties. Also F.Dia studied the dynamic dependence 

of anisotropy based on microcrackes under wide range of loading rates and his work was 

conducted for one granite sample and didn’t mentioned the static dependence. However, 

despite being an important issue in the field of geomechanics and subject to numerous 

studies, the problem of rock anisotropy in relation to their physical and mechanical 

properties has not been thoroughly defined. Many challenges still remain in full 

exploitation of anisotropic properties. At combined laboratory measuring conditions; 
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including average grain diameter quantification, ultrasonic wave velocity estimation, rock 

permeation, UCS, anisotropic tensile test, fracture toughness, crack density propagation 

estimation and anisotropic testing of the traditional triaxial test provides pioneering 

opportunities to evaluate anisotropy properties at understandable laboratory conditions.  

Determination of rock anisotropic properties which arise from rock preferential 

oriented micrstructural fabric, aligned heterogeneities or nonlinearity is important. They 

are the fundamental characteristics thought responsible for anisotropic properties of 

physic-mechanical properties (e.g M.H.B Nasseri et al 2007). These inherent anisotropies 

with induced anisotropy during static loading rates operating at different stress systems are 

influencing factors in permeation, elastic, mechanical and fracture processes. 

Consideration of an index property scheme that can summaries all anisotropic properties is 

a challenging goal in the field of rock engineering.  

In this thesis, I investigate a concise correlation and relationship between average 

grain size diameter distribution and microcrack density distribution to results observed in 

ultrasonic wave speed velocities. In addition, I correlated relationships between intrinsic 

permeability tests for anisotropy to mechanical anisotropic response properties.  

In order to report anisotropy for uniaxial compressive strength (UCS), specimens 

were loaded from different directions. The aim was to study the response of each 

specimen. Their respective maximum response to loading were averaged and compared to 

different specimen from the same sample. The same principle was followed for the 

Brazilian test and the fracture toughness test. For each test, a variety of parameters like 

Young’s modulus, deformation modulus and  peak strength for compressive strength, 

tensile strength and fracture toughness were determined for each specimen and their 

property of anisotropy is document and evaluated. I further extend my evaluation of 

obtained parameters to the possibilities of representing the Mohr-Coulomb criterion by 

using uniaxial compressive strength and tensile strength parameters which further represent 

anisotropy. 

For analyzing the anisotropic post peak displacement of tested specimens, the 

traditional triaxial test was employed. Here, I focused on the post-peak force displacement 

energy. I analyze the post-peak behaviour in relation to its sensitivity to time effect under 

controlled strain rate and creep for different set of specimens in Type-1 and Type-3 
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conditions. For different specimens tested under anisotropic conditions, I realized i) the 

peak-force is reached at different stress rates ii) the post-peak curve falls more steeply for 

small confining pressures. The Young’s modulus from directional loadings was plotted 

versus Pmax of each specimen to examine their elastic response. 

Tested rock specimens from different directions (Type-1 and Type-3) have related 

to different signatures of fracture phenomena. This thesis work have investigated the two 

phenomena using a modelling code embedded in the PFC
2D 

 software code. The focus was 

on producing the fracture propagation paths for all specimens tested in uniaxial 

compressive strength (UCS) and triaxial compression test to failure in the laboratory at 

5MPa, 10MPa, 15MPa, 20MPa, and 25MPa confining pressures for Type-1 and Type-3 

samples. All fracture paths were modelled using the distinct element method. The applied 

code accounts for a realistic distribution of stress hetetrogeneties in the microstructure of 

the tested rocks. The crack orientation and magnitude of propagation is analyzed based on 

anisotropy. 

I focused much of my thesis on understand the relationship between anisotropy and 

rock fabric patterns for each tested sample. 

The following questions regarding rock physio-mechanical properties define the 

motivation for this research. 

 What are the fundamental controls on physio-mechanical properties of rocks? Material 

composition? Rock structure? 

 Can we infer anisotropic deformational properties from their elastic properties? What 

are the bases for this correlation? 

 Can we distinguish why rock have insignificant permeability as compared to their 

mechanical anisotropic properties?  

 Does grain percentage distribution influence the anisotropic response? 

 What are the principal causes for variation in measured physio-mechanical 

properties? 
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1.2  Thesis outline 

The thesis work widely covers three main rock types from different regions: 

laminated Sandstone from Kimachi, Japan, an igneous rock from Rosenberg, South Africa 

and a metamorphic rock (Gneiss) from Czech Republic. The chapters presented broadly 

covers physical and mechanical properties for the estimation of anisotropic. 

In Chapter 2, I started by presenting overviews of all rock samples. A concise 

characterization of their respective geology and mineralogy is accounted. Information on 

coring pattern was presented to explain anisotropy. I also look at the petrographic images 

observed under electron microscopic. A mineralogical description of each rock sample was 

examined and the petrofabrics of grains analyzed. Specific attention is on the major rock 

forming minerals and a comparison of the petrofabric of one rock type to another was 

successful analyzed. Extension was made in quantifying grain diameter distribution from 

each plane using the intercept method applied at photographic images. Results were 

compared for different axes of orientation and intercepted planes on a block to understand 

the anisotropic aspect ratio. At the end of chapter 1, I carefully examine crack density 

distribution for the granitic rock sample. Here attention is made on the number of cracks 

per plane, length and degree of propagation. It was found that the quantity and the degree 

of propagation for investigated planes on the same block were significantly different. This 

information was further plotted on Rose diagrams to demonstrate the results of 

observations.  

Chapter 3 looks at a study of the basic principles of ultrasonic wave velocity non 

destructive method at different directions on each rock block. Specific attention is on the 

time of wave travel and arrival from static points located on a rock block. Just as the grain 

size distribution has been examine along planes, the ultrasonic waves were also examined 

based on this directional intercepted planes. I found out that the speed and time spent for 

waves travelling from Plane-A, Plane-B and Plane-C were anisotropic. This approach 

enhances the relationship between grain densities to wave speed. From my observations, 

Kimachi sandstone shows a strong significant of anisotropy in measured waves. I tried to 

create a correlation between elastic wave velocities and grain distribution percentages on 

each plane. But the correlation was not concise. I attempt to provide an explanation in 

comparison of ultrasonic wave speed to the mechanical elastic properties. From the 
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observed results, I was able to understand the setting and degree of hardening of each rock 

type. 

In Chapter 4, I started the acquisition of basic elastic mechanical properties of all 

selected rock types through laboratory experiments. Here I introduced the old but effective, 

uniaxial compressive strength (UCS) test. All tested samples were cored from Type-1 and 

Tyepe-3 loading directions. Results from Type-1 UCS were compared to results from 

Tyep-3 to examine the variation in anisotropy elastic properties. Specific attention was on 

what is responsible for the anisotropic elastic property. I further examine the maximum 

strength (Pmax) exited for resistance by each specimen during loading conditions which also 

accounts anisotropic. The results Young’s modulus derived from the stress strain curves is 

then plotted against maximum strength for each specimen. I found out that the elastic 

properties measured at different orientations exhibit wide range of elastic properties 

reflecting its wide range of composition and fabric anisotropy.  

Chapter 5 also looks at the indirect measurement of tensile strength of each 

selected rock used in this thesis work. Specific attentions are on the individual tensile 

strength of all rock materials involved. We also account on the deformation modulus and 

correlate it to fracture patterns of the specimens. The aim is to be able to study the ability 

upon which the rocks can resist compressive tensile strength before fracturing. Here, we 

want to look at the load in relation to plastic flow when compressive strength are applied 

and to determine the critical load point that initiate the plastic flow. Just as the elastic 

situation encountered, the brittle strength of samples are found to be a function of material 

composition and exhibits anisotropy.  

In Chapter 6, I introduced the Semi-circular bending test to examine the fracture 

toughness anisotropy of all selected rock types. All rocks have been studied to investigate 

the relationship between their microstructural properties and fracture toughness behavior. 

In this chapter, we found out that the rocks have exhibited strong anisotropy in terms of 

microstructural distribution and their orientation. We measured the variation in fracture 

toughness values and observed variations within the same rock type. We show a strong 

correlation between the studied samples by looking at the relationships between anisotropy 

and the corresponding microstructural properties along specific planes. At the end of the 
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chapter, we further discuss the fracture propagation patterns and their relationships to rock 

material.    

In chapter 7, I present a discussion on the intrinsic permeability of the selected 

rock. I developed a predictive model to correlate between the specimen size and the 

individual grain sizes. I employ the Darcy’s law to estimate the steady flow rate. We 

further determine the k values for each specimen and anisotropy. The use of CT X-ray 

scanner was introduced to visualize saturation density to estimate the saturation anisotropy. 

The results are used to examine the intrinsic permeability of rocks from Czech Republic 

and Japan.  

In Chapter 8, the deformational mechanical properties of the samples, studied in 

laboratory conductions using triaxial state of stress was analyzed. Specific attention is on 

the time-dependent creep property and the brittle strength of the rocks. Just after the pre-

peak elastic part, the amount of brittle strength and ductile creep of the samples were found 

to be a function of material composition and exhibit anisotropy. I attempt to correlate 

between the elastic and the deformational properties which are fundamentally different 

mechanical properties operating at different time scale and different strain magnitude. I 

was brave to provide an explanation to this. 
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Chapter 2: Materials 

2.1 Rock sample characterization 

Samples used in my experiment come from three different continents, Europe, Asia 

and Africa. The respective countries of samples origin are Czech Republic, Japan, South 

Korea and South Africa.  For the purposes of this research, I collected sedimentary rock 

sample (Kimachi sandstone) from Japan, granodiorite rock sample (African Granodiorite) 

from South Africa, a granitic rock from South Korea (Korean granite) and a metamorphic 

rock sample, gneiss from Dolni Rozinka in the Czech Republic. Samples were collected 

from range of depths. In the sedimentary rock, the paleocurrent was determined, 

depositional pattern and metamorphic direction were documented for both granitic and 

metamorphic rock samples. I discuss the geology and mineralogy of each sample in 

previous topics;  

2.1.1 Kimachi sandstone 

Kimachi sandstone is deposited in the southern coast of Shinji Lake, shimane 

Japan. It is medium–grained tuffaceous sandstone of the Miocene Omori formation. The 

sandstone is heterogeneous in its lithofacies. This sandstone has been deposited to a 

thickness of about 2000 m., had been deposited in a so-called “Shinzi geosynclines” during 

the Miocene age. Its kinetic properties are supposed to have built up from andesitic 

fragments with zeolith composite. Figure 1 shows a representative block diagram of 

Kimachi sandstone used for laboratory analysis. The rock block as shown in Figure.1 has 

planes normal to the direction of paleocurrent. It is laminated and has been deposited by 

river sediments including some amounts of foraminifera and arenaceous forms. 

Determination of the direction of its paleocurrent was performed at the quarry during 

sample collection and is found to be in the North-north west direction. We also identify 

evident of apparent directions of symmetry of anisotropy. The rock block has a rectangular 

geometry with length 15cm and width 30cm. In order to consider the interpretation of 

anisotropy, the rock block was divided into three directions for coring as Axis-1, Axis-2 
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and Axis-3 and the planes perpendicular to each axis were defined as Plane-1, Plane-2 and 

Plane-3 as shown in Figure 2. Figure 3 is a schematic illustration on how the rock block is 

divided for coring individual specimen. Coring of specimen was done by adopting the 

standard method, where cylindrical or prismatic specimens are cut at different angles to the 

apparent directions of rock symmetry and are tested in uniaxial and triaxial compression 

(Amadei et al 1983). From the diagram, Plane A, from which the triaxial core samples 

were obtained is perpendicular to bedding lines while Plane B and C are both parallel to 

bedding. The extracted cores from plane B and C are used for Brazilian and uniaxial 

testing.  

 

Figure 1: Rock block of Kimachi Sandstone, blue arrow at the top indicate direction of paleocurrent, 

horizontal blue lines shows laminations. 

 

Figure 2:  Schematic diagram of Kimachi sandstone with axes direction and planes interceptions. 
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Figure 3:  Schematic coring information for Kimachi sandstone, indicating divisions of plane, A, B 

and C. 

2.1.2 African granodiorite 

The sample originally comes from Rustenburg, South Africa and the principal 

geology of its formation is the Bushveld complex. It has been formed under high 

temperature conditions and crystallizes as a plutonic rock. It is very hard crystalline 

igneous rock, gray to pink in color. This rock block has cooled slowly from molten magma 

deep within the earth crust with silicate minerals forming the major proportion of 

aggregate minerals. It consists of feldspars, quartz, dark iron-magnesium silicate minerals 

and feldspathic pyrozenite. The rock shows large crystal grains which are not perfectly 

joined together and exhibit inherent microcrack. It is the presence of inherent microcracks 

in this rock block that largely contributes to the inhomogeneity. A representative diagram 

of the rock block(African granodiorite) used in my experiment is shown in Figure 4. It is 

cubical in shape with length; width and breath are of 24cm x 24cm x 24 cm. For the 

purpose of consistency, the rock block is also divided into similar directions and planes as 

performed with the kimachi sandstone into Axis-1, Axis-2 and Axis-3 with intercepting 

axes named Plane-1, Plane-2 and Plane-3 as shown in Figure 5. I employed the same 

coring pattern as  adopted for the kimachi. Figure 6 demonstrates coring information for 

African granodiorite based on axis orientation.  
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Figure 4:  African granodiorite rock block. 

 

Figure 5:  Schematic coring information for African Granodiorite, indicating divisions of plane A, B 

and C. 

 

Figure 6:   Schematic coring representation of planes and axes orientation for Africa granodiorite. 
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2.1.3 Korean granite 

This rock come from the Southern half of the Korean Peninsula and is composed 

geologically of a Precambrian formation. The Precambrian basement composed mostly of 

granite in the northern region. The isotopic age dating of this rock indicate that the 

Precambrian age range from about 300 to 800 ma. Three groups of granites are distributed 

in the peninsular that is, the Triassic granite series, Jurassic granite series and cretaceous 

granite series. The rock block used belongs to the Triassic granitic series. The deposit of 

this rock occurs as intrusions and is being emplaced in a belt shape. The mineral deposit 

related to this series is many hypothermal to mesothermal Au-type quartz’s veins known as 

Korean-type gold vein. The rock block consists mainly of medium-coarse grain granite. 

Constituent minerals are quartz + k-feldspars + plagioclase + biotite. It has the 

characteristics of alkaline granite with a porphyritic texture (Kim et al. 1986). A 

representative picture of the rock block used for laboratory analyses in this thesis work is 

shown in Figure 7. The coring pattern adopted for Kimachi sandstone and African 

granodiorite is been used. 

 

 

Figure 7: Korean granite rock block. 
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2.1.4 Gneiss from Dolni Rozinka 

The amphibolitic gneissic rock comes from Dolni Rozinka in the Moravian region 

in the Czech Republic. The metamorphic rock sample is localized in a formation of 

metamorphosed sedimentary-effective rock of Precambrian age mostly carboniferous 

sediments, nowadays mostly gneisses. Taking a brief look at its geology, we can say that 

the wallrock are biotite –and hornblende gneisses with abundant intercalations of ortho- 

and paraamphibolites quartzites and marbles. It is straightforward that the deposition of 

this rockblock has been influenced by the mineral composition of the surroundings rocks 

and their physical - mechanical properties. The rock block has been formed by intensively 

metamorphosed rocks under high temperature and pressure conditions. The fabric of the 

foliated materials show planer textural element with lattice preferred orientation (LPO) of 

platy minerals. Photographic image observation on mounted images shows it to posses two 

types of grain deformation; nematoblastic grain formation with orientations of prismatic 

minerals like amphibolite and pyroxenes and Gneissic megmatite with complex banded 

textures where bands are alternating with commonly characterized granoblastic textures. 

The matrixes of the rock block shows and overgrowth to that of an epitaxial outgrowth, 

characterized by optical continuity between the mineral and its overgrowth. I also observed 

the rock block to possess fine grained gneisses and migmatites with some amount of 

amphibole-biotite.  

In order to maintain the pattern of coring for all samples, the gneissic rock block as 

shown in Figure 8 is divided into three directions as Axis-1, Axis-2 and Axis-3 and planes 

perpendicular to each axis are defined as Plane-1, Plane-2 and Plane-3 as demonstrated in 

the sedimentary and igneous rock blocks. 

 

Figure 8:  Rock block of Gneiss from Dolni Rozinka, Czech Republic 
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2.2 Petrographic characterization 

I applied a convenient way of preparing slice of thin section. A 3cm by 2.72cm 

ectangular thin sections were prepared along each perpendicular plane of the rock block to 

get a full representation of the grain size patterns and distribution. Individual images of 

thin section (3cm x 2.72cm) are joined together to form a full plane image view. The aim is 

to examine the mineralogy, matrix and grain size patterns along each plane. The prepared 

thin section images were observed using a polarization microscope.   

2.2.1 Composition and microstructure 

Kimachi sandstone 

Figure 9 is a representative thin section photographic image of the Kimachi 

sandstone prepared in perpendicular planes for the observation of grain patterns and 

distribution. The photographs shows images from plane 1, plane 2 and plane 3. The 

observed grain size diameter is between 0.5mm   1.0mm. Observations of thin sections 

were in both single and crossed Nikola. Images observed in crossed Nikola were more 

representative as boundaries between grains are more clearly observed. The observed 

mineralogy is mainly pieces of andesite, pyroxene, amphibole, plagioclase, K-feldspar and 

granitic rock fragments in small amounts. Microscopic observations show that the andesite 

is slightly linear alignment normal to bedding planes. The micro structural characterization 

of this rock is siliciclastic sandstone. The rock has an effective porosity of approximately 

20%. The andesitic materials are believed to have been weather from granitic rocks and 

deposited as river sediments. Observation shows they are moderately sorted and shows 

poor textural maturity. Detailed thin section examination reveals the particle grains to be 

mostly angular in shape. The proportion of matrix as compared to crystal pieces and 

fragments is as low as 20%.  
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Figure 9:  Reconstructed microscopic  thin sections images of Kimachi Sandstone 
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African granodiorite 

Representative microscopic images of African granodiorite used in the experiment 

are shown in Figure 10. The thin sections were mainly developed from each plane on the 

rock sample in the same way as for Kimachi sandstone. Figure 10 reconstructed 

microscopic images. From observation on the thin section, plagioclase minerals are 

observed to be light colored while biotite and amphibole shows standing dark colors. The 

main mineralogical components observed under high powered microscope are plagioclase, 

amphibole and biotite. At this scale, fabric anisotropy forming the rock is defined by the 

combination of the followings: preferred orientation of cracks, sizes and orientation to axes 

direction and preferred grain distribution. Aggregate of cracks is always observed in the 

local scale in all samples when observed under scanning electron microscope. Either the 

preferred orientation of this cracks persist at a larger scale is checked by observing angle 

range, number of cracks in direction to this angle and the density at measured angles. The 

length of direction of propagation at each angle is also examined. 

 

Figure 10: Reconstructed microscopic images of thin sections of African Granodiorit. 
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Korean granite 

The medium-grained equigranular granite was prepared into thin sections in parallel 

and perpendicular directions. Figure 11 shows photographs of thin section from three 

perpendicular planes.  

The rock is mainly composed of quartz, feldspars, plagioclase and biotite. 

Secondary minerals are chlorite, epidote and sericite. The grain size is mainly in a range of 

2-3mm. Quartz show bimodal grain size; the larger ones range from 3-5mm commonly 

with resorbed features and the smaller ones are 0.5-1mm. 

