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The stability of slopes are commonly assessed in ways, which exclude the fractures of the rock mass, 

rather than including them as extending elements. The failures of slopes have been noted to advance 

through internal flaws and failure zones of the rock mass, such as fractures. By connecting these 

weakness zones with each other, a surface can be formed, which ultimately acts as a path of failure 

for the slope. The reason for this study was to research an alternative approach, based on fracture 

mechanics, to model the stability of slopes. 

The fracture propagation of a slope was approached by the means of numerical modeling, using a 

fracture mechanics code, Fracod2D. The software was specifically developed to model the path of 

fracture propagation, under various thermal-, hydrological-, or time related conditions. With the 

means to implement hydrological, and thermal coupling to the models, the slope stability could be 

assessed under the effect of temperatures affected by winter season, and ice ring expansion.  

As a result of this study, a method for reducing the fracture toughness parameters KIC, and KIIC to 

represent the properties of rock mass was developed. It was found out, that the effects of 

temperature change from winter season affect only the surface layer of the rock mass until the depth 

of 4m, depending on the thermal properties of the host rock. Regarding the fracturing, it was found 

out that the fractures do not coalesce with each other, unless the distance between the fracture tips is 

of very small distance, compared to the model geometry. In addition, once the process of fracturing 

itself has begun to occur, the process is very sensitive towards factors having an effect on the 

prevailing stress-field, such as water pressure and ice expansion. 
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Tiivistelmä   

Luiskan stabiliteetti analyysi suoritetaan useimmiten menetelmin, joissa rakojen kasvun vaikutus 

kalliomassan lujuuteen jätetään huomioimatta. Kalliomassasta koostuvien luiskien sortumapintojen 

on huomattu muodostuvan heikkouksista kuten raoista tai rakovyöhykkeistä, jotka yhdistyessään 

mahdollistavat lopullisen luiskan sortuman. Tämän tutkimuksen tarkoituksena on lähestyä luiskan 

stabiliteetin mallintamista rakomekaaniselta pohjalta, jolloin luiskan stabiliteetin menetys oletetaan 

tapahtuvan rakojen kasvusta johtuen. 

 

Rakojen kasvun aiheuttamaa stabiliteetin muutosta tutkittiin numeerisesti mallintaen, käyttäen 

rakojen kasvun mallitamiseen erityisesti suunniteltua ohjelmaa nimeltään Fracod2D. Fracod2D 

mahdollistaa rakojen kasvun mallintamisen erilaisten hydrologisten, termodynaamisten, sekä 

aikariippuvaisten kuormitusten alaisena. Näiden ominaisuuksien avulla luiskan stabiliteettia pystyttiin 

analysoimaan talvesta johtuvan lämpötilan muutoksen, sekä siitä johtuvan jään lajenemisvaikutuksen 

aiheuttamasta lisätystä kuormasta. 

 

Työn tuloksena kehitettiin menetelmä rakomekaanisten lujuusparametrien KIC, ja KIIC 

madaltamiseksi, mittakaavatekijän kasvaessa laboratorionäytteistä kohti kivimassaa. Talvesta 

johtuva lämpötilaero sekä jään laajenemispaine vaikuttavat vain kallion pintakerroksissa, noin 4m 

syvyyteen. Rakojen huomattiin yhdentyvän vain silloin, kun rakojen päät sijaitsevat hyvin lähellä 

toisiaan. Mallinnuksissa selvisi, että luiskat eivät olleet herkkiä rakomekaanisien lujuusparametrien 

muutoksille. Kun rakojen kasvua alkaa ilmetä, mallit tulevat erittäin herkiksi jännitystilan 

muutoksille, kuten jään- tai vedenpaineen aiheuttamaan jännitilan kasvuun. 

Avainsanat  Luiskan stabiliteetti, Rakomekaniikka, Mallinnus, Fracod 



iv 

 

Foreword 

 

First of all, I want to thank Professor Mikael Rinne for giving me an opportunity to work on my thesis at 

the Rock engineering laboratory of Aalto-University. Even more than that, for pointing out to such a 

challenging, yet interesting topic which provides an opportunity to conduct new scientific research. 

Another important thanks is to be handed to D.Sc. Juha Antikainen, for correcting my mistakes along the 

way, and being the first person to go through my thesis on each time a version of the work was submitted. 

 

I also want to thank the whole team working at the Rock engineering-, geological & geophysical 

laboratory by providing an excellent working atmosphere. A special thanks goes to Doctoral student Lauri 

Uotinen, who I have had discussions during our lunch breaks, providing extra insight and ideas towards 

this research. 



Table of contents

Abstract ...............................................................................................................................ii

Tiivistelmä …......................................................................................................................iii

Forewords ...........................................................................................................................iv

List of symbols and abbreviations .....................................................................................3

1. Introduction .....................................................................................................................6

 1.1 Objective of the study ...........................................................................................6

2. Slope stability …..............................................................................................................8

2.1 Deterministic methods ...........................................................................................8

           2.1.1 Empirical methods of determining slope stability …...............................8

           2.1.2 Kinematic- and limit equilibrium methods …........................................10

           2.1.3 Numerical modeling …..........................................................................11

  Continuous models ….........................................................................11

  Discontinuous models …....................................................................13

  Hybrid models …................................................................................14

 2.3 Probabilistic methods of determining slope stability ........................................15

3. Fracture initiation and propagation theory ...............................................................17

3.1 The Griffith energy balance theorem …..............................................................17

3.2 Modes of fracturing …........................................................................................20

3.3 Stress intensity factor …......................................................................................21

3.4 The relation between G and K …........................................................................26

           3.4.1 Fracture propagation criteria through stress intensity factor …..........27

           3.4.2 Mixed mode fracture propagation …....................................................28

 
                  

 3.4.3 Laboratory testing methods for determining K
IC

 and K
IIC

 …................29

4. Modeling software properties ......................................................................................30

 4.1 Fracod2D introduction ........................................................................................30

4.2 Fracture propagation by F-criterion .................................................................30

4.3 Determination of fracture propagation on DDM ..............................................32

1



4.4 Discontinuity contact properties .........................................................................34

5. Model properties ...........................................................................................................35