 

Figure 11: Reconstructed microscopic images of thin sections of Korean Granite. 
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Gneiss from Dolni Rozinka 

For petrographic description of the rock, microscopic thin sections as shown in 

Figure 12 were prepared from three directions in relative to foliation. From macroscopic 

observations, the rock may be classified as gneiss stromatite (migmatite) – (biotitic gneiss), 

it consist of medium grained with apparent foliated stripes. Under macroscopic conditions, 

the recognizable minerals are quartz, feldspars and biotite. Further examination shows that 

stripes of lenticular brightly colored quartz-feldspars metatect (1-10mm) are separated with 

dark colored biotite migmatite.  The thickness of dark biotite rich stripes vary from 2-

10mm. The rock sample consist of gneisses character with flatten feldspars and biotitic 

scales grain rectified into S1 foliation.  The rock sample shows a notable planer parallel 

foliation without distinct lineation or corrugation. On a cross-sectional view, the rock 

demonstrates a significant flattening of feldspars or quartz-feldspars aggregates. The rock 

is fresh, compacted and does not absorb water. There is an observed 40mm carbonate, 

probably calcite filled rock. The rock has light stripes that mainly consist of quartz and 

feldspars. The accessory minerals are apatite and zircon. The mineral structure is mainly 

granoblastic with grains visible to the unaided eye with sutured boundaries.   

 

Figure 12: Reconstructed microscopic images of thin sections of Gneiss from Rozinka. 
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2.3 Estimating anisotropy of tested rocks  

2.3.1 Size and orientation of rock grains 

The physical and mechanical properties of materials depend largely on their macro 

and micro-structural characterization. It is beneficial to understand the orientation of grains 

and micro cracks in tested rock blocks. For these view, a quantitative analysis of 

orientation of grains was carried out on digital images obtained from thin sections. The 

method adopted is the intercept grain method. This method was applied on photographic 

thin section images capture from a camera mounted on standard petrography microscope. 

For all rock samples, I prepared thin sections from plane-1, plane-2 and plane-3. This 

technique deals with direct measurement of grain size in three directions.  In order to start 

the estimation, it is necessary to first produce an image. The image acquisition deals with 

capturing of microscopic images from thin sections 3 x 3cm More than 50 digital images 

were captured. The TIFF images were then printed on white papers (210mm x 162mm) 

with translucent papers imposed. A pencil was then used to trace grain shapes while 

vertical and perpendicular lines are drawn on each traced section at 3mm apart. The 

direction of drawn lines is based on axes direction and plane interception; plane-1, plane2 

and plane-3 and are counted on axes-1, axes-2 and axes-3 respectively. A total of 8 

perpendicular and 10 parallel lines were drawn on each traced section. The ideology is of 

counting the number of grains N intercepted through a line as shown in the schematic 

representation in Figure 13. The length of the line L divided by the average number of 

intercepted grains N gives the average grain diameter d using equation (1). The results 

obtained for all tested samples are shown in Tables below. The grain size estimation in this 

way is the section diameter of randomly oriented grains, which is normally smaller than 

the maximum diameter of the grains. This is in reference to the corpuscle effect proposed 

by Burger and Skala 1976. This effect explains that the grains cut marginally in a thin- 

section plane have smaller apparent diameters. For the analysis of micro cracks, TIFF 

images produced from computer captured images with cracks were analyzed separately.  

Number of cracks on each image is counted and their angle of orientation recorded. The 

total number of cracks (density) on each axis is then counted and divided by the area. 
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Figure 13: Illustrative diagram of the intercept method. 

d =L/N      (1) 

Where:  

L = Length of line, N= Number of grains intercepted along the line  

Kimachi Sandstone 

The mineral grain size of Kimachi sandstone varies from 0.44, 0.42 and 0.52 for 

Axis-1, Axis-2 and Axis-3 respectively. Figure 14 show petrographic image of plane-2 

with plagioclase, quartz and biotite the dominating minerals. Figure 15, 16 and 17 show 

representative traced diagrams from plane-1, plane-2 and plane-3. Table 1, 2 and 3 show 

the results of grain size distribution along three orthogonal planes (Plane-1, Plane-2 and 

Plane-3). Analysis of the grains aspect ratio is based on axis orientation as Axis-1, Axis-

2and Axis-3. Observation shows that the grains reveal much higher ratio (1.3) on Plane-2 

in the axis 1-3 as compared to other planes.  

 

Figure 14: One of the microscopic image fields of Plane-2 for Kimachi sandstone. 
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Figure 15:  traced thin section image of kimachi sandstone, Plane-1 for axis 3-2. 

 

Figure 16:  traced thin section image of kimachi sandstone, Plane-2 for axis 2-3. 

 

Figure 17: traced thin section image of kimachi sandstone, Plane-2 for axis 1-2. 
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Table 1: Distribution of average grain diameter according to orientation. 

Axes Average grain diameter Aspect ratio 

Axis-1 0.44 1.06 

Axis-2 0.42 1 

Axis-3 0.52 1.25 

 Axis-3    >    Axis-1     >       Axis-2 

1.25          >       1          >      1.06 

The results obtained shows that the grain diameter oriented in axes 1-3 is larger 

than those of the other axes on the same rock block. This means that the geometry of grains 

in this direction is straighter, compared to other grains. The results are quantified in a ratio 

as shown below the Table 1. 

Looking at all three planes of thin section and their axis of grain orientation, I can 

conclude that the longest grain distribution is on Plane 2 at axis 3 and this can be observed 

from the different thin section as shown in Figure 18. It is observed  that the grain diameter 

oriented to the direction of axis 3 is larger with a ϕ number between              . 

 

Figure 18:  Grain diameter oriented to axis -3 is larger than the others. 
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African granodiorite 

The average mineral grain diameter for Axis-1, Axis-2 and Axis-3 is 0.71, 0.72 and 

0.82 respectively (Fig.19) with biotite, amphibole and plagioclase the dominating minerals. 

Figure 19, 20, 21 and 22 shows the grain size distribution along the two planes. Estimation 

of the grain size ratio (ratio of the longest of the represented mineral ellipse against it 

shortest axis) from all planes reveals that Axis-3 is with the higher size ratio (1.16) from 

intercepted Plane 1-2. Table 2 show average grain diameter for all axes and the results are 

represented in an aspect ratio under Table 1. Figure 23 show grains in axis-3 direction are 

larger. 

 

Figure 19: One of the microscopic image fields of Plane-2 for granodiorite. 
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Figure 20:  Traced thin section image of African granodiorite, Plane-1 for axis 3-2. 

 

Figure 21:  Traced thin section image of African granodiorite, Plane-2 for axis 1-3. 

 

Figure 22:  Traced thin section image of African granodiorite, Plane-2 for axis 1-3. 
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Table 2: Distribution of average grain diameter and Aspect ratio for Axis-1, Axis-2 and Axis-3. 

Axes Average grain size diameter Aspect ratio 

Axis-1 0.71 1 

Axis-2 0.72 1.02 

Axis-3 0.82 1.16 

Axis-3 > Axis-2 > Axis-1 

1.16       >    1.02      >      1 

 

 

Figure 23:  Grain diameter oriented to axis -3 is larger than the others. 
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Korean Granite 

Is a medium-grained granitic rock with dominating minerals as biotite, quartz and 

plagioklase (Fig. 24). It is ultra-mafic and consists of fewer microracks in comparison to 

African granodiorite. Figure 25, 26 and 27 show traced thin section images for Kprean 

granite. Table 3 shows results of  estimated  grain size orientations. It is observed that axis 

3 has long grains orientaion. The results for the three planes are shown in an aspect ratio  

below table 3. 

 

Figure 24: Petro graphic image of plane-2 of Korean granite. 
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Figure 25:  traced thin section image of African granodiorite, Plane-2 for axis 2-3. 

 

Figure 26:  traced thin section image of Korean granite, Plane-2 for axis 1-3. 

 

Figure 27:  traced thin section image of Korean granite, Plane-2 for axis 2-1. 
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The average grain diameter for all axes is represented in Table 3 with the anisotropc 

ratio. 

Table 3: Distribution of average grain diameter and Aspect ratio for Korean granite,  Axis-1, Axis-2 and 

Axis-3. 

Axes Average grain diameter Aspect ratio 

Axis-1 0.71 1.1 

Axis-2 0.64 1 

Axis-3 0.72 1.12 

Axis-3 < Axis-1 < Axis-2 

1.12    < 1.10   <     1.00 

Gneiss from Dolni Rozinka 

The gneiss rock come from Morivian region and belongs to the most important 

deposit in the Czech Republic. It is a rock from the Precambrian age. It is medium grained 

with apparent foliations with quartz, feldspars and biotite the dominating minerals (Fig. 

28). Its foliated stripes range from 2-10mm. The average mineral grain size ranges from 

0.35, 0.30 and 29. Figure 29, 30 and 31 show  traced grain in thin sections.while Table  4 

show results obtained for each axis. 

 

 
Figure 28: Petrographic image of plane-2 of Gneissic migmatite from Rozinka. 
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Figure 29:  Traced thin section image of Gneissic migmatite from Rozinka, Plane-1 for axis 3-2. 

 

Figure 30: Ttraced thin section image of Gneissic migmatite from Rozinka, Plane-2 for axis 1-3. 

 

Figure 31: Traced thin section image of Gneissic migmatite from Rozinka, Plane-3 for axis 1-2. 
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Table 4: Distribution of average grain diameter and Aspect ratio for Gneissic migmatite,  Axis-1,  Axis-2 

and Axis-3 

Axes Average grain diameter Aspect ratio 

Axis-1 0.35 1 

Axis-2 0.3 1.18 

Axis-3 0.29 1.23 

  

Axis-3 < Axis-2 < Axis-1 

1.23    <   1.18    <   1 

In Figure 32 I demonstrate a schematic diagram to clearly represent the plane with 

the largest grains. 

 

Figure 32:   Grain diameter oriented to axis -3 is larger than the others. 
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2.3.2 Orientation and density of microcracks 

African granodiorite and Korean granite are both intrusive deposit of the 

Precambrian age. They are medium grained rocks with mineral grain size ranging from 

0.71 – 0.8 and 0.71 -7.2 for African granodiorite and Korean granite respectively. The 

major forming minerals of these rocks are quartz, biotite and plagioclase. The microcracks 

in these rocks are of intergranular type and are found in both quartz and along cleavage 

planes of biotite grains. Figure 33 and Figure 34 show the pattern of distribution of 

microcracks on each plane for African granodiorite and Korean granite. The preferable 

oriented microcracks have an average length of 0.5mm with a maximum length of 1.6mm 

for African granodiorite while Korean granite have preferable oriented microcracks with 

an average length of 0.6mm and a maximum length of 1.4mm. In order to make clear the 

distribution of microcracks in the two granites, observation of thin section in three 

perpendicular planes was performed. In granitic rocks, microcracks are inherited during 

crystallization of grains. For examination of these inherited microcracks, a TIFF image 

from a polarization microscope was captured and printed for all planes. The numbers of 

cracks were counted and their respective lengths and orientation were measured based on 

axis direction. Cracks were then counted for each orientation and the average is divided by 

the cross sectional area to represent the density. The orientation which is total length of 

cracks per unit area is drawn in a rose diagram at an interval of 20 degrees for the two 

granites. As is evident in rose diagrams in Figure 35a and 35b, there is a high density of 

microcracks in the Axis-3 direction between 100 – 120 degrees Axis-2 has the second 

highest density than Axis-1. The scenario is quite different for Korean granite where both 

Axis-1 and Axis-3 are with highest density of microcracks. To make clear this argument, 

Figure 36a and 36b show 3D blocks superimposed with rose diagrams to compare the 

density between the two granites. The principal observation is, there is a lesser density of 

microcracks in the Korean granite than present in the African granodiorite.  
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Figure 33: microcracks orientation for three perpendicular planes for African granodiorite. 

 

Figure 34: Microcracks orientation for three perpendicular planes for Korean granite 
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(a) African granite 

 

(b) Korean granite 

 

Figure 35: a and b: Micro cracks density orientation Rose diagrams for Korean Granite African 

Granite. 

 

Figure 36: Superimposed Rose diagrams a) Korean Granite and b)African Granodiorite schematic 

block diagrams. 

2.4 Velocity of longitudinal ultrasonic waves 

For my investigation, a sonic viewer SX with high voltage pulse receiver (Fig. 37) 

was employed for the estimation of ultra wave velocities. It consists of several functional 

unites such as the pulse/receiver, transducer and display device. The anisotropic of 
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ultrasonic wave velocity measured in this thesis is determined from velocity measured in 

three perpendicular directions. The specimens used were in rectangular shapes.  

 

 

 

Figure 37: A sonic viewer  used during ultrasonic wave experiment. 

2.4.1 Laboratory procedure 

A very common method of determining the ultrasonic waves velocity anisotropy is 

based on measuring the travel times of elastic waves in three perpendicular directions. 

Directions for measuring on metamorphic rock and sedimentary rock were chosen based 

on foliation and lineation while those for granitic rocks are performed based on axes 

orientation. The geometry of the all rock block used is the same. With the Sonic viewer SX 

device, I was able to measure the arrival time of waves propagated at one side of a rock 

block and received at the other end of the block as demonstrated in a schematic diagram in 

Figure 38. 

The method employed for the experiment is very simple. On the surface of each 

rock block, measuring points are inscribed to locate positions where transducers and 

receivers are attached as demonstrated in Figure 39. At the contact between transmission 

plates and the rock surface, a stick gel is placed to reduce air contact. This technique 

provides a very good contact for wave’s propagation. Measurement is conducted on all 
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points and the average value is calculated and reported for each plane. The velocity for 

elastic waves measured in m/s. is estimated for each plane using equation 2. 

 

Figure 38: Schematic diagram of ultrasonic measuring machine. 

 

Figure 39: Transducers and receivers attached on rock block. 

     (2) 

Where:  
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2.4.2  Results 

Kimachi sandstone 

Figure 40 show the possible manner on how elastic waves have traveled in the rock 

block of Kimachi sandstone during measurement. Measurements were performed in planes 

and the results are shown in Table 5 for Kimachi sandstone. Figure 41 demonstrates the 

results for each plane on the Kimachi rock block. In table 6, I present the final results at 

each axis orientation. 

 

Figure 40:  Waves travelling in Kimachi sandstone rock  block. 

Table 5:   averages wave velocity at planes for Kimachi sandstone 

Plane Length in cm Average in m/s 

Plane-A 14.9 3049 

Plane-B 30.7 2930 

Plane-C 29.8 2920 
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Figure 41:  results of anisotropic wave velocity. 

Table 6: Final Average waves velocities for Axis -1, Axis -2 and Axis -3. 

 

African granodiorite 

The rock block of African granodiorite was tested in three perpendicular directions 

as shown in Figure 42 to determine anisotropic wave propagation. A total of 10 measuring 

points were estimated and the results are shown in Table 7. The results shows that axis-1 in 

plane-3 has the highest value of velocity. Elastic wave velocity in the direction of Axis-1 is 

higher than the other axes. This means that the direction of axis-1 has low resistance to 

elastic wave propagation. From observations, the micro cracks in direction of Axis-1 have 

a larger geometry and can trap sufficient air which is considered to have lowered the 

resistance to elastic wave propagation. In Figure 43, estimated velocity for each plane is  

represented on the rock block. Table 8 present the final results for all axes orientation. 
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Figure 42: Demonstrate elastic waves travelling through African granodiorite rock block. 

Table 7: Final Average waves velocities for all planes in African granodiorite. 

Plane Length in cm Average in m/s 

Plane-A 24 6760 

Plane-B 24 6580 

Plane-C 24 6540 

 

 

Figure 43: African Granodiorite rock  elastic wave estimation results 
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Table 8: Final results of elastic wave velocity for  all planes. 

 

Korean granite 

The Korean granite was tested for the anisotropy of ultrasonic waves in order to 

clearly understand the distribution of microcracks in all its planes. The ultrasonic waves 

shows the same pattern of travelling as shown in Figure 42. Table 9 shows the average 

wave velocity for each plane obtained from estimation. In Figure 44 and Table 10 is an 

illustrative of axes result of anisotropic wave propagation.  

Table 9:  Final Average waves velocities for all planes for Korean granite 

Plane Length in cm Average in m/s 

Plane 22.34 4150 

Plane 23.99 4140 

Plane 23.91 4000 

 

 

Figure 44: Shows results elastic wave anisotropic for Korean granite. 
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Table 10: Shows results elastic wave anisotropic for Korean granite 

 

Gneiss from Dolni Rozinka 

Estimation of ultrasonic waves in the metamorphosed gneiss rock sample were 

conducted parallel and perpendicular to foliation as shown in Figure 45. The results 

obtained are reported for Type-3 which is parallel to foliation and Type-1 which is 

perpendicular to foliation and are shown in Table 11and 12. 

Table 11: Results of ultra sonic waves in  measured Gneiss from Dolni Rozinka. 

Core Type 
Diameter 

[mm] 

h 

[mm] 

Vp 

[m/s] 

T7K3 1 47.42 92.28 4290 

T7K6 1 46.94 92.19 3709 

T7K12 1 46.80 94.04 3120 

T7K13 1 46.92 93.40 3230 

T7K17 1 47.00 94.69 3571 

T7P2 3 47.34 94.78 5240 

T7P3 3 46.96 95.08 6131 

T7P6 3 47.48 90.33 5790 

T7P14 3 47.31 94.63 5740 

T7P17 3 47.22 94.35 5723 

 

Table 12: Anisotropic aspect ratio. 
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Figure 45:  Waves travelling in a metamorphic rock. 

2.4.3 Considerations 

Medium-grained tuffaceous sandstone and medium grained granites and 

metamorphic rocks were used in the study. In my investigations, I applied estimation of 

grain diameter and elastic wave velocity on block specimens in three directions in order to 

confirm their anisotropy. From the results obtained the highest grain diameters are present 

in the Axis-1 direction for all rock samples. This result also corresponds with the elastic 

wave results. The microcrack propagation shows that there is more microcracks population 

in the Axis-3 orientation than compared to the other axes (Axis-1 and Axis-2).  From 

analysis, the elastic wave velocity perpendicular in the direction of the bedding planes for 

sandstone is about 50 % than the other axes. In considering the direction of the 

paleocurrent and sedimentation to the result of elastic wave velocity measurement; it could 

be argued that the sandstone had been compacted more tightly in the direction.  The 

direction to Axis-1 is also perpendicular to the bedding planes with no line of weakness 

from where waves can travel faster. 
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The differences in compaction rate and grain orientation resulted from 

sedimentation by river and by overburden of other sedimentary layers deposited in the 

previous seasons. As sediment are further deposited, their load compact their underlying 

sediments in a bias direction. The bedding planes assume a planer surface and the type of 

deposition have been describe as shooting flow regime e.g. Richard C.  Selly 2000. The 

beds are horizontal and compacted with grains aligned parallel to the current.  

Extending my considerations with results to the estimated  granitic rocks(Korean 

granite and African granodiorite), it can be explained that variation of distribution of 

microcracks strongly influenced the elastic wave propagation in the two rocks. Also, the 

results show a relationship with the amount of microcracks present per plan. There are 

many microcracks oriented in the Axis-3 direction than in the Axis-2 and Axis-1. This 

might be as a result of many cleavage planes of biotite grains present in this direction. It 

could be further presented that the air in these microcracks has contributed to lower the 

propagation of ultrasonic waves. The metamorphic rock(gneiss from Dolni Rozinka) used 

is highly foliated with platy minerals like mica, biotite and muscovite aligned in the 

direction of stress field.  The minerals that aligned in parallel to foliations form weak 

bonds than those perpendiculars to foliation. This phenomenon influenced the ultra sonic 

waves movement.  It could be concluded that the platy minerals form an easy slippage of 

waves and favors a lesser time of arrival against the opposite side.  
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Chapter 3: Estimating uniaxial compressive strength and 

Young’s  odulus anisotropy. 

The uniaxial compressive strength (UCS) of intact rock, which can be estimated in 

a straightforward technique, is one of the most practical rock property used in rock 

engineering. The UCS was adopted as a tool to establish the anisotropy of uniaxial 

compression strength of selected rocks (Sandstone, granodiorite, granite and gneiss). In 

this part of the thesis, the effect of anisotropy on various mechanical properties (uniaxial 

compressive strength, elastic modulus, deformation) was examined. Attention was given to 

the maximum load (Pmax) at which each specimen under uniaxial compression fails. A 

robust examination of specimens mode of failure was used to verify the anisotropy from all 

specimens tested under Type-1 and Type-3 loading conditions.  

Intact rock under near surface boundary conditions may be considered as a system 

of elastic elements (minerals, components), interacting and bounded by discontinuities 

(grain boundaries, cleavage, microfracture/voids). Rock petrofabrics, especially lattice and 

shape preferred orientation of minerals has been extensively investigated (Bunge et al. 

1994) and the anisotropy of these rocks, have been estimated by Barla, 1974. Rocks in 

general exhibit significant anisotropy when loaded in different directions. It is of 

significant interest to understand the anisotropy of UCS of rocks in order to analyze their 

strength consistency. The traditional uniaxial compressive strength method in which a rigid 

cylindrical rock specimen is compressed between two parallel rigid platens as shown in 

Figure 46 is adopted. The estimation of anisotropy of UCS is important for the   design of 

rock structures, strength classification of rock materials, and design and stability analysis 

of foundations. The evaluation of UCS anisotropy is done in laboratory conditions 

according to test standards (ASTM 2001). There are indications that the UCS estimation of 

a single rock or selected rocks  behaves anisotropic. 

Understanding the anisotropic influence to UCS response is crucial as it is one of 

the most integral part rock engineering. The uniaxial compressive strength of rocks, are 

known to be dependent on material structure. Therefore, it is important to know the 

anisotropy of mechanical properties of rock materials using uniaxal compression test for 
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the design and safety of underground construction. The linkage of UCS results to selected 

rock types is robust in the evaluation of rocks strength properties since I could be able to 

present a relationship between normal stress and shear stress.  

Due to rock anisotropy, fracture properties are inconsistence. The fracture behavior 

in rocks is very important for the design of mines and rock engineering projects. In the 

application of carbon dioxide capture and storage (CCS) in deep underground or high-level 

nuclear waste have been actively studied. Therefore, the need to understand the effect of 

earthquakes and how to sustain the stability of these structures for a long time is an 

important issue. But rocks used for the construction of these structures are usually 

anisotropic with distinct features like bedding planes, microcracks and so on. Hence, it is 

difficult to understand the precise fracture properties. Therefore, this work will present a 

concise discussion of the influence of anisotropy on fracture properties of selected rocks 

under UCS test. 

 

Figure 46: Uniaxial Compression test. 

3.1 Samples and methods 

3.1.1 Sample preparation 

For conducting the experiment, series of cylindrical cores (diameter =34.4mm, 

height = 75mm) were drilled out from intact rock blocks for Type-1 and Type-3 loading 

conditions as shown in the schematic diagram in Figure 47. Drilling was performed along 

principal planes (Fig.48) using a mechanical rock cutting machine with medium duty in a 

water-flushing medium, rigid with polish diamond bits. The direction of coring is 
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interpreted as Axis-1 for specimens from Plane-A and Axis-3 for specimen from Plane-3. 

In order to achieve a smooth and flat surface between specimen contact to platens in the 

test machine, the ends of each specimen was finely polished with artificial sand on flat 

metal surfaces. After polishing, the bulk volume of each specimen was calculated from 

average several readings using a vernier caliper.  

In order to have specimens free from moisture content, specimens were oven dried 

using a thermostatically controlled, ventilated drying oven at a temperature of 110 degrees 

for a period of 40 days was adopted. Specimens were then placed in desiccators to prevent 

contact with environmental humidity immediately after drying and during testing. 

 

 

Figure 47: Type-1 and Type-3 specimen for ucs test. 

 

Figure 48: Shows direction of drilling for UCS on a rock block. 
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3.1.2 Laboratory procedure 

The uniaxial compressive strength test was carried out with respect to specimen 

geometry as shown in Figure 49 to evaluate the uniaxial compressive strength of rocks. 

Two orientations for loading have been determined to confirm anisotropy as Type-1 and 

Type-3 as shown in Figure 50a. The test were performed as per ISRM recommended 

methods using a servo-controlled Material testing system(MTS) installed with a specimen 

as shown in Figure 50b. The MTS has a capacity loading performance rate of 50t. The 

MTS is equipped with deformation gauges and was operated monotonically at a loading 

rate of 6.0 x 10
-3

mm/sec to allow specimens to deform between 5-10 minutes. This 

experimental setup allows the determination of some mechanical properties. During test, 

the specimen displacement rate was measured through a displacement meter logger 

connected to the testing machine. The displacement rate is measured by cell position at the 

upper part of the machine. A total of 12 cylindrical specimens for each rock sample were 

tested under this condition. Uniaxial compression strength (UCS) is then estimated from 

tested cylindrical specimen by recording maximum compressive load at failure using 

equation (3). The stress-strain curves were plotted and mechanical properties were 

determined from the curves.  

     (3) 

Where:  

Pc = maximum compressive load, A = cross sectional area of specimen. 

   

Figure 49: UCS  specimen geometry 
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Figure 50: Loading  direction(a) and MTS Machine(b). 

3.1.3 Laboratory results 

Results of uniaxial compressive strength test are presented with emphasis on 

comparison between the maximum strength at failure (Pmax) and the unconfined uniaxial 

strength for all samples tested in Type-1 and Type-3 under uniaxial compression. The 

pattern of failure under these two conditions is also analyzed. A total of 12 specimen 

results on each rock block are reported. Results are presented individually based on 

samples as follows: 

Kimachi sandstone 

Kimach sandstone is laminated and has a porosity of approximately 20%. 

Specimens for its UCS were cored parallel to bedding planes (Type-3) and perpendicular 

to bedding planes (Typer-1). From the maximum load (Pmax) and dimensions of each 

specimen obtained during test, the unconfined compressing strength (Sc) was calculated 

using equation (3) and results are shown for Type-1 and Type-3 in Table 13a and 13b 

respectively. The UCS forType-1 is named Sc1 and that for Type-3 named Sc3. The 

average UCS’s for Sc1 and Sc3 are 58.6 and 51.6 respectively. When comparing the 

average UCS for Type-3 and Type-1, it observed that Type-1 has a  high compressive 

strength than Type-3. The strength anisotropy index for maximum and minimum uniaxial 

compressive strength is 2:1, due to high uniaxial compressive strength of the sandstone 

(perpendicular to bedding). The stress-strain curves for all tested specimens are shown in 
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Figure 51a and 51b. At the early stages of loading, all curves show a convex up warding 

and then become linear as loading proceeds. As loading further proceeds, the scenario 

changes from linear to nonlinear curve, indicating an approach to maximum load and then 

failure. 

Table 13:  Uniaxial Compression Test Results, Type-1(a) and Type-3(b). 

Type-1 

Test Sample 

No. 

Specimen diameter 

r(mm) 

Height  

h(mm) 

Maximum 
load 

Pmax(kN) 

Uniaxialcompression 
strength  

Sc1(MPa) 

UC1-1 34.4 75.9  56.9 61.2  

UC2-1 34.4 75.1  56.7 61.0  

UC3-1 34.4 74.6  54.2 58.4  

UC4-1 34.4 75.8  54.2 58.3  

UC5-1 34.4 75.2  53.5 57.6  

UC6-1 34.4 75.8  59.4 55.2  

Type-3 

Test Sample 
No. 

Specimen diameter 
r(mm) 

Height 
h(mm) 

 Maximum 

load 
   Pmax(kN) 

Uniaxial compression 

strength 
Sc3(MPa) 

UC1-3 34.4 75.6  52.6 56.6  

UC2-3 34.4 75.8  49.7 53.5  

UC3-3 34.4 75.3  49.8 53.4  

UC4-3 34.4 75.2   49.3 53.0  

UC5-3 34.4 75.7  43.9 47.3  

UC6-3 34.4 75.7  49.5 46.0  

 

Type-1 

 

 Strain, ×10-3 
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Type-3 

 

 

Figure 51:  Uniaxial Compression Test Results, type-1(a) and type-3(b). 

African granodiorite 

The studied African granodiorite is a plutonic rock with known inherited 

microcracks. The anisotropic phenomenon observed in the elastic wave velocity response 

has strongly influenced the uniaxial compressive strength. During experiment, specimens 

were loaded in two main axes (Axis-1 and Axis-3) based on confirmed anisotropy. In this 

case, Axis-1 specimens are named Type-1 and those from Axis-3, Type-3. The unconfined 

compression test for these specimens has been estimated using equation 2 and the results 

are presented in Table 14a and 14b. The strength anisotropy index for maximum and 

minimum compressive strength is 2:1, due to loading of these specimens as parallel and 

perpendicular to microcracks orientation.  The stress-strain curve obtained from laboratory 

data are plotted and shown in figure 52a and 52b. 

Table 14: Uniaxial Compression strength test Results Type-1(a) and Type-3(b). 

Type-1 

Test Sample 
No. 

Specimen Radius 
r(mm) 

Height  
h(mm) 

Maximum 

Load 

Pmax(kN) 

Unconfined Compression 

Strength  

Sc1(MPa) 

UC2-2 34.4 70.73  237.91 255.9  

UC6-1 34.4 70.05  243.01 261.5  

UC3-2 34.4 70.78 211.34 227.4 

UC3-1 34.4 69.06  233.91 251.6  

UC5-1 34.4 70.06  192.96 207.6  

UC1-1 34.4 70.04 239.03 257.2  

 

Strain, ×10-3 
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Type-3 

Test Sample 

No. 

Specimen Radius 

r(mm) 

Height  

h(mm) 

Maximum 

Load 
Pmax(kN) 

Unconfined Compression 

Strength  
Sc1(MPa) 

UC1-1 34.4 70.01  226.48 243.6  

UC3-1 34.4 70.07  205.57 221.2  

UC5-1 34.4 71.08 257.44 276.9 

UC2-2 34.4 69.08  201.89 217.2  

UC3-2 34.4 68.09  214.13 230.3 

UC2-1 34.4 70.0 230.04 247.5 
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Figure 52:  Uniaxial Compression strength, stress-strain cures, Type-1(a) and Type-3(b) 
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Korean granite 

In table 15a and 15b the estimated strength of Korean granite for both Type-1 and 

Type-3 is represented. A total of 12 specimens were tested for this rock. The estimated 

confined strength shows that the average strength of Type-1 specimens is higher than those 

for Type-3. The load-strain curves (Fig. 53a and 53b) obtained indicates a perfect elastic 

response to specimen failure. The observed stress-strain curves are anisotropic and indicate 

a mixture of mineralogical components.  

Table 15: Uniaxial Compressive Strength of Korean Granite for Type-1(a) and Type-3(b) 

Type-1 

Test Sample 
No. 

Specimen Radius 
r(mm) 

Height  
h(mm) 

Maximum 

Load 

Pmax(kN) 

Unconfined Compression 

Strength  

Sc1(MPa) 

UC2-1 34.4 70.2  167.2 179.8  

UC2-2 34.4 69.9  171.5 184.5  

UC3-1 34.4 70.3 183.6 197.5 

UC4-2 34.4 70.2  164.9 177.4  

UC5-1 34.4 70.2  164.2 176.6  

UC5-2 34.4 70.2 178.2 191.6  

Type-3 

Test Sample 

No. 

Specimen Radius 

r(mm) 

Height  

h(mm) 

Maximum 

Load 
Pmax(kN) 

Unconfined Compression 

Strength  
Sc1(MPa) 

UC1-2 34.4 70.1  161 173.2  

UC2-2 34.4 70.3  192.2 206.8 

UC4-1 34.4 70.9 131.5 141.4 

UC4-2 34.4 70.3  192.7 106.7  

UC5-1 34.4 70.4  149.1 160.2  

UC5-2 34.4 70.7 171.5 184.5 
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Figure 53:  Uniaxial Compression Test Results for Korean Granite, stress-strain curves, Type-1(a) 

and Type-38(b). 
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Gneiss from Dolni Rozinka 

The results of UCS obtained for gneiss from Dolni Rozinka are shown Table 16a 

and 16b. The average UCS for Type-1 is greater than Type-3. The stress-strain curves 

observed are very complex when compared to the two direction of loading and are shown 

in  Figure 54a and 54b. 

Table 16: Uniaxial Compressive Strength of Gneiss for Type-1(a) and Type-3(b). 

Type-1 

Test 

Sample No Specimen 

radius r(mm) 

Height,  

h(mm) Maximum Load 

Pmax(kN) 

Unconfined 

Compressive Strength 

Sc1(Mpa) 

UCS1-1 46.4 93.2 256 151.4 

UCS2-2 46.4 94.1 152 89.9 

UCS3-3 46.4 92.2 144 85.2 

UCS4-4 46.4 95.4 286 169.2 

Average    123.925 

Type-3 

Test 

Sample No 

Specimen 

radius r(mm) 

Height,  

h(mm) 

Maximum Load 

Pmax(kN) 

Unconfined 

Compressive Strength 

Sc1(Mpa) 

UCS1-1 46.4 95.9 124 73.3 

UCS2-2 46.4 95.2 259.6 154 

UCS3-3 46.4 95.5 218.2 129.1 

UCS4-4 46.4 94.4 146 86.3 

UCS5-5 46.4 91.5 137.8 81.5 

Average    104.84 
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Figure 54:  Uniaxial Compression Test Results for Gneiss from Rozinka, stress-stran curve, Type-1(a) 

and Type-3(b). 

3.1.4 Static Young’s  odulus 

One important aim of conducting the UCS test in this dissertation work is to 

examine the behavior of the potential stored energy in granular materials when transformed 

to kinetic energy during mechanical loading test. In rock mechanics, when rigid bodies 

(e.g. rocks) are subjected to loading, the potential elastic energy stored in the granular 

grains transform to kinematic energy. Therefore the fundamental kinematic variable is 

displacement, which is the vector that quantifies the change in length, shape and size of the 
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specimen. Displacement is inversely proportional to strain and strain is directly 

proportional to stress; therefore the ratio of combine stress to strain in linear-elastic 

kinematic state prior to maximum yield strength in a sample of rock is the Young’s 

modulus or elastic modulus. It is straightforward that materials put up some resistance 

through stiffness in an elastic manner before they fracture. In this dissertation work, the 

Young’s modulus is estimated for each set of specimen for i) quantifying Young’s 

Modulus anisotropy in the tested rock samples and ii) find a relationship between strength 

to elastic modulus. The calculation method adopted is shown in Figure 55. The data is 

plotted in order to examine the anisotropy of Young’smodulus for each specimen at Type-

1 and Type-3 loading conditions as shown in Figure 56. Compared the Young’s modulus 

data between specimens, the trend depicted by the granitic samples is quite different to 

sandstone and to metamorphic rock samples. The tested Korean granite and African 

granodiorite, shows high ucs strength but low values of elastic modulus while the UCS of 

sandstone is not very high but produces higher values than the former. The metamorphic 

rock samples have the most interesting scenario, where the elastic modulus is completely 

anisotropic and with complicated stress strain behavior curves. In all specimens, the Type-

1 loading shows high values of elastic modulus than those from Type-3. 

 

Figure 55: Adopted  method of Young’s modulus calculations. 
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Then 
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Figure 56:  Anisotropy of Young’s modulus for all tested specimens. 

Rock samples 
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3.1.5 Correlation of stress to strain in UCS 

Correlation of stress-strain in uniaxial compression test can be described by a 

constitutive equation(4). As shown in Figure 57 where the load is applied in y-direction, 

constitutive equation in 2-D can be written as  

    (4) 

Where: 

 

Because the test environment is not under confined pressure, there is no stress 

applied in the x
-
direction (Figure 58).Therefore,  gives  

   (5) 

Then, 

     (6) 

It is known that when tensile strain (lateral strain) reaches the critical value, 

uniaxial compression test specimen is broken. Therefore, the corresponding stress σy=σc is 

called the UCS. If tensile strain  is define as the critical value, at which the material fails 
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in tension, then UCS is defined by the stress when  reaches . Then equation (6) gives 

that 

    (7) 

Equation (7) shows that  is a much smaller quantity than . However, due to 

rock materials weakness in tension, they usually fail on reaching the critical strain . 

 

Figure 57: Stress and Strain of Uniaxial compression specimen. 

3.2 Discussion 

3.2.1 Anisotropy of uniaxial compressive strength (UCS) 

The rocks used for uniaxial compressive strength estimation posses anisotropic 

properties and the values obtained for Type-1 are greater than that of Type-3 at the same 

loading rate. The uniaxial compressive strength is an index measurement for rocks 

unconfined strength, from which I determined the Young’s modulus, E, and the unconfined 

compression strength, Sc. It is therefore necessary to understand the anisotropy of 

unconfined strength to characterize rock mass. The strength anisotropy index (defined as 

the ratio of maximum to minimum uniaxial compressive strength ) for each rock is 2:1, 

while for migmatite is quite high, equal to 3:2, due to high uniaxial compressive strength 

of migmatite(perpendicular to foliation) and heterogeneous mineral composition. Broch 

(1974) has tested gneiss parallel and perpendicular to foliation and determined that the 

uniaxial compressive strength is approximately the same in these two directions (σco= 179 

MPa and σc90=184 MPa). Another test was carried out by Horino et al, (1970) and Youash 

(1966) on rocks from Idaho Springs, Denver (Colorado) show that the strength parallel and 
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perpendicular to foliation is similar. The gneiss from Dolni Rozinka used in this thesis 

work has shown significant results of anisotropy, possibly due to the inconsistency of 

foliation straters and the intercalation of calcite mineral with the rock body. 

Lin et al, (2008), have shown that the strength of uniaxial compression from a 

granitic rock block is lower for one direction and higher from another direction. This 

finding is in conformity with tested granites (Korean granite  and African granodiorite). 

Type-1 specimens from Axis1-3 direction, show higher strength than Type-3 specimens 

from Axis 2-3 direction. This observed result could be explained as a result of preferential 

distribution of micro cracks in the rock block. From the results of elastic wave velocities 

shows high velocities in the Axes 1-2 for the two granites, depicting high concentration of 

micro cracks. At the other hand for sandstone, the anisotropy of uniaxial strength has also 

been studied by Mert et al, (2010) and results have shown a significant anisotropy for 

specimens parallel and perpendicular to laminations.  In this thesis, I also observed that 

specimens parallel to lamination (Type-3) exhibited lower values to that perpendicular to 

laminations (Type-3).  

However, the anisotropic characteristic of the Young’s modulus of the specimens 

shows no obvious anisotropy for the granites but indicates a strong anisotropy for 

migmatite and sandstone.  

3.2.2 Anisotropy of fracture property. 

Figure 58 shows Type-1 and Type-3 specimens of all tested samples after uniaxial 

compression test.  As stated in the previous discussions, the uniaxial compression strength 

is an index parameter and there is need to understand its fracture behavior. Understanding 

of fracture pattern gives an idea on the strength of the sample. In Kimachi sandstone as 

observed in Figure 58a, Type-1 shows a complete share fracture pattern, while Type-3 

shows a share and splitting fracture pattern. The mode of fracture of this sedimentary rock 

has been affected by bedding planes. This is demonstrated in Figure 59.  During uniaxial 

compression test, it’s more possible for a share failure to occur with specimen 

perpendicular to lamination due to difficulty to separate. With lamination parallel to 

loading, the tendency for sharing and splitting is more likely to occur because fracture 

normally initiate along pre-existing cracks (lamination planes). The fracture pattern 
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observed in tested granites is perpendicular to the axial direction (i.e in the tensile loading 

direction). It could be also observed that grain fracture also occurred. This means most of 

the fracture planes pass through grains. Observing Type-3 specimen in Figure 58c, it can 

be considered that the tensile fracture develops straightly and along the direction 

perpendicular to maximum stress. The fracture stage during experiment, produces a high 

explosion indicating grain breakage.  