 5.1 Cold weather effect on rock mass .......................................................................35

5.2 Fracture coalescence through intact rock bridges ..............................................37

5.3 Model size and preliminary input parameters .....................................................39

5.4 Modeling of thermal distribution due to winter season .......................................43

5.5 Modeling of slope stability using intact rock parameters of Äspö diorite …........46

6. Modeling of slope stability on Fracod2D ...................................................…................49

 6.1 Reduction of KIC and KIIC towards representation of rock mass …......................50

6.2 Second round of slope stability modeling, using rock mass parameters …..........55

6.3 Third round of slope stability modeling, added with static water pressure..........58

6.4 Fourth round of slope stability modeling, with added ice ring expansion ….......66

6.5 Sensitivity analysis of fracture toughness parameters KIC and KIIC …..................68

7. Discussion of modeling result accuracy and conclusion …........................................70

 7.1 Discussion about accuracy related to the model size …......................................70

7.2 The importance of sequential excavation function on slope stability modeling .71

7.3 Discussion about the principles of LEFM ….......................................................72

7.4 Discussion about accuracy of Stress intensity factor of rock mass.....................72

7.5 Discussion about the failure surfaces..................................................................73

8. Conclusion .....................................................................................................................75

9. References …................................................................................................................76

List of figures …...............................................................................................................81

List of tables …................................................................................................................83

List of Appendixes …......................................................................................................84

2



List of symbols and abbreviations

Symbols

A Area of a infinite plate with thickness (B=1)

a Half crack length

aIC, aIIC Critical crack lengths for modes I and II

B Specimen thickness

c Cohesion

D Disturbance factor

D
n,S

Discontinuity displacement

E Young´s modulus

E' Effective Young´s modulus

F
s

Factor of safety

G Strain energy release rate

G
I, II, III

Strain energy release rates corresponding to Modes I, II and III

G
IC, IIC, IIIC

Critical strain energy release rates corresponding to Modes I, II and III

G
c
 Critical strain energy release rate 

i Imaginary unit

k Scaling factor

K Stress intensity factor

K
I,II,III

Stress intensity factors corresponding to  Modes I, II and III
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K
IC,IIC,IIIC

Critical stress intensity factors corresponding to  Modes I, II and III

K
C

Critical stress intensity factor

P
p
 Probability of failure 

U Total energy

U
c

Total elastic strain energy release due to introduction of a new crack

U
s

Total elastic surface strain energy

U
t

Total initial elastic strain energy of the un-cracked plate

u Displacement

W Work 

ℛ Real part 

ℑ Imaginary part 

Greek symbols

Β Bridge inclination

β
s
 Reliability index 

γ
s
 Specific surface energy 

ε Strain 

θ Angle

ν Poisson´s ratio 

σ Stress 

σ
A
 Applied stress 

 σ
F
 Failure stress

σ
t

Tensile stress 
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σ
x
 Stress in the direction of x-axis

σ
y
 Stress in the direction of y-axis

τ Shear stress

τ
i

In-plane shear stress

τ
o
 Out-of-plane shear stress 

ϕ
j
 Joint friction angle 

ϕ
r
 Residual friction angle 

Abbreviations

BEM Boundary element method

CB Chevron bend method

DDM Displacement Discontinuity Method

FEM Finite element method

FPZ Fracture process zone

ISRM International society for rock mechanics

LEFM Linear elastic fracture mechanics

LSY Large scale yielding

PTS Punch-Through Shear method

REV Representative elementary volume

RQD Rock quality designation

SCG Sub-critical crack growth

SSY Small scale yielding
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1. INTRODUCTION 

Slopes, consisting of different heights and geometries, are one of the most common geotechnical 

structures found in natural state, or both civil- and mining engineering projects. The size of the 

slopes can vary from small trenches to large scale open pit excavations, the common factor between 

the slopes being their necessity to satisfy the stability criteria set for them during the initial design 

phase. The surrounding material in which the slopes are excavated into have as large variation as 

the size of the slopes can have, from hard rock to soft clay like materials depending on local 

geology. While the demand for energy, raw materials and building of critical structures such as 

nuclear waste deposits and hydroelectric power plants continue to increase, so does the necessity for 

larger and more intensive geotechnical structures that provide foundation for the engineering 

projects, satisfying these global demands. As geotechnical problems have become increasingly 

complex, the necessity for more throughout understanding of geotechnical failure mechanisms and 

the pre-failure factors related to the phenomenon, are necessary to be recognized, in order to 

provide more cost efficient and safe foundation for challenging engineering projects.

1.1 Objective of the study

The objective of the research is to increase understanding of slope stability through fracture 

propagation, and study the relation between this phenomenon and overall slope stability. Fractures 

do affect the stability due to the existence of microcracks and the propagation of fractures being the 

cause for the inelastic behavior of rock (Horii & Nemat-Nasser 1983). The common failure 

mechanisms of slopes are thought to advance through structurally controlled pre-existing failure 

surfaces or weakness zones. Fracture propagation can provide alternative solutions to slope stability 

models, as during fracture propagation new cracks are being created, and pre-existing weakness 

zones enlarged within the rock mass. Models based on the observation of fracture propagation have 

a possibility of revealing failure mechanisms previously unidentifiable, compared to models 
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excluding the fracture growth from the stability analysis (Backers 2004). Numerical modeling 

software of slope stability are based on element methods, which provide accurate results close to 

analytical solution. However, the modeling of fracture propagation on most commonly utilized 

modeling software is very limited, implementing pre-existing cracks discretely, definable by user. 

The object of this study can be reached by modeling the slope stability with fracture propagation 

included, to increase understanding of correlation between slope stability and fracture propagation. 

In order to study the impact of fracture propagation to slope stability, a discrete element based 

software was used: Fracod2D. The software can simulate fracture initiation within intact rock or 

boundaries, and the fracture propagation of both pre-defined and newly formed cracks.
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2. SLOPE STABILITY

The principal goal of slope stability analysis is to find the maximum slope angle, still satisfying the 

safety criteria set for the slope design. During the the design, the slope is considered to undergo 

failure when the forces acting on the slope exceed the strength of the rock mass (Sjöberg 1999). 

When the forces exceed the strength of the rock mass,  failure is assumed to happen instantaneously. 

The analysis methods of slope stability can be divided to two different types, depending on how the 

input parameters are assessed. On deterministic methods the initial values are determined, while on 

probabilistic analysis the initial values are assumed level of uncertainty. Both of the approaches 

have their own advantages and limitations, nevertheless each one being very useful tool depending 

on the geotechical structure being designed. 