 

 

 

 
Figure 58: Fracture patterns of (a) Kimachi (b) Gneiss (c) Korean granite (d) African granodiorite. 

(a) 

(b) 

(c) 

(d) 
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The low value results from the Young’s modulus also supported the idea that there 

is little elastic behavior and high brittleness. This further supported that grains fracture at 

early stages instead of being elastic. The scenario for the gneiss from Dolni Rozinka is 

quite different and the failure mode for Type-1 is share plane and for Type-3 longitudinal 

splitting along foliation planes(see Figure 58b). It is clear that UCS can characterize rock 

failure pattern in response to strength.  

 

Figure 59: Schematic illustration of influence of bedding planes on sedimentary rock. 

3.2.3 Conclusions 

To carry out uniaxial compressive strength and deformation and their anisotropies, 

uniaxial test was carried on selected rock types. The uniaxial compressive strength and 

deformation are highlighted. The experimental results reveal that the unconfined strength 

and deformation properties vary with the direction of specimen loading. The strength and 

the Young’s modulus from Type-1 loading are  lower than those in the Type-3. A 

correlation of micro cracks orientation density have depicted that high density micro crack 

oriented in the Axis-3 direction have strongly influenced the uniaxial strength of tested 

specimens (Type-3).  
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Chapter 4: Estimating Tensile Strength Anisotropy of 

Selected Rock 

The objective in this part of the thesis is to experimentally determine the effect of 

rock anisotropy on the measured splitting strength of selected rocks. This is thought 

important because the understanding of splitting strength anisotropy is critical to quarrying, 

important to tunneling and mining, pure tension to ceilings.  

4.1 Brazilian tensile strength 

The Brazilian test is a simple indirect testing method to obtain the splitting/tensile 

strength of materials such as rocks. In this test, a thin circular disc is diametrically 

compressed to failure. The geometry of the specimen used for laboratory experiment is 

shown in Figure 60. The specimen is cored from a block and requires simple processing. 

The indirect tensile strength is typically calculated based on the assumption that failure 

occurs at the point of maximum tensile stress, i.e., at the center of the disc. For this thesis, 

the tensile strength is represented as St and is calculated based on equation (8),which 

calculate the splitting tensile strength based on the Brazilian test as recommend by ISRM 

1978.  

dt

P
St



2
                                                             (8) 

 

Where 

P is the load at failure 

d is the diameter of the test specimen (mm) 

t is the thickness of the test specimen measure at the center(mm) 
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Figure 60: Schematic Diagram of a Brazilian Test Specimen. 

4.2 Samples and methods 

4.2.1 Specimen preparation 

Figure 61 show an illustration on how the specimen for Brazilian test was prepared 

and Fig. 62 shows a schematic anisotropic representation for loading. The tensile test 

pressure crack specimen was prepared with recognized method as presented by ISRM 1978 

with diameter = 75mm and thickness = 20mm as shown in Figure 60. In order to confirm 

the effect of anisotropy in the measured tensile strength, rock samples were cord in the 

Axis-2 direction and loading of specimens was done in the Axis-1 and Axis-3 directions as 

shown in Figure 62. To keep the specimens free from moisture and humidity, specimens 

were oven dried for a period of 40 days at 110 °c and immediately cooled in desiccator 

before performing test.  
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Figure 61: Schematic illustration of preparation process for obtaining Brazilian Disc. 

4.2.2  Experimental method. 

The static measurement for the determination of anisotropic tensile stress is 

conducted with an MTS hydraulic servo-control testing system of 10t (Fig.63b). A constant 

loading rate of 1.3 × 10-3mm/sec is applied for all tests. Figure 63a show how the 

specimen is placed in a pressure crack test jaw for performing experiment. The specimen is 

sandwich between two pressure plates made up of stainless steel.  The radius of the top and 

bottom pressure plates is 56.25mm respectively and it’s 1.5 times larger than the radius of 

the specimen. The thickness of the pressing plate is design sufficiently larger than 20mm 

thick.  

 

Figure 62: Specimen sandwich by Testing jaws. 
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Figure 63: Material Testing Machine (10t), (a) and pressure crack jaw(b). 

4.2.3 Experimental results 

In order to investigate the anisotropic tensile strength of these tested rocks, the 

average tensile stress for each loading type was calculated and compared to opposite 

loading type. Also the deformational modulus of each loading determined. The tensile 

stress (St) for all specimens is calculated by equation 8, using the dimensions of each 

specimen and the derived maximum load (Pmax) from the test. The tensile strength for 

Type-1 is represented as St1 and that of Type-3 St3. All tests were carried out by 

displacement control.  

4.2.4 Tensile strength results 

Kimachi sandstone 

Four Type-1 specimens and four Type-3 specimens were used for the determination 

of tensile stress on this rock block. The average value of tensile stress (St) of Type-1 

specimen, St1 = 6.17MPa and the average value of Type-3 specimen St3 = 6.11MPa. These 

results are  shown in Table 17a and 17b. The tensile stress of Type-1 specimen shows high 

values when compared to Type-3 specimens. Figure 64a and 64b stress-strain curves. 
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Table 17: Tensile strength result 

Type-3(a) 

Specimen 

No. 

Diameter 

2r(mm) 

Thickness 

t(mm) 

Maximum 
Load 

Pmax(kgf) 

Tensile Strength 

St(MPa) 

BD1-1 75.0  19.8  1519  6.39  

BD2-1 75.0  20.8  1556  6.24  

BD3-1 75.0  21.0  1565  6.22  

BD4-1 75.0  20.8  1457  5.83  

Type-1(b). 

Specimen 

No. 

Diameter 

2r(mm) 

Thickness 

t(mm) 

Maximum 

Load 
Pmax(kgf) 

Tensile Strength 

St(MPa) 

BD1-3 75.0  20.5  1542  6.26  

BD2-3 75.0  20.4  1427  5.84  

BD3-3 75.0  21.1  1548  6.11  

BD4-3 75.0  20.6  1538  6.21  

Type-1(a) 

 

Type-3(b) 

 

Figure 64: Load-Displacement curve of Kimachi sandstone under tensile test Type-1(a) and Type-3(b). 
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African granodiorite 

Five specimens for Type-1 and Type-3 were used to estimate the tensile strength of 

African granodiorite. The stress rate for the deformation of this sample was kept constant 

at 1.3x10
-3

.  Estimation of the tensile strength have shown that, the average tensile strength 

(St) for Type-1 = 6.38MPa and the average value of tensile strength for Type-3=5.43 as 

shown in Table 18a and 18b.  Type-1 specimens show high tensile strength values than 

Type-3. Figure 65a and 65b deminstarte stress-strain curve obtained from the 

experimnents. 

Table 18: Tensile strerngth result for African Granidorite, Type-1(a) and Type-3(b). 

Type-3(b)      

 
Specimen 

No 

 

Diameter, 

2r(mm) 

Thickness, 

t(mm) 

Maximum, Load 

Pmax(Kgf) 

Tensil Strength 

St3(Mpa) 

 BD1-1 75 20 1142.7 4.75 

 BD2-2 75 20 1420.6 5.91 

 BD3-3 75 20 1528.8 6.35 

 BD4-4 75 20 1152.6 4.79 

 BD5-5 75 20 1280.4 5.33 

 

Type-1(a)      

 
Specimen 

No 

Diameter, 

2r(mm) 

Thickness, 

t(mm) 

Maximum, Load 

Pmax(Kgf) 

Tensil Strength 

St1(Mpa) 

 BD1-1 75 20 1524.3 6.33 

 BD2-2 75 20 1573.3 6.54 

 BD3-3 75 20 1566.9 6.52 

 BD4-4 75 20 1445.9 6.01 

 BD5-5 75 20 1569.3 6.52 
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Figure 65:  Load-Displacement curve of African granodiorite under tensile test, Type-1(a) and Type-

3(b). 

(a) 

(b) 
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Gneiss from Dolni Rozinka 

Summary of results on splitting strength for  gneiss from Dolni Rozinka are presented in 
Table 19a and 19b. Their stress-displacement curves are shown in Figure 66a and 66b for 
all measured samples. 

Table 19:  Tensile strength result for Gneiss from Rozinka Type-1(a) and Type-3(b) 

Type-1(AM) B 

Specimen No 
Diameter,  

2r(mm) 

Thickness,  

t(mm) 

Maximum Load 

Pmax(Kn) 

Tensile 

Strength 

St(Mpa) 

AM 1-1 47.11 26.4 16.2 8.3 

AM 1-2 47.07 26.13 13.97 7.22 

AM 1-3 47.08 26.27 21.83 11.24 

AM 1-4 47.09 26.42 20.6 10.55 

AM 1-5 47.08 26.21 23.68 12.22 

Average    9.9 

 

Type-3(AM) A 

Specimen No 
Diameter,  

2r(mm) 

Thickness,  

t(mm) 

Maximum Load 

Pmax(Kn) 

Tensile 

Strength 

St(Mpa) 

AM 1-1 47.04 27.48 19.9 9.65 

AM 1-2 46.98 26.46 15.18 7.78 

AM 1-3 47.06 28.22 13.77 6.6 

AM 1-4 47.07 27.63 13.55 6.64 

AM 1-5 47.04 27.83 12.67 6.17 

Average    7.4 
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Stress -Displacement curves 

Type-1 

 

 

Type-3 

 

Figure 66: Load-Displacement curve of African granodiorite under tensile test , Type-1(a) and Type-

3(b). 
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Korean granite 

Sumarry of results for Koean granite are represented in Table 20 for type-1 and Type-3 
loading orientation. In figures 67a and 67b  obtained stress-displacement curves are 
presented. 

Table 20:  Tensile strength result for African Grandiorite Type-1(a) and Type-3(b) 

Type-1(a) 

Specimen 

No 

Diameter, 

2r(mm) 

Thickness, 

t(mm) 

Maximum 

Load 

Pmax(Kn) 

Tensile 

Strength 

st(Mpa) 

BD1-1 75 20 29.96 12.46 

BD2-1 75 20 28.215 11.73 

BD3-1 75 20 27.845 11.58 

BD4-1 75 20 31.325 12.89 

BD5-1 75 20 23.83 9.91 

BD6-1 75 20 22.26 9.25 

Average    11.3 

 

Type-3(b) 

Specimen 

No 

Diameter, 

2r(mm) 

Thickness, 

t(mm) 

Maximum 

Load 

Pmax(Kn) 

Tensile 

Strength 

st(Mpa) 

BD1-3 75 20 28.97 12.05 

BD2-3 75 20 25.05 10.41 

BD3-3 75 20 23.18 9.64 

BD4-3 75 20 24.56 10.21 

BD5-3 75 20 28.065 11.67 

BD6-3 75 20 24.615 10.23 

Average    10.7 
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Figure 67: Load-Displacement curve of Korean granite under tensile test, Type-1(a) and Type-3(b). 

4.2.5 Anisotropy of fracture propagation 

One most important feature of examination in the tensile strength anisotropy of 

selected rocks is their observation of fracture propagation. Specimens were tested in 

directional axis (Axis 1-2 and Axis 3-2) for their anisotropy examination. It is believed that 

heterogeneities cause different degree of crack propagation among specimens. Figure 

68(A-C) show examples of specimens after test.  
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Type-1     Type-3 

             

 

               

 

             

Figure 68: Type-1 and Type-2 fracture patterns on tested specimens for splitting strength.  

4.2.6 Visualization of Fractures by X-ray CT scanner.  

For the purpose of fracture visualization, the African granodiorite specimen of 

Type-1 and Type-3 has been selected for examination. The grain density distribution of 

this rock block has been estimated in three normal directions to determine the direction of 

anisotropy. The results are shown in chapter 2. There directions were defined as Axis-1, 

Axis-2 and Axis-3 in order of density and planes perpendicular to each axis were defined 

as Plane-1, Plane-2 and Plane-3 as demonstrated in chapter 2.  Results show that, the grain 

density in the direction of Axis-1 is with high values than those in the other direction of the 

rock block. To make clear the fracture paths, a μ-focus X-ray CT scanner was employed. 

A 

B 

C 
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The two sample specimens were scanned and the fractured lines traced as shown in Figure 

69. From the obtained diagrams, it was observed that all fracture propagations were made 

along grain boundaries for Type-1 and Type-3. This phenomenon also supports the fact 

that granitic grains are much harder that, fracture finds it difficult to initiate along grains. 

Examining the two traced scanned samples (Type-1 and Type-3) it could be observed that 

the cracks for Type-1 are much wider and those for Type-3 narrower. The fact to support 

this finding is based on the results obtained from grain density distribution estimated in 

chapter 2. Type-1 Brazilian disc specimens come from Axis-1 direction, the direction with 

higher grain density. This means that, Type-1 mode of fracture will have created much 

more bends to find their fracture path along grain boundaries. The high density of grains 

has prevented the occurrences of shorter paths, hence, wider fracture paths. On the other 

hand, Type-3 has demonstrated less wide fractures with almost straight lines indicating a 

lesser grain density and an easier fracture path. The grains in this Axis-direction are also 

straight.  

 
Figure 69: Shows anisotropic fracture propagated lines for Type-1 and Type-3 samples of African 

granodiorite. 
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4.3  Discussion 

4.3.1 Splitting tensile strength anisotropy  

The static tensile strength values are taken as average of individual tested rock 

block. Table 21 shows the variations in static tensile strength measured in two directions 

from each tested rock block. The measured static tensile strength exhibits  anisotropy. The 

average tensile strength of all Type-1 specimens yields the highest splitting strength and 

Type-3 the lowest tensile strength.  

The rocks used have been tested for their anisotropy through elastic wave 

measurement and average grain density distribution. This have supported that Axis1-2 is 

with the highest values of elastic wave velocities and highest grain densities. On 

considering the phenomena of fracture propagation in all rock, it could be considered that 

the planes from which Type-1 specimens are derived is with larger grains and high density. 

Realistic observations are drawn on the wider fracture paths made by Type-1 specimens 

than Type-3. The Type-3 orientation remains the weakest plane to split while Type-1 the 

toughest. This also reveals that for tensile strength determination of anisotropy with 

indirect method such as Brazilian test is a vital method.  

Table 21: variation in tensile strength values for all tested rocks. 

Specimen Average Tensile Strength Anisotropy (MPa) 

 Type-1 Type-3 

Kimachi Sandstone 6.17 6.11 

Gneiss 13.9 11.6 

Korean Granite 9.91 7.36 

African Granodiorite 12.01 11.01 

 

In the tested granitic rocks(Korean granite and African Granodiorite), the tensile 

strength anisotropy is mainly affected by the distribution and orientation of micro cracks. 

Micro cracks examination on these rocks has shown a strong concentration on Axis-2-3.  

In reference to this, Plane-3 is found to be parallel to the micro-cracks. The relationship 
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between micro cracks and induced tensile strength anisotropy is that micro-cracks facilitate 

and initiate faster and easier splitting, which might reduced the strength of splitting on the 

Type-3 specimens for tested granites. 

4.3.2 Conclusions  

In this part of the thesis, I measure the splitting tensile strength anisotropy of 

selected rocks with Brazilian test. The disc samples are cored and loaded along two 

determined planes. The selected rocks exhibit strong tensile strength anisotropy under 

static loading. The fracture propagations have fully supported that heterogeneity occurs 

within samples and the presence of anisotropic tensile splitting exists.  
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Chapter 5: Representing Mohr-Coulomb using index 

parameters from Uniaxial compressive strength, 

Tensile strength and Fracture toughness. 

In rock fracture mechanics, it is stated that fracture process generates from pre-

existing flaws (voids, cracks) within the rock body in a microscopic manner when 

subjected to loading. Extensions of these generated fracture is directly proportional to 

loading and eventually fractures (macroscopic). The evaluation of rock strength has also 

been based on macroscopic point of view (Mohr coulomb).  

In this part of my thesis, the interest is focused on considering the effect 

microscopic failure to evaluate the strength of tested rocks. I have used the fracture 

toughness as an indicator of microscopic fracture. The relationship of Fracture toughness 

(KIC) which is equivalent to uniaxial compressive strength and tensile strength is used to 

represent the Mohr coulomb failure criterion to evaluate fracture transition from 

microscopic to macroscopic.  

When rocks are loaded to fracture, the destruction of is generated from pre-existing 

microscopic structures (voids or cracks).  As loading is further increased, the initiated 

microscopic cracks progresses and finally coalesce to macroscopic fracture. It is believed 

that in this way, destruction of the rock is a process of transition from microscopic fracture 

to macroscopic destruction.  

For rock strength estimation, it is very important to consider the effect of 

microscopic fracture. However, in consideration to this, the failure criterion has been 

proposed slightly.  

The Mohr-coulomb failure criterion is widely used for the estimation of rock 

strength parameters but the impact of microscopic fracture is not considered in this system. 

However, in fracture criterion, it is also considered a microscopic fracture, considering that 

it might express destruction criteria (Mohr-coulomb) using fracture toughness as a 

microscopic fracture indicator. I expressed theoretically using fracture toughness of Mohr-

Coulomb failure criterion from the relationship of tensile strength, uniaxial compressive 
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strength and fracture toughness. Furthermore, from conducted tests of uniaxial 

compressive test, tensile pressure crack test, SCB (semi-circular specimen under three 

point loading) from selected rock types, I was able to estimate values of uniaxial 

compressive strength, tensile strength and fracture toughness. Using these estimated 

values, I could determine the Mohr-coulomb failure criterion, expressed theoretically.  

5.1 Tested materials and methods 

To achieve my study goals, I have performed uniaxial compressive strength, tensile 

strength and fracture toughness test in order to determine parameters like A1, A2, and A3.  

The selected rocks, Kimachi sandstone from Japan, granite from Korea, granodiorite from 

South Africa and migmatite from Czech Republic as shown in Figure 70 have been used 

for this investigation. The sandstone (kimachi) has been checked for its bedding planes to 

confirm anisotropy. The two granites were cored into different directions to represent 

anisotropy while the metamorphic rock shows clear anisotropy due to its foliation. The 

tests were all conducted based on anisotropy and results obtained are anisotropic.  

In consideration of the anisotropy from the results from the results of elastic wave 

velocity measurements, specimen for each test were loaded with reference to direction with 

low elastic wave velocity as Type-3 and high elastic wave velocity as Type-1 for 

confirming anisotropy. Figure 71 shows how each specimen was prepared for the test. Its 

shows uniaxial mode of preparation, Brazilian mode and SCB test mode. The uniaxial 

compressive test specimen has a radius r=17.5mm, height h=75mm and 6 specimen were 

prepared for both Type-3 and Type- 1. The uniconfined compressive strength was 

calculated using equation (9). 

A

P
S c

c                                                                                        (9) 

Where A is the cross-sectional area, Pc is the maximum load.  

For tensile test pressure crack, I prepared 4 specimens for both Type-1 and Type-3. 

The tensile test specimen is a disc specimen of diameter=74mm and thickness=20mm. the 

tensile strength St is calculated using equation (10) 
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dt

P
S



c

t

2
                                                                                (10) 

SCB test specimens, were prepared with a radius r=37.5mm and thickness t=20mm. 

it is a semi-circular specimen having an artificial notch a=19mm at the center. Thirteen 

specimens for Type-1 and 15 specimens for Type-3 were prepared. The fracture toughness 

KIC is calculated using equation (11).  

 Y
rt

aP
K

2

c

ΙC


                                                                 (11) 

Where Y1  is a non-dimensionless stress intensity factor, is a coefficient determined by the 

distance point loading and bottom specimen dimension. 

 

Figure 70: Showing selected rock samples(a) Kimachi sandstone,(b)African granodiorite(c) Korean 

granite. 

 

Figure 71:  Shows modes of specimen preparation for loading .  
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5.1.1 Mohr-Coulomb failure criterion in terms of fracture toughness.  

It has been consider that KIC is proportional to tensile strength St and uniaxial 

compressive strength Sc. equation (12) satisfies this relationship.  

C1ΙC SAK                          t2ΙC SAK                                            (12) 

Where A1 and A2 are constants and the product of the above equation for KIC could be 

arranged as shown in equation (13). 

tC3tC21ΙC SSASSAAK                                    (13) 

Therefore, 

3

ΙC

tC
A

K
SS                                                                (14) 

5.1.2 Deriving linear failure envelop 

From Coulomb (1776) postulation, the share strength of rocks and soils is made up 

of two parts i) a constant cohesion ii) a normal stress–dependent frictional component. His 

assumptions were based on the idea that failure on a rock or soil takes place along a plane. 

Along the plane, sliding is resisted by frictional force and its magnitude is equals the 

normal stress (σn) acting on it. Rocks are made up of binding granular materials which 

internal cohesive force can also resist frictional sliding.  With this consideration, the Mohr-

coulomb failure criterion I am to represent using index parameters, can be written as 

shown in equation (14). 

 tanC                                 (14) 

Where, 

C = is the cohesive strength  

  = is the internal frictional angle  

Then it is possible to represent c and   using uniaxial compressive strength Sc and 

tensile St Strength as shown in Equation (15). 
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tC
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Therefore, substituting equation (1) and (3), I assign a new equation for c and  as 

shown in equation (16). 
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Thus, the linear failure envelop postulated by Mohr-coulomb failure criterion can 

be represented in equation (17). 
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5.1.3 Parabolic failure envelope.  

As stated by the Mohr-coulomb failure criterion, failures can occur if the conditions 

in equation (14) are satisfied. But observing the plane, on which this condition occurs, 

appears a straight line with a slope. It has been argued (by Paul 1961) that the coulomb 

failure line extends too far into the tensile region of the plane. In order to make correction, 

the failure line has been replaced by a nonlinear relation but still maintains the idea of 

Mohr-coulomb failure.  Therefore, from my derived linear failure, we also represent the 

parabolic failure as expressed in equation (18). 

  













 tt

2

t

C2 11 SS
S

S
                                                (18) 

By substituting equation (13) and (14) into equation (18), it is possible to represent 

the parabolic failure envelope with KIC as shown in equation (19). 
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5.1.4 Experimental results.  

In figure 72, the stress-strain curve for each type of uniaxial compressive strength 

obtained in each rock block is shown. In figure 73, stress-displacement curve of tensile test 

pressure crack for each Type of loading for all tested rocks is shown, while in Figure 74, 

the load-displacement curve for each loading direction for the SCB test is shown. In Table 

22-25, the average values for each measure parameter of each test are presented.  
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Figure 72: Examples of stress-strain curves for (a) Kimachi sandstone (b) Korean granite. 
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Figure 73: Examples of tensile strength load-displacement curves for (a) Kimachi sandstone (b) 

Korean granite   (c) Gneiss   (d) Granodiorite. 

 



Sylvester Amadu Brima Koroma: 

Influence of anisotropy on rock physical and mechanical properties. 

103 2013 

0

100

200

300

400

500

600

700

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

4-4-2(1)
5-5-1(3)

B
D

Pc = 591 N

Pc = 662 N

Type1

Type3

5

0

200

400

600

800

1000

1200

1400

1600

0 0.05 0.1 0.15

Lo
ad

, 
kN

Displacement, mm

Type-1

Type-3

0

500

1000

1500

2000

0 0.05 0.1 0.15 0.2

Lo
ad

,k
N

Displacement, mm

Type-1

Type-3

0

200

400

600

800

1000

1200

1400

0 0.05 0.1 0.15 0.2

Lo
ad

, 
kN

Displacement, mm

Type-1

Type-3
5

5

5

(A) (B)

(C) (D)
 

Figure 74: Examples of load-displacement curves of fracture toughness for (a) Kimachi sandstone (b) 

Korean granite (c) Gneiss (d) Granodiorite. 

From the results (for Kimachi sandstone), the uniaxial compressive strength of 

Type-1 is larger to that of Type-3. In addition the static Young’s modulus of all Type-1 is 

also larger. On the other hand, there is an increase of fracture toughness for Type-3 when 

compared to Type-1 and Type-3 specimens show larger modulus of deformation. These 

differences are hardly observed in the tensile strength of tested specimens, but when 

compared, Type-1 shows larger coefficient of deformation than Type-3. A similar scenario 

is experienced for Korean granite, African granodiorite and Gneiss rocks when compared 

their Uniaxial compressive strengths, tensile strength and fracture toughness index.  

Examination of the Kimachi sandstone the cause of increase of UCS of Type-1 can 

be attributing to bedding planes. Type-1 has specimen’s perpendicular to bedding and 

Type-3 parallel to bedding. Sediments were deposited in perpendicular direction (Type-1). 

Therefore, the overburden pressure have compacted the specimens.  
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The situation for the two granites has been influenced by micro crack orientation. A 

small quantity of micro cracks have been deposited along the Axis-1-2, were Type-1 

specimens are cored. The ultrasonic wave velocities have also reported high values in that 

direction, while there are large amount of micro cracks towards the Axis-2-3 (Type-1) with 

corresponding high values of ultrasonic waves. The metamorphic foliations play a vital 

role in the high uniaxial strength Type-1(perpendicular to foliation).  

5.1.5 Estimated parameters.  

The major aim in this part of my thesis is to use the measured parameters from 

conducted tests to represent Mohr-coulomb failure criterion for the estimation of strength 

and the examination of fracture strength relationship from microscopic to macroscopic 

scale. I therefore estimate for each rock, the uniaxial compressive strength and Young’s 

modulus, tensile strength and deformation modulus, fracture toughness and modulus of 

deformation. The estimated average stated parameters for all tested rock blocks  are  shown 

in Table 22, 23,24 and 25 

Table 22: Test results for Kimachi sandstone. 

  Type1 Type3 

UCS Test 
UCS Test 

(MPa) 
58.6 51.6 

 Young’s modulus(MPa) 7700 6700 

Tensile Test Tensile strength(MPa) 6.17 6.11 

 Deformation modulus (MPa/mm) 16.7 17.8 

SCB Test Fracture toughness(MN/m3/2) 0.689 0.739 

 Deformation modulus (N/mm) 6530 6990 

Table 23: Test results for African Grandiorite 

  Type1 Type3 

UCS Test 
UCS Test 

(MPa) 
243.5 239.5 

 Young’s modulus(MPa) 20.3 20.2 

Tensile Test Tensile strength(MPa) 13.9 11.6 

 Deformation modulus (MPa/mm) 13.9 10.8 

SCB Test Fracture toughness(MN/m3/2) 2.25 1.84 

 Deformation modulus (kN/mm) 16.657 15.965 
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Table 24:  Test results for Korean Granite. 

  Type1 Type3 

UCS Test 
UCS Test 

(MPa) 
184.5 178.8 

 Young’s modulus(MPa) 18.1 19.5 

Tensile Test Tensile strength(MPa) 11.31 10.71 

 Deformation modulus (MPa/mm) 23.24 23.75 

SCB Test Fracture toughness(MN/m3/2) 1.30 1.11 

 Deformation modulus (N/mm) 18.5 17.5 

Table 25:  Test results for Gneiss from Rozinka. 

  Type1 Type3 

UCS Test 
UCS Test 

(MPa) 
123.9 104.8 

 Young’s modulus(MPa) 27.3 30.1 

Tensile Test Tensile strength(MPa) 15.14 19.25 

 Deformation modulus (MPa/mm) 20.98 18.27 

SCB Test Fracture toughness(MN/m3/2) 1.86 1.44 

 Deformation modulus (kN/mm) 18.56 17.41 

5.1.6 Relationship between measured parameters. 

For the determination of A1, A2 A3 and KIC the relationship between fracture 

toughness KIC versus tensile strength St, fracture toughness KIC versus uniaxial 

compressive strength UCS and Uniaxial compressive strength UCS versus tensile strength 

St is plotted and examined. The values used for this approach are the average parameters 

derived for Type-1 and Type-3 for each performed test shown in Tables 26-29The 

cohesion(c) and frictional angle (ϕ)are then derived from estimated A1, A2 A3 and KIC. 

Figure 75-77 shows the stated relationships for each tested rock block.  
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Figure 75: Rrelationship between uniaxial compressive strength and tensile strength. 

 

Figure 76: The relationship between fracture toughness and tensile strength. 

 

Figure 77: The relationship between uniaxial compressive strength and fracture toughness 
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5.1.7 Parameter substitution 

I estimated the parameter for A1, A2 A3 with (c) and (ϕ)for each tested rock. The 

values are then substituted into the equations for both linear parabolic failure criterions.  I 

treated each case separately. 

Kimachi sandstone 

Table 26 shows the results obtained for values A1, A2 A3 with (c) and (ϕ)for 

Kimachi sandstone. The following equations were obtained 

Table 26: Kimachi Sandstone 

 Type1 Type3 

A1(m
1/2) 1.18×10-2 1.43×10-2 

A2(m
1/2) 1.12×10-1 1.21×10-1 

A3(m
1/2) 3.62×10-2 4.16×10-2 

C(MPa) 9.51 8.89 

ϕ(degree) 54.0 52.0 

Linear Failure envelop 

Type-1 

 





 54tan
1062.3 2

 CK
                                    ( 20) 

Type-3 

 


 52tan
104.16 2-

IC 
K

                                       (21) 

Parabolic Failure envelop 

Type-1 












 

1-

ΙC

ΙC

2

101.12
8.44

K
K                                          (22) 

Type-3 












 

1-

ΙC

ΙC

2

101.21
6.35

K
K                                           (23) 
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African Granodiorite 

Table 27 shows the values obtained for A1, A2 A3 with (c) and (ϕ)and the values 

obtained are substituted for both linear and parabolic failure criterion.  

Table 27: Results for African granodiorite. 

 Type1 Type3 

A1(m
1/2) 9.24×10-2 7.68×10-2 

A2(m
1/2) 1.61×10-1 1.58×10-1 

A3(m
1/2) 3.85×10-2 3.48×10-2 

C(MPa) 29.2 26.4 

ϕ(degree) 63.0 65.2 

Linear envelope 

Type-1 

 





 63tan
1085.3 2

 CK
                                                 (24) 

Type-3 

 


 65tan
103.48 2-

IC 
K

                                          (25) 

Parabola 

Type-1 












 

1-

ΙC
ΙC

2

101.12
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K
K                                         (26) 

Type-3 












 

1-

ΙC
ΙC

2

101.21
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K
K                                         (27) 
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Korean granite 

Table 28 shows the values obtained for A1, A2 A3 with (c) and (ϕ)and the values 

obtained are substituted for both linear and parabolic failure criterion.  

Table 28: Results for Korean granite. 

 Type1 Type3 

A1(m
1/2) 7.05×10-2 6.20×10-2 

A2(m
1/2) 1.14×10-1 1.04×10-1 

A3(m
1/2) 2.84×10-2 2.54×10-2 

C(MPa) 23 22 

ϕ(degree) 62.1 63 

Type-1 

 





 62tan
1084.2 2

 CK
                                     (28) 

Type-3 
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Parabola 

Type-1 
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Gneiss from Dolni Rozinka 

Table 29 shows the values obtained for A1, A2 A3 

obtained are substituted for both linear and parabolic failure criterion.  

Table 29: Results for Gneiss. 

 Type1 Type3 

A1(m
1/2) 1.50×10-2 1.37×10-2 

A2(m
1/2) 1.22×10-1 7.4×10-1 

A3(m
1/2) 1.35×10-2 3.18×10-2 

C(MPa) 68 823 

ϕ(degree) 53 44 

Type-1 
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 CK
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Type-3 
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5.2 Discussions 

5.2.1 Anisotropy of shear strength  

Rocks resist deformation by two internal mechanism, cohesion and internal friction. 

A measure of the internal bonding of rock materials is the cohesion. Bonding of rock 

materials results to contact between rock particles and these is  defined by the frictional 

angle, rocks in general are believe to be heterogeneous and anisotropic, therefore an 

understanding of their anisotropy of shear strength is an important parameter to discuss in 

rock engineering investigation. This investigation will provide a realistic understand on 

how the strength properties varies within a rock mass directionally and how the studied 

specimens fails during experiment. I have observed that the failures that occurred between 

Type-1 and Type-3 have different modes.  From the results observed in average grain size 

packing on each rock block, it has shown that Axis-1 on every rock block is with the 

highest grain densities. This shows that Axis-1 should be more cohesive. In this part of my 

thesis work, I intend to use parameters obtained from UCS, St and KIC to represent the 

Mohr-coulomb failure criterion and to be able to link a relationship between a microscopic 

fractures to macroscopic fracture. Results have supported my assumptions that the Mohr-

coulomb failure criterion could be represented using the stated parameters.  

The rocks so far examined have shown some degrees of anisotropy. The significant 

anisotropy could be observed from the sandstone and Gneiss rock samples. This is 

probably due to the bedding planes in sedimentary rock and the foliations in the 

metamorphosed gneiss rock. When examining the two granites, I could conclude that the 

internal frictional angle and the cohesion are somehow anisotropic but this has no effect on 

the grain to grain bonding or the friction between the binding materials. The anisotropy in 

strength has been caused by the presence of micro cracks and results from the elastic wave 

velocity measurement have supported this argument. Observing the graph relationships 

demonstrated for fracture toughness versus UCS, fracture toughness versus St, I have 

proven the idea that fracture toughness is directly proportional UCS and St for each tested 

rock. This relationship is a robust skill to identify stress intensity factor at microscopic 

scale that leads to macroscopic fracture.  
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5.2.2 Conclusion  

The Mohr-coulomb failure criterion could be expressed theoretically by using 

fracture toughness as a microscopic index. This further support the assumed idea that 

fractures toughness is directly proportionally to UCS and St. Furthermore, it could be 

concluded that uniaxial compressive strength, tensile strength and fracture toughness from 

selected rock types could be used to could be used to determined parameters of failure 

criterion for different rock types. 
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Chapter 6: Fracture toughness anisotropy of tested rocks 

The aim of this study is to evaluate the fracture toughness anisotropy of some 

selected rock types (granodiorite, sandstone, granite and gneiss) to determine their mode 1 

fracture toughness anisotropy. To evaluate this parameter, the semi-circular specimen 

under three-point bending (SCB) technique for fracture testing of rocks was adopted. The 

tested rocks have been found to exhibit strong anisotropy in terms of microcrack 

distribution and orientation and grain size distribution. The estimation of elastic wave 

velocity and observation of thin sections of these rocks were performed to make clear the 

anisotropic distribution of these microcracks and grains. Based on the results of observed 

anisotropy from microcracks and grain distribution, two types of specimens (Type-1 and 

Type-3) were prepared. Two of these selected rocks (African granodiorite and Korean 

granite) have been tested for their fracture toughness under water vapor pressure(Katoaka 

et al 2009), gneiss from Dolni Rozinka and two sandstones (kimachi and river sandstone) 

have been tested in normal laboratory conditions. The vapor pressure analysis was 

performed with the idea that water vapor is an effective agent that promotes stress 

corrosion and the vapor pressure was in the range of 10
-2

 to 10
3 

Pa. The observed 

experimental results have shown that fracture toughness have anisotropic properties. The 

fracture geometry was used to observed crack initiation and propagation at both surface 

and within specimens using X-ray technology. From the observed microstructure, it could 

be considered that the anisotropy of fracture toughness is dependent on the distribution of 

grains rather than inherent microcracks as in the case of granites. 

Fracture toughness (KIC) of rocks, which is considered one of the basic material 

parameters in fracture mechanics, is defined as the resistance to crack initiation (e.g. 

M.H.B. Nasseri et al. 2007). Rock materials are generally heterogenous in their material 

structure and composition; hence exhibit variation in their fracture toughness properties. It 

is of importance to determine and rock fracture initiation and propagation at different 

orientations to understand their fracture toughness anisotropy.  In fracture mechanics, it is 

understood that crack initiation takes place when the stress intensity factor K at the crack 

tip reaches a critical value called the fracture toughness KC . From the concept of fracture 

toughness, it must be dependent on the nature of pre-existing microstructures in the rock 
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that contribute to the inhomogenity. Some of these microstructures could be microcracks 

and their alignment, grain-size distribution, grain-grain boundary, boundary between 

bedding planes and foliations in metamorphic rocks.  

It has also been studied that the fracture toughness of rocks is affected by the 

surrounding environment, such as humidity, temperature and confining pressure.  In order 

to examine the effect the of temperature, double tortion test has been performed under a 

condition of temperature 20 to 400 °c with water vapor pressure of  10
-2

 to 10
3 

Pa 

granodiorite and granite. The result of water vapor pressure test show that the fracture 

toughness of granodiorite increases below 100°c and decreases over 100°c and at 400°c, it 

reaches a value of 60 % of that 20°c.   

A very concise correlation of microcrack density and microcrack length and 

fracture toughness has been demonstrated. This study further revealed that a combination 

of microcracks orientation, grain size and rock lamination and foliation in metamorphic 

rocks can affect the fracture toughness of rocks. The grains orientation pattern has the 

basic influence in the fracture pattern of a rock material. The effect of of anisotropic nature 

of coal on fracture toughness has been studied both experimentally and analytically. 

Conclusions made from the study were, fracture toughness was higher when measured 

orthogonal to bedding plane and was lower for crack propagation along bedding plane. 

In this part of my thesis, the fracture toughness of two types of granites was 

estimated under various water vapor pressures and its dependence on the water vapor 

pressure of the surrounding environment was examined. Furthermore, fracture process of 

rocks, namely crack initiation and propagation was considered on the basis of analyzing 

the geometry fracture observed. The relationship between fracture process and 

microstructures and grain density propagation in rocks was discussed.  
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6.1 Semi-Circular Bend (SCB) test 

The geometry of the SCB specimen used in the experiment is shown in Fig. 54. The 

test was developed by Chong and Kuruppu (1986). The specimen is typically core based 

and requires very little machining. In particular, it is suitable for small, compact specimens 

requiring duplicated samples to investigate various parameters like strain rate, moisture 

content and temperature. The fracture toughness of mode 1 KIC is represented by the 

following equation 36. 

I
max

IC
2

Y
rt

aP
K


                                           (36) 

Where a is an artificial notch length, r is a radius and t is a thickness of the specimen. The 

normalized stress intensity factor YI is shown in Figure 2.214). YI is the dimensionless 

stress intensity factor given as a function of the dimensionless crack length a/r. Pmax is the 

maximum load attained before fracture.  

6.2 Samples and methods 

6.2.1  Specimen preparation 

After the estimation of grain size distribution and micro crack density orientation 

and estimation of elastic wave velocity anisotropy, each rock was definied as Axis-1, Axis-

2 and Axis-3 based on anisotropy. From these three axes orientation, a rock core of75mm 

is drilled to the direction of Axis-2 in each rock block as shown in Figure 78. The cores 

were then sliced into circular disks of approximately 20 mm thickness and each disk was 

cut into halves to form two semi-circular specimens. Finally, an artificial notch was made 

by a diamond blade with a thickness of 0.4 mm. The length of crack notch was given by 

a/r = 0.5 where a and r. The corresponding value of YI in equation (3) is approximately 

6.65. In this investigation, two types of specimen were prepared, Type-1-2 and Type-3-2 as 

shown in Figure 78. The first figure of the type name represents the direction of artificial 

notch and propagation of the crack, and the direction of propagation of fracture during test. 
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Specimens were oven dried in order to remove residual water at 110°c for than 30 days 

before test. 