2.1 Deterministic methods of determining slope stability

2.1.1 Empirical methods

Empirical methods are based on experience and observation, directly or indirectly.  Due to absence, 

or low capacity of computation, most slopes used to be designed using charts based on empirical 

knowledge. The first use of empirical data on slope design was introduced by (Lutton 1970). Later 

on, empirical knowledge was expanded to cover rock failure criteria (Hoek and Brown 1980a, 

1980b), to provide an alternative, and enhancement for the commonly used linear Mohr-Coulomb 

failure criterion. However, the most widely utilized part of empirical methods are rock mass 

classifications. The rock mass classifications are based on simple tests and observation of rock mass 

characteristics, providing decent estimate of the rock mass strength. The most commonly utilized 

rock mass classification methods are RMR- (Bieniawski 1989) and Q-methods (Barton, Lien et al. 

1974), both methods relying on RQD (Deere & Miller 1966) classification of core samples as one 

of the input parameters. A typical core sample, from which the RQD value can be obtained from is 

presented on Figure 2-1. The rock mass classification methods have been updated and modified 

various times, to suit specific geotechnical environments.
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Figure 2-1  Typical diamond drill core, from which the RQD – value can be determined 

(Toropainen 2011).

Empirical methods are fast and easy to use, therefore they are commonly utilized on design of non-

critical slopes and on initial design of more critical slopes. The input parameters are easy to obtain, 

and the information gained through empirical analysis is easy to interpret, therefore it is a very 

economical way of slope design. However, empirical methods are very limited on their reliability 

due to the non-homogenous nature of the rock mass. Most of the information is gathered through 

back-calculation and observation, therefore assumptions regarding to the strength of the rock mass 

are made through surface inspection or from failures which have already occurred. Visual 

observation or rock mass is considered insufficient means of gathering information. Failures are 

assumed to initiate from the crest of the slope, where tension cracks tend to initiate thus a critical 

position for the tension crack can be estimated. In reality, failures initiate from the toe of the slope, 

where the stresses within the rock mass are highest, and the advancement of the failure can only be 

detected with careful monitoring of rock mass displacements. When slopes are being designed to an 

area which has not been previously excavated, data from back-calculation of failures is not 

available. The empirical design methods provide near accurate results on simple and small 

geometries, but due to the unreliable nature of collecting data and rock mass, they cannot be relied 

on the design of critical and large slopes (Sjöberg 1999).
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2.1.2 Kinematic- and limit equilibrium methods

The structural behavior of rock mass can be studied using stereographic mapping of discontinuities. 

The kinematic analysis is based on the basic assumption of rock mass failure advancing through 

discontinuities or weakness zones. Therefore by mapping the discontinuities within the rock mass, 

kinematically possible failure mechanisms can be identified on each location of the map. The most 

common failure mechanisms of rock mass are plane-, wedge-, toppling-, and circular failures. The 

stability of each kinematically possible failure mechanism can be determined by limit equilibrium 

analysis. The basic principle of limit equilibrium analysis is the relation between forces resisting 

and driving the failure shown in Eq. (2.1), therefore giving out the factor of safety. The forces itself 

are related to the mode of failure mechanism, depending on what failure mechanisms are deemed to 

be kinematically possible.

F s=
∑ Resisting force

∑ Driving force
   (2.1)

However, the limitations of kinematic and limit equilibrium methods are the assumptions made 

regarding the failure surface and simplification of key geological structures. For example, on 

circular failure, the failure surface is assumed to be near circular, which is only true on clay-like soft 

materials. In reality, the failure surfaces are more complex than assumed, when calculating the slope 

stability with simplified geometry and geology. The limit equilibrium method is purely force based 

calculation, an effective tool for analyzing forces acting on the slope, predicting the moment of 

failure when the driving forces exceed the resisting forces. Due to simplification, and constraints 

related to the mathematical formulation, the displacements within critical points of the slope can not 

be calculated effectively using limit equilibrium methods. In reality, the displacements at the critical 

points are more valuable information, than the forces acting on the slope itself. Software for the 

analysis of different types of failure modes have been developed, such as SWEDGE by Rocscience 

for wedge failure (Rocscience 2013).
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2.1.3 Numerical modeling

Numerical modeling of slope stability is done using computer software or codes, based on element 

methods. Due to the heavy computation capacity requirement, numerical modeling software was 

developed similar pace with computer technology. The numerical models represent the response of 

the rock mass to initial conditions such as in situ stresses, applied loads or disturbances caused by 

excavation (Wyllie & Mah 2004). While limit equilibrium methods provide a solution for a single 

failure mode, the numerical models provide a solution of stresses and displacements for the whole 

rock mass being modeled. However, the numerical based software does not distinguish between 

failure mechanisms, therefore it is necessary to interpret the resulting stress and displacement fields 

in order to discover the prevailing failure mechanisms. 

The advantages of numerical modeling are the possibilities of  including the key geological 

features, such as ground water level and faults to the model, in order to approximate the slope 

behavior more accurately. However, when using numerical modeling software, common knowledge 

about the mathematical background is required in order for the user to interpret the information in a 

correct way.  Numerical models can be distinguished between each other depending how the 

material is being modeled by the element method. The different element methods currently in use 

are finite-, and discrete element methods. There also exist hybrid type of software, which utilize 

both finite- and discrete elements within the model. A special case is Boundary Element Method, in 

which the elements are only situated at the boundaries of the model (Brown & Bray 1987).

Continuous models

Continuous models are mathematically based on finite element (FEM) or finite difference method 

(FDM) of calculation. While finite element method is numerical, matrix based equation shown in 

Eq. (2.2), finite difference uses time step iteration in order to solve the constitutive equations. A 

good example of finite element method based software is Phase2 (Rocscience 2013). The material 

within the model is assumed to be continuous within the boundaries of the model, and divided into 

elements, creating a mesh over the area under analysis. In order to approximate the rock mass 

accurately, the model can be divided into zones with each possessing different material properties. 
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Each one of the zones are necessary to be homogenized, in order to represent the continuous 

behavior of material assumed on finite elements. The homogenization simplifies the material, and it 

is only valid over the representative elementary volume for each zone (Jing 1998).

The shape and size of the elements within the body can vary, therefore finite element method is very 

good way of analyzing difficult and complex geometries. The stresses and displacements within the 

elements are approximated through internal basis functions and the elements are connected to each 

other by nodes. Discontinuities are present in the rock mass, but they are treated as special cases, 

and must be added to the model implicitly, therefore affecting the strength properties of the rock 

mass treated as equivalent continuum. Limited number of joints can be modeled with special joint 

elements, but  rotation, major slipping or large scale opening of joints and fractures cannot be 

modeled due to numerical instability and constant need for re-meshing of the model in case of  

continuous element separation. The basic matrix representation of finite element method is 

presented on Eq. (2.2), in which u is the deformation of nodes in global co-ordinates, and f is the 

acting nodal force or stress depending on the unit of global stiffness matrix [K]. The [K] matrix can 

be modified from continuous mechanical calculations to heat convection calculations, for example 

substituting the matrix formula with Hooke´s linear-elastic model.