 

Figure 78: Schematic illustration of preparation process for obtaining two types of SCB specimen. 

6.2.2 Laboratory procedure 

The test was performed using an MTS servo-controlled testing machine with a 

capacity of 100kN as shown in Figure 79. Two type of experiment were performed, one 

under water vapor pressure and the other in normal laboratory condition. For the two types 

of tests, the specimen set up is the same and is shown in Figure 80. In normal laboratory 

condition, the specimen is placed on two lower support rollers with support span width 2s . 

The value of s/r is 0.8. The load is applied through one upper and two lower rollers. 

Loading plate with a load cell can move up and down vertically by guide rods. For 

experiment conducted in water vapor pressure, the system  consist of a vacuum chamber 

used in the test to control surrounding environment.  The chamber, which is made of 

SUS304 steel, has upper and lower flanges with a rod for compression, and six ports and a 

valve to inject gases. Two of the ports are used to lead the output from the load cell. 

Another two ports are to measure the vapor pressure in the chamber by two types of 

pressure gauges. One port is a window for observing inside of the chamber and the last 

port with a valve is connected to an evacuation system through a flexible. During the test, 
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the chamber is linked to the evacuation system. Specimen set up for this experiment is 

shown in Figure 81. 

 
Figure 79: Servo-controlled testing machines. 

 

Figure 80:  Setup of specimen with special equipment. 

 

Figure 81: Setup of chamber for confining vapor to the specimen. 
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6.2.3 Experimental results 

The results and conditions of the SCB tests were carried out by displacement 

control. Some were performed in water vapor pressure environment. Loading rate was at 

0.1mm/min. The load displacement curves were also plotted where load is on the vertical 

axes and displacement on the horizontal axes. All specimens show convex curves at initial 

stages of loading. Then a linear loading which proceeds till the specimen fractures. The 

range of water vapor pressure in the test for granodiorite and granite was from 1.0 x 10-2 

Pa to 7.7 x 102 Pa. The fracture toughness KIC is calculated using equation (36). 

Kimachi sandstone 

Thirteen specimens for Type-1 and fifteen specimens for Type-3 were tested for 

kimachi sandstone. The results are summarized in Tables 30a and 30b. The stress – strain 

curves are shown in Figure 82a and 82b 

Table 30: a and b :Results and conditions of SCB test for Kimachi sandstone. 

Test 

Specimen 
Radius Thickness 

Crack 

Length 

Stress Intensity Factor, 

which is normalized 

Maximum 

Load 

Fracture 

toughness 

No. 
 r 

(mm) 
t (mm) 

a 

(mm) 
 YI  Pmax (N) KIC (MN/m3/2) 

SCB1-1 37.5 21.0  18.8  6.65  683.6 0.700 

SCB1-2 37.5  20.7  19.0  6.73  710.3 0.752 

SCB1-3 37.5  21.7  18.8  6.66  653.0 0.650 

SCB1-4 37.5  21.3  18.9  6.69  627.6 0.642 

SCB1-5 37.5  21.4  18.8  6.65  694.5 0.699 

SCB1-6 37.5  21.7  18.8  6.65  657.5 0.653 

SCB1-7 37.5  20.9  18.7  6.63  718.4 0.738 

SCB1-8 37.5  20.7  18.8  6.66  675.1 0.706 

SCB1-9 37.5  19.7  19.0  6.73  650.5  0.726 

SCB1-10 37.5  21.5  19.0  6.71  708.2  0.719 

SCB1-11 37.5  20.8  19.0  6.71  622.0  0.654 

SCB1-12 37.5  20.8  18.9  6.68  590.7  0.615 

SCB1-13 37.5  20.8  19.1  6.75  657.9  0.696 
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Test 

Specimen  
Radius  Thickness  

Crack 

Length  

Stress Intensity Factor, 

which is normalized  

Maximum 

Load  

Fracture 

toughness  

No.  r(mm) t(mm) a(mm)  YI  Pmax(N) KIC(MN/m3/2) 

SCB3-1 37.5 20.6  18.8  6.66  695.2 0.730  

SCB3-2 37.5  21.4  18.9  6.69  729.3 0.743  

SCB3-3 37.5  20.5  19.1  6.76  618.5 0.668  

SCB3-4 37.5  20.3  19.0  6.73  702.6 0.760  

SCB3-5 37.5  21.3  19.0  6.71  727.9 0.746  

SCB3-6 37.5  21.5  18.9  6.69  821.2 0.833  

SCB3-7 37.5  21.4  18.9  6.69  747.3 0.761  

SCB3-8 37.5  21.2  18.9  6.68  666.7 0.683  

SCB3-9 37.5  21.2  18.9  6.68  698.7 0.716  

SCB3-10 37.5  20.4  18.8  6.66  707.9 0.749  

SCB3-11 37.5  21.3  19.0  6.73  726.9 0.750  

SCB3-12 37.5  21.1  18.8  6.65  694.5  0.708  

SCB3-13 37.5  20.3  19.1  6.76  730.0  0.796  

SCB3-14 37.5  21.1  19.0  6.73  702.2  0.729  

SCB3-15 37.5  19.8  18.8  6.65  662.1  0.719  
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Figure 82: Load-displacement curves of Kimachi sandstone. 

African granodiorite 

Results for African granite under water vapor pressure are summarized in Tables 

31a and 31b, while load displacement curves are shown in Figures 83a and 83b. 

Table 31:  Results and conditions of SCB test for African granite,Type-1(a) and Type-3(b) 

(a) Type-1-2 

Specimen
Water

vapor pressure
Radius Thickness Crack length

Normalised

stress intensity factor
Maximum load Fracture toughness

No. p (Pa)  r (mm) t (mm) a (mm)  Y I  P max (N) K IC (MN/m
3/2

)

1-2-1 4.2 x 10
-1 36.7 20.3 17.9 6.63 2308 2.44

1-2-2 7.2 x 10
-1 35.2 21.6 16.3 6.60 2517 2.48

1-2-3 8.5 x 10
-1 36.6 20.2 18.1 6.75 2219 2.42

1-2-4 5.4 x 10
0 37.1 20.2 18.5 6.71 2231 2.42

1-2-5 8.7 x 10
0 36.3 17.8 17.5 6.65 1959 2.37

1-2-6 1.6 x 10
1 36.4 19.9 17.9 6.71 1795 1.97

1-2-7 3.3 x 10
1 36.3 21.5 17.6 6.65 2316 2.32

1-2-8 6.9 x 10
1 36.4 20.3 17.8 6.68 1976 2.11

1-2-9 8.7 x 10
1 35.2 19.0 16.4 6.65 1974 2.23

1-2-10 2.0 x 10
2 35.4 20.1 16.9 6.73 1885 2.06

1-2-11 3.8 x 10
2 36.3 19.0 17.6 6.66 1731 1.97  
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(b) Type-3-2 

Specimen
Water

vapor pressure
Radius Thickness Crack length

Normalised

stress intensity factor
Maximum load Fracture toughness

No. p (Pa)  r (mm) t (mm) a (mm)  Y I  P max (N) K IC (MN/m
3/2

)

3-2-1 8.4 x 10
-2 36.2 20.1 17.5 6.68 1793 1.93

3-2-2 2.4 x 10
-1 35.6 17.2 17.2 6.76 1519 1.95

3-2-3 5.2 x 10
-1 36.3 20.1 17.6 6.68 1619 1.75

3-2-4 8.6 x 10
-1 36.7 18.9 18.3 6.75 1590 1.85

3-2-5 1.1 x 10
0 36.4 19.6 17.9 6.71 1821 2.03

3-2-6 2.5 x 10
0 36.1 19.7 17.3 6.63 1708 1.86

3-2-7 4.7 x 10
0 35.7 18.7 16.6 6.55 1707 1.92

3-2-8 1.5 x 10
1 36.1 21.2 17.6 6.73 1752 1.81

3-2-9 3.5 x 10
1 35.8 17.1 17.1 6.65 1281 1.62

3-2-10 4.8 x 10
1 36.4 19.6 17.6 6.65 1762 1.94

3-2-11 9.3 x 10
1 35.8 19.9 17.0 6.63 1663 1.79

3-2-12 1.4 x 10
2 36.1 19.9 17.6 6.73 1511 1.66

3-2-13 4.2 x 10
2 36.8 18.9 17.7 6.53 1667 1.85

3-2-14 7.7 x 10
2 35.7 19.0 16.8 6.61 1611 1.81  
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Figure 83: : Load-displacement curves of African granite, Type-1(a) and Type(b) 
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Korean granite 

The results for Korean granite under water vapor pressure are summarized in 

Tables 32a and 32b while load displacement curves are shown in Figures 84a and 84b.  

Table 32: Results and conditions of SCB test for Korean granite,type-1(a) and type-3(b) 

(a) Type-1-2 

Specimen
Water

vapor pressure
Radius Thickness Crack length

Normalised

stress intensity factor
Maximum load Fracture toughness

No. p (Pa)  r (mm) t (mm) a (mm)  Y I  P max (N) K IC (MN/m
3/2

)

1-2-1 1.0 x 10
-2 37.5 19.6 18.6 6.58 1184 1.28

1-2-2 2.1 x 10
-2 37.5 20.2 18.7 6.63 1258 1.33

1-2-3 3.3 x 10
-2 37.5 20.7 18.9 6.69 1330 1.40

1-2-4 4.5 x 10
-2 37.5 20.6 18.7 6.64 1257 1.31

1-2-5 1.8 x 10
-1 37.5 21.4 18.8 6.66 1356 1.37

1-2-6 4.5 x 10
-1 37.5 21.3 18.7 6.61 1359 1.36

1-2-7 1.1 x 10
0 37.5 19.6 18.6 6.60 1258 1.36

1-2-8 3.2 x 10
0 37.5 20.4 18.8 6.66 1232 1.30

1-2-9 4.8 x 10
0 37.5 20.8 19.0 6.72 1245 1.31

1-2-10 1.2 x 10
1 37.5 18.8 18.8 6.65 1257 1.44

1-2-11 1.4 x 10
1 37.5 20.7 18.9 6.70 1301 1.37

1-2-12 2.0 x 10
1 37.5 20.1 18.8 6.66 1242 1.34

1-2-13 8.7 x 10
1 37.5 20.7 18.7 6.63 1273 1.32

1-2-14 1.3 x 10
2 37.5 21.3 18.4 6.54 1105 1.09

1-2-15 2.6 x 10
2 37.5 20.0 19.0 6.71 1059 1.16

1-2-16 4.1 x 10
2 37.5 20.7 18.9 6.69 1244 1.31

1-2-17 5.8 x 10
2 37.5 18.8 18.9 6.69 916 1.06  

(b) Type-3-2 

Specimen
Water

vapor pressure
Radius Thickness Crack length

Normalised

stress intensity factor
Maximum load Fracture toughness

No. p (Pa)  r (mm) t (mm) a (mm)  Y I  P max (N) K IC (MN/m
3/2

)

3-2-1 1.1 x 10
-2 37.5 21.3 18.3 6.51 1224 1.20

3-2-2 3.2 x 10
-2 37.5 21.3 18.0 6.41 1183 1.13

3-2-3 8.5 x 10
-2 37.5 19.8 18.8 6.66 1033 1.13

3-2-4 1.9 x 10
-1 37.5 21.2 18.8 6.67 1173 1.19

3-2-5 4.6 x 10
-1 37.5 19.9 18.7 6.61 1127 1.21

3-2-6 1.0 x 10
0 37.5 19.8 18.9 6.69 1088 1.19

3-2-7 3.5 x 10
0 37.5 19.1 18.7 6.62 910 1.02

3-2-8 5.8 x 10
0 37.5 21.3 19.2 6.78 1065 1.11

3-2-9 1.9 x 10
1 37.5 20.2 18.9 6.70 976 1.06

3-2-10 4.4 x 10
1 37.5 21.4 18.8 6.65 977 0.981

3-2-11 8.1 x 10
1 37.5 19.3 18.7 6.63 1046 1.16

3-2-12 9.9 x 10
1 37.5 19.4 18.7 6.63 1002 1.11

3-2-13 1.7 x 10
2 37.5 21.3 18.5 6.56 1149 1.14

3-2-14 4.9 x 10
2 37.5 21.6 18.6 6.60 996 0.981

3-2-15 6.3 x 10
2 37.5 21.3 18.8 6.65 1099 1.11  
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Figure 84: a and b: Load-displacement curves of Korean granite. 

Results for River Sandstone 

Results for river sandstone are summarized in Tables 33a and 33b. The stress-strain 

curves are presented in Figure 85a and 85b. 

Table 33: a and b Results and conditions of SCB test for River Sandstone.  

(a) Type-1-2 

Specimen Radius Thickness Crack Length 

Normalized 

Stress 

Intensity 

Factor 

Maximum Load Fracture Toughness 

No. r (mm) t (mm) a (mm) YI Pmax (N) KIC (MN/m3/2) 

SCBA-1 24 20.2 18.8 6.94 611 0.852 

SCBA-2 24 20.2 19 6.94 565 0.787 

SCB-3 24 20.35 18.8 6.9 630 0.867 

SCB-4 24 20.3 18.9 6.94 677 0.94 

SCB-5 24 20.1 18.8 6.97 578 0.816 

SCB1-6 24 20.15 18.8 6.84 738 1.01 
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(b) Type-3-2 

Test Specimen Radius Thickness Crack Length 

Stress 

Intensity 

Factor, 

which is 

normalized 

Maximum Load Fracture toughness 

No. r(mm) t(mm) a(mm) YI Pmax(N) KIC(MN/m3/2) 

SCB3-1 24 20.15 10.4 6.9 551 0.765 

SCB3-2 24 21.15 10.05 6.9 514 0.731 

SCB3-3 24 20.25 11.2 6.9 536 0.741 

SCB3-4 24 20.25 10.2 6.9 536 0.769 

SCB3-6 24 20.65 12.4 6.9 709 0.96 

SCB3-7 24 20.6 11.6 6.9 645 0.877 
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Figure 85: a and b: Load-displacement curves of Korean granite. 
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Gneiss from Dolni Rozinka 

Results of SCB test for Gneiss from Rozinka are summarized in Tables 34a and 

34b, while load-displacement curves are shown in Figure 86a and 86b. 

Table 34:  Results and conditions of SCB test for Gneiss. 

Test Specimen Radius Thickness Crack Length 

Stress 

Intensity 

Factor, 

which is 

normalized 

Maximum Load Fracture toughness 

No. r(mm) t(mm) a(mm) YI Pmax(N) KIC(MN/m3/2) 

SCB3-1 24 19.65 11.25 6.97 853 1.23 

SCB3-2 24 19.65 10.7 6.67 1519 2.15 

SCB3-3 24 20.55 11.1 6.94 1335 1.83 

SCB3-4 24 20.5 10.95 6.97 1625 2.25 

SCB3-6 24 20.5 11.1 6.84 1330 1.79 

SCB3-7 24 20.5 10.75 6.94 1407 1.93 

 

Specimen Radius Thickness Crack Length 

Normalized 

Stress 

Intensity 

Factor 

Maximum Load Fracture Toughness 

No. r (mm) t (mm) a (mm) YI Pmax (N) KIC (MN/m3/2) 

SCBA-1 24 20.75 10.95 6.87 1016 1.36 

SCBA-2 24 20.65 10.2 6.94 837 1.14 

SCB-3 24 20.55 10.1 7.04 777 1.09 

SCB-4 24 20.6 10.05 6.81 708 0.94 

SCB-5 24 20.6 10.2 6.84 1782 2.39 

SCB1-6 24 20.6 10.9 7.04 1247 1.74 
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Figure 86: a and b: Load-displacement curves of Gneiss. 

6.2.4 Anisotropy of fracture propagation. 

The crack propagation of specimens after test as shown in Figure 87 was examined 

for their anisotropy. The diagrams show that the fracture propagation for Type-1 and Type-

3 specimens on each rock block is anisotropic. The specimens give an indication that the 

fracture toughness of a rock material depends largely on its fabric composition and 

structure.  
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Figure 87: Fracture Patterns for all Specimens after Test. 

6.2.5 Visualization of Fractures by X-ray CT scanner. 

The rocks used in this study have anisotropic properties which have been estimated 

in the elastic wave velocities and also fracture toughness anisotropy. To support the reason 

of fracture toughness anisotropy, it is easier to discuss fracture process through trace 

diagrams. The visualization of fracture trace, have been aided by μ-focus X-ray CT 

scanner. The specifications of CT scanner are shown in Table 35. After performing the 

SCB test, fracture patterns of all specimens were scanned to visualize the fracture within 

each specimen. Analysis of crack initiation was performed using X-ray CT image data. 

African granodiorite, Korean granite and Kimachi sandstone were mainly visualized. 
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Figure 88 to 88 show traces of fracture observed from surfaces of fracture specimens. The 

fracture pattern varies for those in Type-1 to those from Type-3. 

Table 35: Specifications of μ-focus X-ray CT scanner. 

Description TOSCANER-32300FPD

Radiographic field of vision 400 mm, height 500 mm

Number of display pixels 1024 × 1024

Resolusion 4 mm minimum

Scanning time Normal, Offset, Half

Power of X-ray 240 kV (140 W) maximum

Maximam sample weight 245 N

Flat panel detectors
Effective pixel number: 2000 × 2000

Range of vision: 400 mm × 400 mm
 

 

 

(a) Type-1-2      b) Type-3-2 

Figure 88: Trace of fracture for African granite. 
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(a) Type-1-2      (b) Type-3-2 

Figure 89: Trace of fracture for Korean granite. 

 

(a) Type-1-2   (b) Type-3-2 

Figure 90: Trace of fracture for Kimachi sandstone 
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Figure 91: CT image of fractured specimen 

The shape of the fracture may show the fracture behavior at crack initiation and this 

is the focus of the anisotropy. It can be noticed that the crack initiation near the notch tip 

occurs in two distinct manners; i) along grain boundaries ii) across grain boundaries and 

this phenomena will be discuss deeply on the discussion at the end of this chapter. 

However, it could be pointed out that crack initiation and propagation could be affected by 

micro cracks orientation as well as grain to grain fabrics. 

6.3 Discussion 

The objective of the study was to examine the anisotropy of fracture toughness in 

some selected rock types. The granitic rocks selected are brittle and homogenous, while the 

sedimentary rocks are anisotropic in their litho-facies. From the elastic wave’s 

measurement and grain size orientation estimation, results have shown that the rocks used 

in the experiment are anisotropic. From this result, it could be understood that the internal 

structures of these rocks are with flaws and this in homogeneity could be reflected in the 

measured values of fracture toughness when the fracture propagation direction plays an 

important role to these properties.  The values of fracture toughness for Type-1 shows high 

values than those in  Type-3 loading for all tested specimens . The fracture toughness is an 

index to the fracture resistance of a rock. Therefore, understanding of fracture process is 

needed to consider the anisotropy of fracture toughness. The fracture process i.e. cracks 

initiation and crack propagation in specimens is considered on the basis of analyzing the 
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geometry of fractures after performed SCB test. The fracture geometry was traced and the 

numbers of bends made during the propagation were counted to quantify the geometry of 

fracture. In this thesis, bend is defined with a difference between 0.3mm to 2mm. From my 

estimation, results show the total bends for Type-1 is greater than Type-3. This shows that 

Type-1 specimens fracture in a wider range than those in Type-3. It also shows that Type-1 

specimens move far away from the notch/center than it happens forType-3 cases. 

From the results of thin section observations made it has been observed that many 

microcracks in granitic rocks are orientated in the direction of Axis-1 and Axis-2 and 

geometry of grain boundary in the direction of Axis-3 is straighter than that of Axis-1. 

Considering this microstructures and the fracture geometry, it can be concluded that the 

fracture in Type-1 avoids going through the grains while the scenario of fracture in Type-3 

is along grain boundaries as shown in Figure 91. This might be the possible reason of 

fracture toughness anisotropy. I could be brave to say that the fracture toughness is 

remarkable dependent on grain distribution rather than microcracks.  

For the situation of sedimentary and metamorphic rocks, it is straightforward that 

specimens were prepared parallel to foliation (Type-3) and perpendicular to foliation 

(Type-1). Results for these specimens have shown lower values for Type-3 and higher 

values forType-1. Considering this, it could be argued that specimens parallel to foliation 

can easily tolerate fracture due to weak contacts between foliations and or laminations. 

Fracture intiated perpendicular to these structures could face a bit more stiff resistance due 

lack of aided weakness from foliations/laminations.  

Table 36: Average fracture toughness of tested Specimens. 

Specimen 
Average Fracture Toughnes 

(MN/m3/2) 

 Type-1 Type-3 

Kimach Sandstone 0.689 0.739 

Gneiss 1.863 1.44 

Korean Granite 1.31 1.12 

African Granodiorite 2.253 1.841 

River Granite 0.878 0.81 
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6.3.1 Conclusions 

I can conclude that the fracture toughness depends largely on the distribution of 

grains in the tested granitic rocks than the influence of the presence of micro cracks. 

Weakness along bedding planes or foliations in metamorphic rocks has great role in 

influencing the fracture toughness property of a rock. Rock fabric structure plays a key role 

that determines the fracture propagation. 
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Chapter 7: Influence of rock anisotropy on the brittle-ductile 

behavior of tested rocks.  

The conventional triaxial compression and “keeping axial load and confining 

pressure constant”  after post-peak were carried out for selected rocks (Kimachi sandstone 

and African granodiorite) were analyzed on cylindrical samples. The understanding of 

failure process and the post-peak behavior of rocks under confining pressure is an 

important aspect in rock engineering. Results shows that the post-peak axial deformation 

changed as the confining pressure increased from 5-25 MPa. Using the data, the strength 

and failure characteristics of both rocks were discussed using the Mohr-coulomb failure 

criterion represented for tested specimens at different orientations. For this data the 

parabolic failures envelop was used. The peak strength was directly related to different 

loading.  However, the stress-displacement curves show a clear relationship with confining 

pressure to micro-cracks compaction and elastic response. The falure mode for the two 

rocks have shown mixed tensions and shear fracture(single shear fracture to) to shear 

fracture with double slippage planes. Finally, I estimated the cohesion(c) and frictional 

angle (ϕ) from each Mohr-coulomb and made strength comparison to verify the anisotropy. 

Results obtained from estimating the cohesion and frictional angle using triaxial 

compression test were then compared to obtained cohesion and frictional angle from 

parameters of UCS, TS and KIC from chapter 6. 

Furthermore, knowledge of the mechanical behavior of sandstone is important in 

geotechnical engineering (the desingn of waste repositories) and in petroleum geosciences 

(the prediction of reservoir deformation and fluid flow). For  these reasons, many 

experimental studies have investigate their mechanical behavior( E.g. Wong et al. 1997; 

Baud et al. 2000; Wu et al. 2000; Klein et al. 2001; Jeng et al. 2002; Yang et al. 2011). 

Under compression the rocks compressed parallel  and oblique to bedding and foliation 

planes exhibit slightly lower (Vutukuri, et al 1978) or higher (Christesscu et al 1998) 

compressive failure stress than that obtained when compressed perpendicular to the 

bedding plane. In the study of rock strength anisotropy, analysis of rock strength 

(e.g.Hoek- Brown failure criterion), which is widely accepted have been used in various 

cases but deals only with the stress on rock mass up to the point of failure. The 
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understanding on what happens to the rock mass after significant failure (post-peak 

behavior) has been partially investigated on. In this category of my thesis, it is made clear 

that most triaxial experiment (Figure 92) shows axial displacement rate as feedback. This 

experiment shows the possibility of obtaining reliable information on the post-peak 

deformation data since failure, since failure after brittle rapture is rapid and under such 

conditions. 

I have conducted uniaxial compressive strength, tensile compressive strength and 

fracture toughness test and the parameters obtained were used to estimate the cohesion and 

the angle of friction for selected rock types (Chapter 6). The thesis looks at the influence of 

confining pressure on the strength parameters( in particular cohesion and frictional angle) 

to construct a relationship beween confing pressure to strength parameters(including peak 

strength, crack propagation). At the same confining pressures, rocks have exhibited various 

strength parameters supporting that their rheological properties are anisotropic. Mohr-

coulomb of failure criterion was plotted for each Type of loading. 

 
Figure 92: Schematic illustration of System of stress in triaxial compression test. 

7.1 Experimental apparatus and method 

The samples were cored from Kimachi sandstone and African granodiorite, which 

are similar samples studied for uniaxial strength, Brazilian strength and fracture toughness. 

In order to investigate the influence of anisotropy on the brittle-ductile behavior of selected 

rock blocks, a MTS manufactured by Shimadzu limited company, as shown in Figure 93 

was adopted. The whole process of triaxial compression comprises of two stages; 1) 

Specimen alignment. A geometry of specimen diameter=34mm and height=75mm is 

position on top of a piston of the same diameter and encased in a thin rubber membrane. 
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To protect the specimen from the hydraulic confining pressure oil, the area of the specimen 

is rapped with a rubber gum and then tightens with an elastic rubber tape which forms the 

primary confinement (Fig. 94). To create the confinement, hydraulic oil is poured into the 

triaxial cell chamber and specimen placed in and chamber connected to a manual pump to 

apply the lateral pressure by compression of the fluid in the chamber. 2) Testing; the axial 

load applied by the loading machine corresponds to a given axial deformation is recorded a 

displacement gauge fixed at the loading cell at a maximum of 0.8mm for each tested 

specimen as shown in Figure 93. A displacement gauge receives the data electrically and 

transfers it to a recording computer.  Static measurement is conducted by applying the 

axial stress using another machine operated separately. The axial stress is first initiated, 

and then follows the confining pressure. The two are maintained before and after failure 

occurs.   Triaxial compression test were carried out using 40MPa capacity trixcial cell. The 

triaxial cell is made for specimens of 34mm diameter. 

 

Figure 93: MTS triaxial machine and accessory components used during the test. 

During test, five different confining pressures applied on the triaxial test were 

5,10,15,20 and 25MPa. Since the scope of this work is to comment on the anisotropy 

properties at different orientations, two different set of specimens were prepared based on 

orientation to confirm the anisotropy. Specimens were oven dried and to avoid the 

influence of moisture and kept in a desecatore to avoid contact with environmental 

moisture.  
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Figure 94: Piston with primary confinement. 

7.1.1 Laboratory results 

Results and conditions of the experiments for the rocks (Kimachi sandstone and 

African granodiorite) are summarized in Table 37. A series of triaxial test were performed 

using 5 specimens for Type-1 and Type-3 for kiamchi sandstone and granodiorite 

respectively.  

 Fig.95 shows results of load-displacement curves for Kimachi sandatone. All five 

experimental curves are plotted on the same graph for each rock block. The transition from 

brittle-ductile is recognized in the plots. Due to controlled strain rate, an observed flow of 

granular materials in confinement is noticed. The confinement varies due heterogeneities in 

tested samples. It can also be observed that, at high confined pressures, the axial stress 

needed to failure increases at a lower displacement rate. One major important observation 

is, the post-peak curve falls less steeply and this has been supported by Bieniawski et al 

1970.  
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Kimachi sandstone 

Table 37: Results of differential stress at each confining pressures. 

Type-1 

Specimen 

No 

Diameter    

radius(mm) 
Length, h(mm) σ MPa Differential, σ1-σ (MPa) 

Tria1-1 34 75 5 800 

Tria2-1 34 75 10 825 

Tria3-1 34 75 15 1180 

Tria4-1 34 75 20 1250 

Tria5-1 34 75 25 1370 

Type-3 

Specimen 

No 

Diameter    

radius(mm) 
Length, h(mm) σ MPa Differential, σ1-σ (MPa) 

Tria1-3 34 75 5 900 

Tria2-3 34 75 10 1000 

Tria3-3 34 75 15 1200 

Tria4-3 34 75 20 1300 

Tria5-3 34 75 25 1480 
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Figure 95: Brittle-ductile curves for Kimachi inType1 and Type-3 loading.  
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African granodiorite 

Three specimens for Type-1 and three for Type-3 are summarized with confining 

pressures of 10 MPa, 20 MPa and 30 MPa in Table 38. Figure 96 and 97 shows load-

displacement curves  for African granodiorite. 

Table 38: Conditions of triaxial test. 

Type-1 

Specimen 

No 

Diameter 

radius(mm) 
Length, h(mm) σ MPa Diferential, σ1-σ (Mpa) 

Tria1-3 34 75 10 348 

Tria2-3 34 75 20 474 

Tria3-3 34 75 30 557 

Type-3 

Specimen 

No 

Diameter    

radius(mm) 
Length, h(mm) σ MPa Diferential, σ1-σ (Mpa) 

Tria1-3 34 75 10 329 

Tria2-3 34 75 20 467 

Tria3-3 34 75 30 564 
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Figure 96: Brittle-ductile curves for granodiorite inType1 loading.  

0

100000

200000

300000

400000

500000

600000

0 0.5 1 1.5 2 2.5 3 3.5 4

Type-3

Lo
ad

, 
MP

a

Displacement, mm

30MPa

10Mpa

20 MPa

 
Figure 97: Brittle-ductile curves for granodiorite in Type-3 loading.  
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7.1.2 Determination of  Mohr-Coulomb failure criterion 

When rocks are subjected to compression stress, the always usually fail along a 

plane as shown in Figure 98.  Along the failure plane, the normal force (σn) is opposed by 

a shear stress (τ). Thus, the shear strength that could be developed on a plane as 

demonstrated in Fig. 98 is  

                                        (37) 

Where c= cohesion and φ= frictional angle. 

 

Figure 98: Shear failures on a plane. 

It is understandable that the parameters c and φ are not constant. They depend on 

the fabric conditions of the rock and the type of applied load. In this dissertation work, I 

have tried to study the variation of these parameters(c and φ) of selected rock types 

through applying a constant loading rate but different confining pressures to determine 

their variations.  Figure 99(a,b) and 100(a,b) shows plotted Mohr-Coulomb failure criterion 

at different confining pressures for the selected rock types. From the graphs, I determined 

the c and φ for each set of tested specimens. The illustrated Mohr-coulomb also shows the 

uniaxial tension, the uniaxial compression and the triaxial compression. The most 

important part is to correlate results to those obtained in chapter 6 from using parameters 

from uniaxial test, tensile test and fracture toughness for the determination of anisotropy. 

The results for both frictional angle and cohesion have shown that significant 

variation occurred, with Type-1 showing higher values than Type-3 for Kimachi 

sandstone. Observing the normal stresses at failure, it shows an increased value to failure 

for Type 3.  
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Figure 99: Representative Mohr Cicrcles of failure for Kimachi sandstones, type-1(a) and type-3(b).  

(A) 

(B) 
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Figure 100: Representative Mohr Circles of failure for African granodiorite,type-1(a) and type-3(b). 

The scenario of shear stress and axial stress at failure is quite different in granitic 

rock. Both Type-1 and Type-3 samples almost shear the same shear strength to failure. 

There are some slight variations in the amount of axial stress to failure.  
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7.1.3 Description of anisotropic effect on speci en’s failure 

In order to identify the effect of the confining pressure on the anisotropic response 

of the tested specimens, it is necessary to observe the fracture response of the specimens 

after failure. Figure 101a,b and 102a,b shows tested specimens after failure for both 

Kimachi sandstone and African grandiorite in Type-1 and Type-3 loading conditions.  

Type-1(A) 

 

 

Type-3(B) 

 

Figure 101: (A) and (B) Anisotropic failure of Kimachi specimens after test. 
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Type-1                                                Type-3 

 

Figure 102: Anisotropic failure of Granodiorite specimens after test,type-1(a) and type-3(b). 

7.1.4 Visualization of specimens crack propagations using X-ray CT scanner 

After performing the brittle-ductile test, a specimen of Kimachi sandstone tested at 

25 MPa confining pressure at Type-1 and Type-3 direction was selected for scanning using 

a micro-focus X-ray CT scanner. It was operated with a tube voltage of 230Kv and Flat 

Panel Detector (FPD). The detector made it possible to correct many slices for one 

scanning. Size resolution can be selected to change Focus to Detector Distance (FDD) and 

Focus to scanning Center distance (FCD) as shown in Fig. 103. 

 

Figure 103: Schematic View of inside micro-focus CT scanner. 
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I observed the anisotropy through crack propagation pattern. The gray-level CT 

image of the scanned specimens is shown in Figure 104(a,b) and 105(a,b). The scanning 

was performed parallel and perpendicular to loading. In the scanned images produced, 

grain boundaries are also observed because of difference in density between kinds of 

minerals. It is found out that grain boundaries in the Type-3 specimen are straighter due to 

paleocurrent during time of deposition. From the images, Type-1 specimen shows “Y” type 

of fracture with many fractures. Type-3 produces a single shear but larger than the one at 

Type-1. 

  

Figure 104: (A) and (B) shows micro scanned Type-1 specimen tested in triaxial test at 25 MPa. 

  

Figure 105: (A) and (B) shows micro scanned Type-1 specimen tested in triaxial test at 25 MPa. 
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7.2 Simulating fracture and crack propagation under confining pressure 

using Distinct Element Method (DEM) 

7.2.1 Overview of DEM 

The bonded particle model (BPM) has received considerable attention over the past 

decade for its ability to simulate the behavior of intact materials. This method has been 

used by Cundall et al in the application of software Particle Flow Code (PFC), i.e., 

modeling of a tunnel in massive granite. One important objective is to calibrate the micro 

contact parameters to match the micro-scale response.  

In this thesis work, I examine the impact of the PFC micro-scale parameters on the 

macro-scale response in terms of fracture and micro-scale propagation.  

7.2.2 DEM Flow analysis 

The bonded-particle model code used in this study was the PFC
2D  

, developed by  

ITASCA Consulting group. The PFC
2D  

present  a rock mass that has an assemblage of 

circular  disc that has finite thickness, connected with a cohesive a frictional bond. When 

specified bond strength are exceeded by applied load stresses, these bonds break to form a 

rapture surface. The DEM flow analysis is demonstrated (Fig. 106).  It shows when and 

how at set numerical model and the process involved to the end of a simulation.  

 

Figure 106: DEM model used for simulation  
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7.2.3 Micro-parameters used.  

The particles are assigned with contact parameters. The respective particles used 

during the simulation are shown in Table 39.  The parameters are calibrated based on the 

obtained macro-parameters during laboratory test. For each simulation, different set of 

parameters were imported to the software in order to address anisotropy scenario.  

Table 39: Micro-parameters used for the generation of bonded particle model. 

Micro-parametres Values(units) 

Density 2700 (kg/m3) 

 Contact coefficient of particles 70000000 (Pa) 

 Minimum particle radius 0.2(mm) 

stiffness ratio 2.5 

 Coefficient of friction 0.5 

Adhesive surface contact coefficient  7.00E+07 

 coefficient of friction loading panel  0.2 

The length of the vertical side of the clamp b 7.00E-04 

 a standard deviation. 2.00E-07 

b standard deviation.  2.00E-07 

 Maximum and minimum particle 

diameter. 
1.5 
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7.2.4 Results 

Results of the numerical simulations are presented on the comparison of fracture 

mode for Type-1 and Type-3 and crack propagation at each loading condition in Figure 

107(a,b).  

Type-1(A) 

 

Type-3(B) 

 

Figure 107: (a) and (b) shows specimens after test and cracks for African granodiorite. 
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Type-1(A) 

 

Type-3(b) 

 

Figure 108:  Specimens after test and cracks for Kimachi sandstone, type-1(a) and type-3(b). 

The dissertation work  also examine the crack propagation for each tested 

specimen. The magnitued of crack propagation shows the influence of the interio 

heterogenities on each rock block, Figure 109 and 110 (a,b). 
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Figure 109: a and b Crack growth for Type-1and Type-3 Kimachi sandstone. 
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Figure 110: a and b Crack growth for Type-1and Type-3 African Granodiorite. 
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7.3 Discussions 

Kimachi sandstone and African granodiorite of which their uniaxial compression 

and uniaxial tension have been investigated, are involved in the triaxial compression test. 

During the triaxial test, there are certain conditions I wanted to observed; anisotropic of 

parameters(c) and (ϕ), effect of confining pressure on the strength of tested materials and 

the behavior of stress- strain after peak stress. 

To study the effect of confining pressure on the stress-strain behavior of the listed 

rocks, a relationship between differential stress and equivalent strain was established 

(Fig.95 and 96,97). From the figures, the relationship shows an increase in failure stress 

due to an increase of confining pressure. It was observed that the peak stress occurs at a 

lesser strain value for all specimens.  But the peak stress and equivalent strain values are 

found to be different for Type-1 and Type-3 specimens. The increase in peak stress with an 

equivalent small strain shows that specimens are strengthen by confinement. 

The strength was evaluated using the common method based on the Mohr-coulomb 

failure criterion (Fig. 99,100) and the method of passing a parabolic line plane of failures 

was adopted. According to the test results, the strength of Type-1 specimens is greater to 

Type-3 specimens and the internal frictional angle obtained on a strength line based on the 

Mohr-coulomb failure is also greater in Type-1 than in Type-3. This difference in strength 

properties could be explain as a result grain sliding, which has occurred during test for 

Type-3 specimens and difficult to occur on the Type-1 specimens. The grains of Kimachi 

sandstone have a straight orientation along paleocurrent direction. Applying a very high 

confining pressure towards the same direction will cause slippage of grains, hence low 

strength properties. The scenario is quite similar in African granodoirite where grains have 

a straighter geometry along Axis-2 in the image of Type-3 as shown in the fracture 

toughness (chapter 5). 

In analyzing the post-failure behavior, I can suggest that the African granodiorite 

behaves in an elastic brittle manner as shown in Figures 96 and 97. When the strength of th 

rock mass is exceeded, a sudden strength drop occurs. 

In the Kimachi sandstone, the phenomenon is different to that of African 

granodorite. In Kimachi sandstone, there is an observable change in the post-peak behavior 
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with increasing in confining pressure. The post-peak behavior, switch from class I, where 

the slope of the stress-strain curve is negative, at a confining pressure of 5 MPa to class II, 

where the slope is positive at a confining pressure above 5 MPa.  In addition, the initial 

stress-strain curves for 5 MPa and above is quite different and is attributed to the closure of 

pre-existing micro-cracks. At low confining pressure, the closure of micro-cracks is more 

distinct than at high confining pressure. 

Figures 100 A, B and C an 1021shows the failure modes of kimachi sandstone and 

African granodiorite for Type-1 and Type-3. Confining pressure has exerted serious 

influence on the failure mode of the tested sandstone. At 25 MPa, the specimens’ 

demonstrated a mixture of tension and shear fracture mode of failure. The width of the 

tensile cracks for Type-3 is larger to  Type-1. This fact has been supported by scanned 

images presented in Figure 73. This was then examining using a numerical simulation and 

the results shows tensile cracks to be dominant to shear. The numerical simulation also 

proves crack propagation to be anisotropic as shown in Figures 106a 1077b for both rocks. 
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Chapter 8: Study of physical properties and intrinsic 

permeability of selected rocks.  

Permeability has been considered as an important parameter to characterize the 

porous material of selected rocks. Permeating fluid was used to evaluate the intrinsic 

anisotropic permeability and retention characteristics of selected rock pores. Tests were 

carried out under a constant pumping pressure of 2.0 MPa and each test lasted for 3 hours.  