[
K 11 K 12 ⋯ K1n

K 21 K 22 ⋯ K 2n

⋮ ⋮ ⋱ ⋮
K n1 K n2 ⋯ Knn

]{
u1

u2

⋮
un
}={

f 1

f 2

⋮
f n
}   (2.2)

The continuous modeling of rock mass is well suited for large and uniform, massive type rock 

structures with little pre-existing discontinuities. The larger the rock mass under modeling, the less 

details can be modeled due to the increased necessity with calculation capacity. Therefore the 

advantage of continuous modeling is the representation of large scale slopes, where the material is 

treated as an equivalent continuum, and the overall strength of the material is reduced due to 

multiple pre-existing fractures within the rock mass demonstrated in Figure 2-2 (Sjöberg 1999). 

Fracture propagation is not modeled using software based on continuous elements, therefore the 

effect of fracturing and fracture propagation are assessed through decrease on the strength 

parameters of the rock mass. 
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Figure 2-2  Illustration of the relation between strength and volume of the rock mass (Sjöberg 

1999). 

Discontinuous models

All slope stability problems related to rock mass involve discontinuities, from small scale fractures 

to large scale joints and weakness zones. Discontinuous models are based on the discrete element 

method, in which discontinuities are modeled explicitly, having size, direction and strength 

properties. The discontinuities divide the model into blocks, which can either be rigid or 

deformable. Continuum behavior of material is assumed within deformable blocks. Motion and 

deformation of the blocks are treated separately through interaction functions between the blocks, 

modeling the behavior of fractured rock mass more accurately. The non-elastic and non-linear 

behavior of the rock mass can all be concentrated to the discontinuities, therefore the constitutive 

laws and input parameters for the discontinuities are of great importance (Jing 1998). In addition to 

rock strength parameters, a set of parameters regarding the joint strength are required when 

constructing the model. Therefore more accurate behavior of rock mass under stress can be 

modeled, due to the fact that fracture propagation and discontinuities are essential part of failure 

mechanisms in brittle materials. 
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Figure 2-3  Illustration of fracture coalescence within slope (Sjöberg 1999) after (Einstein et al. 

1983). 

The disadvantages of discontinuous modeling methods are the necessity for more specific input 

parameters, such as the joint friction angle ϕ
j 
and residual friction angle ϕ

r 
 after the joint has 

undergone shear failure in peak strength. The same applies with cohesion of the joints, and these 

parameters can be difficult and expensive to obtain. In order to approximate the deformation values 

to a sufficient level of accuracy, the elastic properties of fractures and blocks should also be known. 

For the model to be of reasonable size, only a small percentage of the joints can be included within 

the model. On heavily fractured or large volume rock mass, the joint geometry data should be 

filtered, in order to select joints with most critical mechanical response. The exact location of pre-

existing critical joints and fractures should be known, which creates its own limitations for large 

slope geometries, where information regarding the fracturing within the rock mass is difficult to 

obtain (Wyllie & Mah 2004). 

Hybrid models

Hybrid models are based on both continuous, and discontinuous element method, combining the 

advantages of both methods. Software based on both finite- and discrete element method have been 
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on the market and developed, such as UDEC. The rock mass itself is modeled as a continuous body 

by using finite elements, while discontinuities are modeled explicitly using discrete elements. The 

issue within the model itself is the connection between discrete- and finite elements, which can 

create numerical instabilities within the model. Where hybrid modeling has the advantages of both 

continuous and discontinuous methods, it also involves the limitations of both methods listed above.

2.2 Probabilistic methods of determining slope stability

Probabilistic analysis approaches slope stability as a stochastic system rather than a deterministic 

system. The input parameters are assumed having a range, rather than implementation of 

determined value for each of the input parameters. The range of an input parameter is assumed to 

represent the uncertainties related to the strength parameters of rock mass due to the natural 

variability of the material. Therefore, the parameters affecting the slope stability being more 

uncertain to measure are assumed to have a larger range of variation between the minimum and 

maximum of the input value. The parameters which can be determined to higher level of confidence 

or assumed to have less alteration over time, have less variation between their minimum and 

maximum of the input range (Wyllie & Mah 2004). The range between the minimum of the input 

value and the maximum is assumed to have a probabilistic distribution. The most commonly used 

distributions are normal- and triangular distributions. Triangular distribution is utilized when only 

the most likely minimum and maximum values of the input parameter can be measured. With 

sufficient data available, the value range of input parameters can be represented through normal 

distribution, allowing the calculation of mean and standard deviations. However, if a range for an 

input parameter cannot be determined, the uncertainty of the parameter can be represented using 

higher value of safety for the unique parameter.

Slope stability is assessed using both probabilistic and deterministic methods. The probabilistic 

method itself does not have relation to the physical phenomena behind to slope stability, therefore 

probabilistic analysis has to be combined with a deterministic model. These models can be, for 

example kinematic- or limit equilibrium analysis. Good example of probabilistic analysis is to 

analyze plane failure with Monte Carlo method where random values are determined for each input 

parameter and safety factor distribution calculated after sufficient amount of trials. Probabilistic 

methods are very useful in terms of risk assessment, as failure in terms of probability cannot be 
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completely avoided. For example, a whole mine can be divided into areas from low to high 

importance, and it is the task of the person responsible for modeling to define what probability of 

failure is acceptable on each area. Criteria for acceptable probabilities of failure was first introduced 

by (Priest & Brown 1983), later modified by (Pine 1992), shown in Table 2-1. The failure 

probability of can be obtained, after the stability has been calculated certain number of times, using 

probabilistic approach. A good example would be back calculation of Monte-Carlo analysis, from 

which the probability can be obtained statistically. The advantage of probabilistic analysis is the 

ability to calculate risks associated with failures of small probability, which can not be assessed by 

deterministic approach. The reliability index β
s
, can be defined with the help of mean- and standard 

deviations of the performance function G(X), where the X represents the probabilistic distribution 

of the input parameters:

βs=
mG

sG

, where G(X )=F s−1 (2.3)

Category and 

consequence of 

failure

Example Reliability index, β
s

Failure 

Probability

Pp(Fs < 1)
1.Not serious Non-critical benches 1.4 0.1
2.Moderately serious Semi-permanent slopes 2.3 0.01 – 0.02

3.Very serious High/permanent slopes 3.2 0.003

Table 2-1  Acceptance criteria for slope failure (Priest & Brown 1983; Pine 1992). 

In terms of limitations, probabilistic analysis is as limited as any deterministic model which it is 

utilized with. However, failure surface with minimum factor of safety is not necessary the failure 

surface with highest probability of failure (Oka & Wu 1990). Sometimes a combination of failures 

can have higher chance of occurring, than singe type of failure itself. Therefore it is necessary to 

analyze full system of failures simultaneously, which can be very time consuming. In order to 

accumulate distribution functions to a sufficient degree of certainty, large amount of data regarding 

the input parameters has to be collected. Therefore probability analysis itself is not recommended as 

sole method of analysis for important geotechnical structures, such as large scale slopes (Sjöberg 

1999).
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3. Fracture initiation and propagation theory

Fracture mechanics was initially developed to study artificial man-made materials such as high 

strength metal alloys and concrete, in order to improve the understanding of the material behavior. 

Therefore, the construction of more complex structures could be proceeded in a more cost effective 

way, and the design criteria improved. While on rock fracture mechanics the discrete initiation and 

propagation of a single, or multiple cracks within rock mass subjected to a specific stress field are 

being studied. These fractures can either be pre-existing or newly formed due to increased loading. 

The main motivation behind the studying of fracture initiation and propagation is to improve 

mechanical cutting, drilling, or hydraulic fracturing of rock mass. Therefore fracturing can be a 

desired goal, although fracture mechanics can also be utilized on stability calculations.

Most of the man-made materials being studied in traditional sense of fracture mechanics are of 

homogenous nature, due to mass production principles. Assumptions and models can be derived 

from small sample sizes due to the homogeneity, while this is not true with rock like materials. In 

order to establish a fundamental form of failure, certain assumptions regarding material simplicity 

are accepted when studying rock fracturing, such as homogeneity, continuity and isotropy. These 

assumptions are accepted, in order to establish a relationship between the rock fracture strength, 

crack geometry and fracture toughness, which is the fundamental feature of rock fracture mechanics 

(Whittaker et al. 1992).

3.1 The Griffith energy balance theorem

The fact that actual tensile strength of materials was found out to be much lower than the theoretical 

prediction, acted as a beginning for modern fracture mechanical studies. The difference between the 

actual and theoretical values was explained by the fact, that brittle materials inevitably contain 

microscopical flaws (Griffith 1920). These flaws, referred as Griffith flaws or discontinuities, are 

randomly distributed among the volume of the material. The Griffith discontinuities act as stress 
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concentrators, hence failure of brittle material due to the propagation and widening of these 

microscopical flaws within the material. The energy supplied by the work from external forces, is 

absorbed for the creation of new crack surfaces and widening of pre-existing cracks. In order for 

failure to happen, two criteria must be met, the energy and the stress criteria. Firstly, the local stress 

has to be higher than the cohesion between the molecules within the material. The local stresses can 

exceed the molecular cohesion on the discontinuities, which act as stress concentrators. Secondly, 

sufficient amount of potential energy must be released in order to overcome the material resistance 

to crack propagation.

The Griffith theorem can be represented as an energy balance concept. The system is considered to 

be in equilibrium when the change in total energy ∂U due to the crack extension ∂a is zero:

∂U
∂ a

=0 (3.1)

In this case of infinite cracked plane under pure tension, the formula for the total energy can be 

written using the components U
t
, U

c
, W, U

s
 shown in Eq. (3.2), (Whittaker et al. 1992). Where U

t
 is 

total initial elastic strain of the stressed un-cracked plate. U
c 
being the total elastic strain  energy 

release due to the introduction of a crack with length of 2a, and the relaxation of the material above 

and below the crack.  Symbol W representing the work done by the external forces, and U
s 

representing the change in the elastic surface energy due to the introduction of new crack surfaces.

U=U t±U c−W +U s   (3.2)

Using theory of elasticity, each one of the components can be written as in Eq (3.3).  Where A 

denotes the area of an infinite plate with the thickness of (B = 1), ε is the average axial strain in the 

plate. The effective Young´s modulus E' is E for plane stress and E/(1-ν2) for plane strain. The 

energy required to create a new crack surface when the crack increases in length, the specific 

surface energy is denoted by γ
s
, while σ is the tensile stress.

U=
σ

2 A
2 E ' ±

πσ
2 a2

E ' −
σϵ A

2
+4a γs  (3.3)
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Combining the equations (3.1) and (3.3) leads us to formula, representing the relation between 

tensile stress and crack propagation:

σ√πa=√2 γS E '   (3.4)

Failure within the system can be defined by equation (3.5), where the failure stress is denoted as σ
F
. 

At outer applied stress σ
A
, the crack within the plate remains stationary (stable), when  σ

A 
≤ 

 
σ

F
. 

Whereas the crack is considered to expand spontaneously (unstable), when σ
A
≥ σ

F 
. 

σF=√ 2 γS E '

π a
  (3.5)

The failure stress criteria further extended to yield the energy release rate, denoted as G in honor of 

Griffith. The crack extension is considered to occur when G reaches the critical energy release rate 

G ≥ G
c
, representing the critical value of strain energy released per unit length of crack extension. 

The critical energy release rate is achieved at the failure stress σ
F
, hence the relation between the 

failure stress, and the critical energy release rate necessary to overcome the material resistance to 

crack propagation can be seen on Eq. (3.6).

G=
πσ

2 a
E ' , where G=2 γs  (3.6)

The fracturing theorem of Griffith has a solid theoretical foundation for the study of brittle material 

failure, since in the theorem it is stated that the introduction of new cracks and propagation of the 

inherent flaws lead to the final failure of the material. The theorem itself established an important 

relationship between crack size and fracture stress, but it also contains some fatal restrictions and 

problems. Therefore, further theories and improvements were necessary for more accurate modeling 

of rock fracturing. The most important restriction of the Griffith theorem is the inability to predict 

the location of crack initiation, and the direction of crack propagation under most stress states 

associated with fracturing in rock mass, such as compression (Whittaker et al. 1992).
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3.2 Modes of fracturing

In fracture mechanics, the modes of fracturing are divided to three different subdivisions, mostly for 

mathematical reasons. The modes are distinguished between each other either by the displacement 

of the crack surfaces, or by the crack tip loading. In general, a crack tip within linear elastic brittle 

material can be subjected to a normal stress σ, an in-plane shear τ
i
, an out-of-plane shear τ

o
,or any 

combination of these.  From the crack tip load perspective, the Mode I is based on tensile stress σ, 

Mode II is based on in-plane shear stress τ
i
, while Mode III is out-of-plane shear stress τ

o
, 

commonly known as tear type of fracturing. Whereas from the displacement perspective, the Mode 

I crack surface undergo displacements perpendicular to the crack plane. The displacements of the 

crack surfaces on Mode II are due sliding on the crack plane, perpendicular to the crack front. 