Cylindrical test specimens with a diameter of 50 mm and length 50 mm were used. 

Anisotropic permeability was estimated through specimen orientation as Type-1 and Type-

3. Drying and saturation were performed to evaluate some basic physical parameters. 

Saturation-dry conditions were evaluated by applying the scanning X-ray CT method and 

the image subtraction. Results show that the intrinsic permeability from tested samples is 

not significantly different. 

Practically, permeability values are important in the designing of dams but most 

often, a really, a homogenous state is assumed. The effect of anisotropic permeability on 

the quantity of seepage through dams and rocks during construction are an important issue 

to investigate on. It is straight forward that permeability depends on the rock 

characteristics, such as porosity, pore throat geometry, tortuosity and pore connectivity. 

These mentioned characteristics are of not the same order in a rock mass. There are 

variations and they alter the amount of fluid flow. In this dissertation, I have developed a 

scheme to measure the flow rate and visualize the structure on which flow occurs by 

measuring the intrinsic permeability and using the X-Ray CT Scanner to visualize the 

structure of the tested samples.  With this, I was able to connecting permeability result to 

other physical parameters like grain size distribution and textural maturity of rocks. For 

performing the experiment, a developed confining pressure tube made up of carbon fiber 

re-enforce plastic to fit in the specimen with two syringe pump was adopted. The use of the 

x-ray CT scanner was employed to producing CT tomography images. The maximum 

number of pixels use for image production were N=2,048 for this purpose. For the 

visualization area, a ϕ = 150 mm and 4 mm were selected. The important aim of this study 

is to identify a relationship between permeability to some tested mechanical results. 
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8.1 Samples preparation 

The rock samples used in this study are Kimachi sandstone , barea sandstone and 

river sandstone from Czech Republic. The specimens are of usual granulometry. Their 

grain size ranges from about 0.42- 0.43 mm. 

Cylindrical cores of all rocks at 50mm x50mm from different axes orientation were 

drilled out, using a mechanical drilling machine. The end-face of the samples was finished 

with a milling machine so that they become flat and parallel. Porous stone that was used as 

at the top surface of each specimen was drilled at 0.5mm (Figure 111). 

x
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Figure 111: Rock sample for intrinsic permeability test 

8.1.1 Experimental method. 

The samples were heated in an oven at a temperature of 60°C. for a period of 16 

days and data for decrease in weight was recorded and plotted against number of days as 

shown in Figure 112a and 112b. This was done to remove all residual water in the 

specimens. The second step is the saturation process. Specimens were saturated using 

vacuum saturation machine (Fig. 113). The specimens were immersed in a container 

containing water and then enclosed in an air tight chamber. A vacuum pump connected to 

the vacuum machine applies an air pressure to the chamber that is equivalent to 1 

atmospheric pressure. This process pressurizes water into the specimens and gets them 

saturated with time. Specimen’s saturation process is monitored by taking their weight on a 
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daily basis and increase in weight was plotted versus number of days (Fig. 114A and 

114B).  

Before performing experiment, each specimen was coated with araldite around their 

cylindrical surfaces to create a waterproof and enhances a 2 dimensional flow path. One 

end-face of each specimen was directly attached with a flat porous stone (0.5mm) and a 

stainless steel end piece (Fig. 111). The end piece has had a center hole for water supply.  

The prepared specimen is then installed in a pressure vessel filled with water.  The 

assembled pressure vessel is then connected to a syringe pump. This pump controls both 

the flow rate and the pressure during experiment. The pump has a maximum pressure of 

25 MPa.  During the first stage of the experiment, water in the vessel is pressurized, 

forcing it to flow through the rock sample. Then subsequent water from the syringe flows 

in additional.  This continues for a period of three hours at 2 MPa operated pressure. 
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Figure 112: Drying conditions of Kimachi (a) and River Sandstone (b) in an oven. 
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Figure 113: A vacuum saturation machine 
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Figure 114:  Saturaion conditions of Kimachi (a) and River Sandstone (b) in a vacuum chamber. 

8.1.2 Experimental Results 

Figure 115a and 115b shows measured intrinsic permeability of all samples 

(Kiamchi, and Barea sandstones).  The results were plotted to represent the conditions of 

anisotropy especially those from Barea sandstone demonstrated a strong anisotropic 

conditions. Kimachi exhibited some amount of anisotropy but not as significant as 

comparing   to that of Barea.  
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Figure 115: Saturaion conditions of Kimachi (a) and River Sandstone (b) in a vacuum chamber. 

8.1.3 Visualization of saturation density 

The visualization process was conducted using the industrial X-ray city scanner 

system (TOSCENNER-20000RE), e.g. Sato et al 2009. The scanner operates with a 

maximum X-ray tube voltage of 300Kv/2mA, which higher than medical use. This gives it 

the advantage to be used in the visualization of high density materials like rocks and could 

be applied to several approaches in rock engineering practices. Each image is considered to 

have consisted 2,048 pixels. An area on a rock specimen can be visualized by selecting 

ϕ=150mm and 400mm and this could automatically result to a available minimum pixel 

size of 0.073mm. When X-ray penetrates a rock material, the penetrated rays are attenuated 

and its value becomes proportional to material densities in the rock material. 

In this visualization process, the tested rock samples were scanned at dried 

conditions and saturated conditions in order to understand the saturation distribution 

(porosity). This also allows me to examine the increment of CT values along the specimen. 

I study the density distribution, which is a characteristic of the X-ray function.  The density 

variation is expressed by CT values. The values of CT for air and water are defined as -

1,000 – 0. This shows that the difference in density is a division of 1000. 

Two specimens were scanned (dried and saturated). There is a need to verify the 

densities (air-water). The slight differences in densities cannot be distinguished by a single 

image; they are incorporated in the two images. The image subtraction method is applied.  
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Here the subtraction is done between the dried image and the saturated image. Since 

density distribution is a characteristic to this method, the result then shows us the density 

distribution with respect to void/porosity locations.  Figures 116-119 method for each 

specimen and their saturation distribution graphs. 

 

Figure 116: a and b : image subtraction and CT values distribution for Rivre sandstone Sa4 

 
Figure 117: a b : image subtraction and CT values distribution for Rivre sandstone Sa5. 
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Figure 118: a and b : image subtraction and CT values distribution for River sandstone 3. 

 
Figure 119: a and b : image subtraction and CT values distribution for River sandstone sb4. 
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8.1.4 Estimated Physical Properties 

Following the standard test procedures outlined in ISRM (2007), some physical 

properties such as density, porosity and void ratio were determined were determined for 

the selected rocks used in this dissertation work. The range of values obtained from all 

samples is illustrated in the Table 40. 

Table 40: Measured physical properties for all rocks used in this thesis work. 

Rock Type 
Dry density, 

(Kn/m
3
) 

Saturation 

density (Kn/m
3
) 

Void  

ratio 
Porosity, (%) 

Kimachi Sandstone 23.15 - 24.12 23.15 - 24.17 0.42, 0.43 20 

Korean granite 22.17 -26.15 21.17- 27.11 0.61 -0.81 1.10  - 1.12 

African granite 24.1 - 28.11 24.15 - 28.5 0.23 -0.27 1.3 - 2.7 

Gneiss from Rozinka 27.1 - 29.12 28.17 - 29.12 0.01 -0.02 1.2 - 1.5 

River sandstone 22.10 - 23.41 22.13 - 24.17 0.38 -0.41 7 

8.2  Discussion 

8.2.1 Anisotropy of intrinsic permeability 

First, during the process of drying and saturating the specimens, it was observed 

that getting water out of the specimens and saturating them was time consuming. This was 

due to the fact that the connecting channels between pores in the kimachi sandstone are 

tighter than the main pores. This condition was observed only to kimachi samples and not 

to the other specimens (Barea sandstone and River sandstone).  

From the result of intrinsic permeability on Kimachi sandstone, it is observed that 

permeability varies at minimal difference but not very significant. First consideration is 

that the grain size distribution of kimachi sandstone is almost homogenous with an even 

proportional distribution of matrix content. However, the flow rate of Type -1 specimens is 
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different to those in Type-3. This difference might be a result of grain compaction 

differences between the two orientations. Although in the Kimachi sandstone, laminations 

are not so visible, it could be observed that the flow at higher grains compaction is slower 

due to difficulty of fluid to access connecting pores. This assumption is greatly supported 

by the elastic wave velocity measurement and the grain size distribution. These two 

parameters have proven a denser population of grains at Axis-1 making it difficult for fluid 

flow.  

Barea sandstone consists of visible laminations and the intrinsic permeability is of 

significant difference. This phenomenon has proven the fact that fluids’ flowing parallel to 

laminations takes advantage of weaker contact hence a higher flow. 

On the other hand, river sandstone with a porosity of approximately 7% has shown 

a homogenous grain size distribution and isotropic flow of fluid. The two directions also 

have the same values of permeability.  

8.2.2 Anisotropy of saturation distribution 

In order to examine the fluid saturation distribution and the porosity values of each 

specimen, X-ray scanning and image subtraction method have been employed.  In the dry 

conditions, I aim at visualizing the air filled voids in the specimens, while on the saturated 

specimens, I visualize between the water and rock materials. These two processes 

performed through density variation which is a principal characteristic of the X-ray system.  

The presence of air and water are distinguishable as dry specimens are darker while the 

saturated ones are brighter. After applying the subtraction method from the two images, 

anisotropic distribution fluid  is obvious as observed in the graphs on figures 116- 119.  

The subtraction method as only applied for river sandstone which is a homogenous rock 

material. The CT values have proven that even though the rock is homogenous, its 

absorption of water varies distinctly along each specimen. This support the fact that grain 

size homogeneity is not related to the amount of voids present but acts as property on its 

own.  
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8.2.3 Conclusions  

Permeability of Kimachi sandstone and Barea sandstone were intensely studied. 

The permeability was evaluated using a simple pressure vessel and flow was applied at a 

constant at pressure. The studies have shown that kimachi sandstone which has laminations 

shows very little anisotropy in intrinsic permeability. Barea sandstone shows clear 

representation of anisotropy and indentify that lamination is a contributing factor to the 

uneven flow of fluids.  

I have applied X-ray CT scanning method and subtraction method to visualize 

saturation and quantify porosity.  It is shown that the porosity of each specimen varies. The 

porosity is sensitive to the interconnected porous network. 
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Chapter 9: Thesis general discussions 

The principal objective in this study was to assess the anisotropic character of 

selected rock types. Various analysis like, grain diameter orientation, micro-cracks 

orientation(for granites), elastic wave velocity, uniaxial compressive strength(UCS), 

splitting tensile strength(St), fracture toughness test, traiaxial compressive test and 

permeability test were conducted. Samples were chosen from different localities with 

different conditions. The sedimentary samples were selected for their laminated properties, 

the granitic for their inherent microcracks and brittleness and metamorphic for its foliations 

in preferred orientation. However, detailed studies of their grain size distribution and 

elastic wave propagation have revealed them to be quite anisotropic. The study on the 

grain diameter orientation has shown that, the grain diameter orientation on Axis-3 for all 

estimated rock types is larger and straighter when compared to other directions. The 

average grain diameter for each rock are, Kimachi 0.44 - .52, African granodiorite 0.71 – 

0.82, Korean granite 0.71 – 0.72 and Gneiss from rozinka 0.51 – 0.62. This shows that the 

distribution of grains of these rocks is not even. Results of elastic wave velocity 

measurement have supported this uneven distribution of grains. Kimachi sand sandstone 

has shown higher values of elastic waves in the Axis 1 direction. This shows that there is a 

greater compaction of grains in this direction and air filled pore contribution. This 

phenomenon has like to occur during rock deposition and has created anisotropic property 

for the studied rock.  

 On the other hand, it will be difficult to attribute the anisotropic elastic wave 

property in granitic rocks to grain size distribution but rather micro-cracks orientation and 

distribution.  The propagation of elastic waves for the two granites is higher in Axis-1 than 

in the other directions. This means, there is high density of micro cracks oriented to the 

Axis-1 direction. This micro cracks are filled with air and have lowered the velocity of 

elastic wave velocity. Corresponding elastic wave properties for all rocks are, Kimachi, 

Axis-1 2640 m/s, Axis-2 2590 m/s, Axis-3, 2580 m/s, African granite, Axis-1 6760, Axis-

2, 6580, Axis-3 6540, Korean granite, Axis-1, 3990, Axis-2, 3850, Axis-3, 3640. In the 

two granites, the alignment of the micro cracks is not as directional but their densities have 

played a role in influencing their anisotropy.  
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In considering the study of uniaxial compression, examples of stress-strain curves 

obtained in uniaxial tenson test (for all samples) are shown in chapter 2. The specimens 

have demonstrated physio-mechanical properties of selected rocks. The average uniaxial 

compressive strength of all tested rocks is, Kimachi, 55.1, African granite, 241.5, Korean 

granite, 181.65 and Gneiss from Rozinka, 114.35. The relationship between uniaxial 

compressive strength for Type-1 and Type-3 specimens for all specimen is anisotropic 

when compared. The experimental results can be explained as follows. The distribution of 

grains in the kimachi sandstone is not even, grain size orientation has shows Axis-1 to be 

compacted. Specimens from this direction have shown high uniaxial compressive strength 

due to compacted grain to exhibit higher elastic properties. On the other hand, the 

distribution of micro cracks in the two granites is not random but has a preferred density 

orientation. There is a high density of micro cracks in the Axis-1 direction than in the Axis 

-3. This has shown Type-1 specimens with higher strength than Type-3. This anisotropic 

strength characteristic is in agreement with other physical properties like the P-wave 

velocities, e.g. Lin et al 2008. The strength anisotropy in gneiss is quite high for Type-1 

than Type-3. This is due to the uniaxial compressive strength of this gneiss (perpendicular 

to foliation). There is some complicated understanding of stress-strain curves from the 

gneiss. This has been linked to its irregular distribution of its metamorphic structures. The 

anisotropic characteristic of the Young’s modulus of the specimens under uniaxial 

compression when compared within a specimen are almost the same except for kimachi 

and gneiss. But when compared between specimens, there is a great difference as shown in 

chapter 2. Observation of fractures was also considered in analyzing the anisotropic 

fracture property. First, in the kimachi sandstone, the fracture propagation was influenced 

by the presence of laminations and this resulted to two fracture modes. The mode of 

fracture perpendicular to laminations has difficulty to separate, while the one parallel to 

lamination finds it easier for separation. I correlate the separation to tensile strains 

developed in uniaxial compression. The pre-existing cracks give an added advantage to 

splitting along laminations which is hard to develop in perpendicular direction as 

illustrated in chapter 2.  

On the other hand, granitic rocks developed their fracture in the direction of high 

density micro cracks plane. This shows that fracture is propagated at micro crack tips. For 

all Type-1 specimens, longitudinal splitting was observed and for Type-3, longitudinal 
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splitting and shear fracture dominanted. For the gneissic rock samples, the fractures are 

longitudinal splitting and shear fracturing based on the orientation as perpendicular and 

parallel to foliation.  

In considering the tensile strength anisotropy, the study is to characterize the tensile 

strength anisotropy of the selected rock types under static loading conditions. As shown in 

the load-displacement curves in chapter 4, Type-1 specimens loaded in direction of Axis-1 

shows higher strength of tensile splitting when compared to those in Type-3. The tensile 

strength anisotropy is mainly attributed to grain size distribution in the sand stone and to 

the distribution and orientation of micro cracks e.g. Voight et al 1969. Under loading 

conditions, I observed that the mean tensile splitting is lower for all specimens with a 

loading rate of 1.3x10
-3

m/s. This is because in the static test, the loading speed is very slow 

to allow all micro-cracks to interact. This allows the critical crack and the multiple micro-

cracks to contribute to the failure of the specimen.  

 The in-homogeneities observed in grain size distribution, laminations, foliations 

and micro-cracks distribution has reflected the measured values of fracture toughness.  

Observations have shown that fracture toughness measured at parallel to laminations or 

foliations is higher than in perpendicular directions. This is shown in kimachi sandstone 

with a mean value of 0.689 - 0.739, gneiss 1.44 -2.25, Korean granite 1.11 – 1.30 and 

African granite 1.84- 2.25. In the two granites, the lower values are from the direction of 

micro cracks alignment.  

The responsible factor for high KIC values perpendicular to foliation are the type of 

matrix around grains is made up of andesitic materials and it’s denser in this direction. The 

grain size compaction also contributes to this effect. In the granites, the micro-cracks have 

provided suitable zones of stress relief once the stress fracture is forced to propagate 

parallel to micro-cracks.  

In study the relations of micro-parameters to macro-parameters, is has been proven 

that a relationship between KIC to UCS, ST is a unique technique to determine the strength 

parameters of the tested rock samples. Using a combination of index parameters it is 

proven that KIC is directional proportional to St and Sc.  The tensile strength and the mode 

1 fracture toughness have a close relationship. The presence of micro-cracks in the 
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specimens acts as initiating points to fracture. The value of strength required at the tip of a 

crack to completing splitting is an important parameter which has been provided.  

In the triaxial test, two specimen types (Kimachi and African granite) were tested to 

determine their brittle-ductile behavior under high confining pressures. The load-

displacement curves of these samples have shown variation to their ductile behavior. I have 

also observed that the ductile behavior and failure are dependent on the degree of confining 

pressure. The transition between brittle-ductile is attributed to deformation limiting 

strength. At the initial point of loading of specimen to end of experiment. I plotted the 

Mohr-coulomb failure criterion to represent the strength parameters at which frictional 

sliding and cohesion respond to external forces. Type-1 and Type-3 specimens have shown 

both cohesion and frictional angle to be equivalent to that obtained using KIC, St and Sc 

index parameters. Studying the tested specimen (Kimachi sandstone) under confining 

pressure of 25 MPa, fracture patternsn are observed as longitudinal splitting along 

laminations for Type-1 and shear fracture for Type-3. The number of observed cracks in 

the Type-1 specimens is greater than those in Type-3. Figure 120 demonstrate two 

histograms supporting that the number of cracks to be anisotropic. The histograms have 

also revealed that, there are more fracture propagations in the Type-1 than Type-3. This 

could be argued that Type-1 specimens don’t follow a preferred failure path as the scenario 

is for Type-3(bedding planes).  

  

Figure 120: Crack density Histogram diagrams at 25 MPa confinng pressure for Kimachi sandstone. 
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Measured physical parameters have supported that, there is little effect of physical 

contribution to mechanical anisotropy. Permeability has shown little or no anisotropy 

values.  Voids and porosity are not correlated to anisotropic Young’s modulus and or 

elastic mechanical response.  
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Chapter 10: Conclusions 

This thesis work has shown that rock anisotropy is an influencing property in the 

response of rocks when tested for their index properties. The technique of estimating 

elastic wave velocity, grain size distribution and micro-crack density in the tested rocks is 

a fundamental tool to identify the anisotropy.  

The mechanical properties of tested rocks used in this dissertation are found to be 

greatly influenced by directional loading.  

In characterizing uniaxial compressive strength, experiments have shown that 

tensile strength and Young’s modulus varies with the specimen allignmet to tensile 

loading. The strength of the Young’s modulus is significantly lower in Type-1 direction 

than those in the other direction. 

The selected rocks for this dissertation work have shown stronge tensile strength 

anisotropy under static MTS loading. The reason is due to dominant micro-cracks and 

foliations and or laminations.  

The study have further shown that the measured values of fracture toughness can 

show variations in the same rock type depending upon the size and orientation of micro 

structural features.  

The effect of confining pressure has been sensitive to the ductile behavior of rocks. 

Specimen confined at the same pressure produces different mode of fracture propagations. 

Further study on the use of micro-parameters to determine large scale deformation 

strength is such as the representation of Mohr-coulomb failure criterion is to be done.  
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