While on the Mode III, crack faces move relative to each other, crack surfaces being on the crack 

planes, but parallel to the crack front.

Any combination of the three basic fracture modes are referred as mixed mode fracturing, and the 

fracture modes can be combined with each other by the principle of superimposing. Within the 

assumption of crack propagating on its own plane, mode of loading is related to the mode of 

fracturing in most metals (Rao et al. 2003). Whereas for rock like materials, the mode of  loading 

does not necessarily lead to the similar mode of fracturing, due to the heterogeneous nature of rock. 

While conducting research on rock like materials, it is important to make a distinction between 

mode of fracturing, and mode of loading. Consequently, the mode of loading refers to the applied 

boundary stresses, while mode of fracturing to the mechanical breakdown process due to relative 

displacement (Backers 2004). The modes of fracturing corresponding to the mode of loading,being 

referred on this study are presented on Figure 3-1.
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Figure 3-1  The three basic modes of fracturing and loading: Mode I, II, and III (Whittaker et al. 

1992). 

3.3 Stress intensity factor

 

The Griffith energy balance theorem acted as a basis for the stress intensity factor approach created 

by Irwin (1957). The stress intensity factor K represents the crack tip properties by governing the 

stress and displacement fields at the crack tip, whereas the Griffith energy balance theorem is a 

global energy function of the whole system. The stress intensity factor can be derived from an Airy 

stress function Φ, which is a general representation of the stress state under given boundary, 

compatibility and equilibrium conditions. The Airy stress function of an infinite plate containing a 

central crack with length of 2a under bi-axial tension σ, can be solved from a function Z
1
, which 

satisfies the local boundary conditions.

Z1=
σ √π a

√2π r (sin θ
2
+icos θ

2
)

 (3.7)
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The co-ordinates of the function Z
1
 are originating from the crack tip, while the function Z

1
 in the 

equation (3.7) is represented on its final form. It can be seen that the numerator part of the function 

is constant for given loading configuration of a system with a given crack size. Under bi-axial 

tension, this constant is known as Mode I stress intensity factor, and by re-arranging the equation 

(3.7) leads to:

Z1=
K I

√2π r (sin θ
2
+icos θ

2
)

 (3.8)

The stress intensity factor of Mode I, denoted by K
I
, is the product of the remote stress σ and square 

root of half crack length a, and π, hence:

K I=σ√πa  (3.9) 

The stress intensity factors of Modes II and III can be obtained by following the similar 

mathematical procedure under different loading configurations corresponding to the stress intensity 

factor, in-plane shear τ
i
 for Mode II, and anti-plane shear τ

o
 for Mode III. Therefore, the resulting 

stress intensity factor for Mode II is: 

 K II=τ i √πa  (3.10) 

For the loading configuration representing the Mode III, the stress intensity factor is obtained the 

similar way:

K III=τo √πa  (3.11) 

The corresponding loading configurations for each stress intensity factor K
N
 , in case of an infinite 

plate containing a central crack with crack length of 2a are illustrated below. 
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Figure 3-2  Infinite plates containing a central crack under bi-axial tension, in-plane shear and 

anti-plane shear (Whittaker et al. 1992). 

The stress and displacement field of the crack tip can be obtained through the function Z 
N 

for each 

corresponding mode of loading. The function Z
N
 is part of the Westergaard (1939) stress function, 

used as a solution for the Airy stress function. The Westergaard stress function, due to the definition 

of Airy stress function, has the following relation between bi-axial tension and crack tip stress field 

components on an infinite plate containing a central crack: 

σ x=ℜZ 1− y ℑ
dZ1

dz

σ y=ℜZ 1+ y ℑ
dZ1

dz

σ xy=− y ℜ
dZ 1

dz
},where z=x+iy  (3.12) 

On equation (3.12),   represents the real part of the function, while   represents the imaginary ℛ ℑ

part. By deriving the equation (3.8) and substituting the results to the equation (3.12), the 

components of the crack tip stress field under bi-axial tension can be expressed as following, 

through the corresponding stress intensity factor K
I
:
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[
σ x
σ y
σ xy

]=
K I

√2π r
cos θ

2 [
1−sin θ

2
sin

3θ

2

1+sin θ
2

sin
3θ

2

sin θ
2

cos
3θ
2

]  (3.13) 

The components of the crack tip stress field can be divided to two parts, the stress intensity- 
 
and the 

geometric part. It can be seen from equations (3.9), (3.10), and (3.11) that the stress intensity factors 

are independent of the co-ordinates r, and θ. However, the stress intensity factors are dependent on 

the magnitude of remote stresses and crack size, hence: 

K N=K (a ,σ) , where (N=I , II , III )  (3.14) 

In a global sense, the stress intensity factor K
N
 can be regarded as a constant, due to the fact that 

stress intensity factor K
N
 is independent of the co-ordinates of the fracture. Therefore, the stress 

intensity factors can be regarded as fracture parameters reflecting the distribution of stress within a 

cracked brittle material and stress transmission through crack tip region under corresponding 

loading conditions. The crack tip displacement fields can be determined from the stress field 

components by using the stress-strain relation of Hooke´s law. For the sake of mathematical 

convenience, the stress field components of an infinite plate containing a central crack under bi-

axial tension can be written in polar co-ordinates as following. 

[
σ r
σθ
σ rθ

]=
K I

√2 π r
cos θ

2 [
1+sin2 θ

2

cos2 θ
2

sin θ
2

cos θ
2
]  (3.15) 

The geometrical components depending on the co-ordinate θ differ under each loading 

configuration, whilst the parts depending on co-ordinate r and stress intensity factor K
N
, retain 

similar form under each corresponding mode of loading. Consequently, the crack tip stress field on 

polar co-ordinates can be expressed in a more general form, under loading corresponding to Modes 

I, II and III by using the following formula:
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 σij (r ,θ)=
K N

√2π r
f Nij(θ) + higher order terms  (3.16)

According to the equation (3.16), the stress field components approach zero, when the distance 

from the crack tip approaches infinity r → ∞, while in the case of infinite plate the stress field 

components should approach the value of applied outer stress σ. However, the stress field 

components approach infinity at the crack tip r → 0, though no material can bear infinite stress. At 

this point, the stress intensity theorem is clearly applied at the limits of validity of Hooke´s law. The 

flaws of the theorem are accepted, as the stress and displacement fields in the vicinity of the crack 

tip (r << a) are of most importance. When the stress at vicinity of the crack tip exceed the yielding 

strength, the material is considered to yield until the stresses drop below the yield strength. A small 

area around the crack tip is formed, where the material is assumed plastic behavior on most metals, 

is demonstrated to be the micro cracking zone, or “Fracture Process Zone (FPZ)”  in rock 

(Hoagland et al. 1973). 

Figure 3-3  Illustration of Fracture Process Zone (FPZ), modified from (Liu et al. 2000). 

If the size Fracture Process Zone is small enough compared to the other characteristic dimensions, 

such as fracture length or crack tip size, the crack tip stress and displacement fields can be 

calculated through elastic analysis using stress intensity factor K
N
, with a sufficient degree of 

accuracy. Therefore, if the FPZ satisfies the size criteria, being small enough, the plastic zone can 

be referred as small scale yielding (SSY), and the analysis of such cracked body can be done on 

elastic basis, further called Linear Elastic Fracture Mechanics (LEFM). The principles of LEFM 
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and SSY are applicable on brittle materials such as rock and ceramics, therefore the stress intensity 

factor acts as an important parameter governing the stress- and displacement field distribution 

within the cracked body. The most important feature of LEFM is the principle of superimposing; if 

a fracture is under mixed mode loading, the resulting stress field distribution can be superimposed 

from each corresponding pure mode of loading involved within the mixed mode loading (Whittaker 

et al. 1992). If the size of FPZ would be large compared to the other characteristic dimensions of the 

specimen, the plastic zone would be referred as large scale yielding (LSY), and the principles of 

LEFM would not be applicable.

3.4 The relation between G and K

The stress intensity factor approach established a relation between the strain energy release rate G, 

and stress intensity factor K. The relation between the strain energy release rate corresponding to 

stress intensity factor can be expressed for pure Mode I as following (Irwin 1957):

G I=
K I

2

E '
  (3.18)

The relation between the strain energy release rate and stress intensity factor under pure Mode II 

loading:

G II=
K II

2

E '
 (3.19)

And the same relation under pure Mode III loading configuration:

G III=
(1+ν) K III

2

E '
 (3.20)

It should be noted that the relationships between G and K for each mode of loading are obtained by 

assuming that the crack within the infinite plate shown in Figure 3-2, extends in its own plane. If the 

crack extends at an angle respect to the crack plane, the relationships presented above become 

increasingly complex (Whittaker et al. 1992). The principle of superimposing can be applied on the 
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relationships shown on equations (3.18 – 3.20), therefore yielding the following for relation 

between G and K, under mixed mode I-II-III loading:

G=
K I

2
+K II

2
+(1+ν) K III

2

E '
 (3.21)

The superimposing principle between different modes of loading applies to the strain energy release 

rate, stress- and displacement fields. However, the stress intensity factors can only be superimposed 

under the same mode of loading. 

3.4.1 Fracture propagation criteria through stress intensity factor

The Griffith energy balance theorem states that fracture initiation will occur when the critical strain 

energy release rate reaches its critical value G
C
. Consequently, due to the relationship between the 

stress intensity factor K
N
 and the corresponding strain energy release rate component G

N
, the 

fracture initiation criteria for each pure mode of loading can be expressed through stress intensity 

factor as following.

K N = K NC , where (N=I , II , III )  (3.22) 

From the stress intensity factor perspective, fracture initiation occurs when the stress intensity factor 

reaches its critical value K
C
 , known as fracture toughness, under corresponding pure mode of 

loading . The crack growth is considered unstable, when  ∂K
c
 / ∂a > 0, and the fracture toughness is 

exceeded at the same time. Consequently, all the excess energy inserted to the system accelerates 

the fracture propagation process until terminal velocity of the crack propagation is reached. 

Otherwise the crack propagation is considered stable, where cracks initiate slowly, and the process  

can be stopped at any time by lowering the stress state. Fracture initiation taking place under the 

corresponding fracture toughness K
NC

, is called sub-critical crack growth (SCG) (Backers 2004) . 

The critical strain energy release rate G
C
, and the fracture toughness K

C
 are constants reflecting the 

properties of the material to resist fracturing, hence higher value of K
C
 reduces the brittle behavior 
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of the material. In theory, the values of G
C
 and K

C
 should not vary due to various factors such as 

specimen geometry and size. In reality, laboratory testing of K
C 

has shown that saturated rock 

samples can have up to 30% smaller fracture toughness than dry samples, originating from same 

rock mass (Backers et al. 2006). Most research on methods to determine the fracture toughness of 

rock has been conducted on determining the fracture toughness of Mode I loading configuration 

K
IC

, as K
IIC 

> K
IC 

is applicable for most rock types (Whittaker et al. 1992). In reality, the rock mass is 

rarely under pure mode of loading, therefore it is necessary to consider the mixed mode scenario, 

commonly involving combination of Modes I and II. 

3.4.2 Mixed mode fracture propagation

If a crack is subjected to mixed mode I-II loading, the overall strain energy release rate G is a  

summation of the corresponding strain energy release rates for each mode. As the Mode III loading 

is not present, hence K
III

 = 0. Following the stress intensity factor approach, the overall strain 

energy release rate of the system can be written as following. 

  ∑G=
K I

2
+K II

2

E '
 (3.23)

The crack propagation under mixed mode loading is considered to occur, when the combination of 

K
I 
and K

II
 reach a critical value f(K

I
 , K

II
)

C
. The function f(K

I
 , K

II
)

C 
is known as the mixed-mode 

fracture toughness envelope. The principal issue involved with mixed mode loading scenario is the 

determination of the exact fracture toughness envelope, acting as a criteria for fracture propagation. 

In general, the fracturing will occur if a point on the (K
I
 , K

II
) plane is located above or on the 

fracture toughness envelope f(K
I
 , K

II
)

C
.  However, if the point on the (K

I
 , K

II
) plane is located 

below the fracture toughness envelope, fracturing is not considered to occur (Whittaker et al. 1992). 

On the basis of stress intensity factor governed fracture propagation, various different fracture 

toughness envelopes f(K
I
 , K

II
)

C
 have been established, such as maximum stress criteria, or the F-

criterion utilized by Fracod2D (Shen & Stephansson 1994). The common strength between the 

criteria is the ability to predict the crack propagation and the direction of the crack extensions.  
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3.4.3 Laboratory testing methods for determining K
IC

 and K
IIC

The fracture toughness of rock samples for modes of loading I and II can be determined by 

laboratory testing methods when the corresponding stress intensity factors are known. The most 

developed methods are the ones testing the fracture toughness K
IC

 for Mode I loading configuration, 

due to the weakness of tensile strength dominating the strength properties of rock mass. The ISRM 

suggested method for determining the Mode I fracture toughness is the chevron bend method (CB-), 

shown in Figure 3-4. In order to determine Mode II fracture toughness, new accurate methods have 

been developed, such as Punch-Through Shear (PTS-) method as shown in Figure 3-5. As the most 

common mixed-mode loading scenario for rock mass is the combination of Modes I and II, accurate 

methods to determine the fracture toughness K
IIIC

 for Mode III loading have not yet been fully 

developed.

Figure 3-4  Illustration of CB-method set up for determining the Mode I fracture toughness (Zhou 

et al. 2009). 

Figure 3-5  Illustration of the set up for PTS-method with confining pressure included, for 

determining Mode II fracture toughness (Backers 2004). 
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4. Modeling software properties

Each modeling software has its unique advantages and disadvantages, and it is necessary for the 

user to choose the software with right properties to solve the challenges related to the structure 

design. In this study, the Fracod2D was chosen, due to its capability of modeling fracture propagation 

of existing cracks. 

4.1 Fracod2D introduction

Fracod2D is a two-dimensional modeling software based on  Boundary Element Method (BEM), 

capable of simulating crack propagation within rock mass. The software utilizes Displacement 

Discontinuity Method (DDM) created by Crouch (1976), which is part of the Boundary Element 

Method principles. The advantage of  DDM over Finite Element Method on modeling fracture 

propagation, is the ability to present fractures as an fracture element, without considering the 

separated fracture surfaces as different elements. 

The code can simulate up to 15 non symmetrical randomly distributed or previously defined 

fractures. Different behavior of fracturing, such as sliding and opening, fracture initiation or 

propagation can be modeled with Fracod2D. The fracture propagation criteria used by the software, 

is a modified version of the original G-criterion, called F-criterion. The criterion is explained more 

in depth at the following chapter 4.2, while the rest of the chapter focuses on the properties of the 

fracturing and fractures, both before and after the fracture propagation (Shen & Stephansson 1994).  

4.2 Fracture propagation by F-criterion

When a scenario involving mixed mode I-II loading is being analyzed, fracture criteria capable of 

predicting both Mode I and Mode II fracture propagation is necessary to be included. The existing 

30



criteria can be divided to principal stress-strain-, and energy based criterion. The principal stress- 

strain based criteria can be applied only on Mode I fracture propagation relying on principal tensile 

stress. The energy based methods are suited better for the analysis of a scenario involving mixed 

mode I-II loading , as the strain energy at the vicinity of the crack tip consists both from shear, and 

tensile stresses.  

The original strain energy release concept theorem created by Griffith (1920) does not make a 

distinction between fracture toughness energies of Modes I and II, hence no G
IC 

and G
IIC 

exist within 

the original theory. The fracture propagation on the Griffith theory is governed by a single 

parameter, the critical strain energy release rate G
C
, and the fractures are considered to propagate at 

the direction of maximum value of G, when it reaches the critical value G
C
. The original G-criterion 

was extended by Shen and Stephansson (1994), for more generalized theorem able to predict 

mixed-mode fracturing, called the F-criterion. The F-value at the crack tip to an arbitrary direction 

θ, can be calculated as a sum of normalized values of  Mode I-II strain energy release rates G
I
 and 

G
II
. 

F (θ)=
G I (θ)

G IC

+
G II (θ)

G IIC

  (4.1) 

G
I
(θ) and G

II
(θ) are the Mode I and II strain energy release rates due to the fracture growth of a unit 

length to an arbitrary direction θ. The fractures are assumed to propagate at the direction of the  

corresponding direction of the maximum F-value. Fracture propagation will occur, when the value 

of F reaches 1.0. In most cases, the maximum F-value is reached either on the direction of pure 

Mode I loading (G
IC

 = {max}, while G
IIC

 = 0), or at the direction of pure Mode II loading, when 

(G
IIC

 = {max}, and G
IC

 = 0). However, fractures have the possibility of extending between Modes I 

and II during fracture propagation, forming a path which represents mixed-mode fracturing (Shen & 

Stephansson 1994) . 
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Figure 4-1 Definition of G
I
 and G

II
 for fracture growth. (a) G, the growth is due to both tensile 

and shear displacement. (b) G
I
, the fracture growth is only due to normal displacement increasing its 

aperture. (c) G
II
, the fracture growth is only due to shear displacement (Shen & Stephansson 1994).

4.3 Determination of Fracture propagation on DDM

The primary task when using F-criterion is to determine the strain energy release rates of Mode I 

(G
I
) and Mode II (G

II
), at a given fracture tip. The strain energy release rates G

I
 and G

II
 are special 

cases of G, governed by pure modes of loading. As shown on equation (3.6), the strain energy 

release rate G represents the strain energy change of linear-elastic body, when a crack within the 

body is extended for a unit length. Therefore, the numerical procedure of calculating F-value can be 

reduced to the sole determination of the strain energy release rate G, from which the special cases 

G
I
 and G

II
 can be derived from. The value of G can be derived from the strain energy W per unit 

thickness, which in case of linear-elastic body can be written using boundary displacements (u
S
, u

n
)  

and stresses (σ
S
, σ

n
) at the normal- and tangential(shear) direction respectively (Crouch & Starfield 

1983).

W =
1
2∫S

(σ s us+σn un)ds  (4.2) 
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When the strain energy W is calculated using the DDM principles, the equation (4.2) can be written 

as a sum of all elements within the system, each element having the length of ai, under far field 

stresses σi
S0

 and σi
n0

. The displacements of the system can be concentrated to the discontinuities, 

therefore D
S
 is the shear displacement discontinuity, while D

n
 is the normal displacement 

discontinuity

W ≈
1
2
∑
i=1

m

(a
i

(σ
i

s−(σ
i

s)0)D S+a
i

(σ
i

n−(σ
i

n)0)Dn)  (4.3) 

The value of G can be approximated using the definition of strain energy release rate.

G(θ)=
∂W
∂ a

≈
[W (a+Δ a)−W (a )]

Δ a
 (4.4)

On equation (4.4), W(a) represents the strain energy of the original crack with the length of a, while 

W(a + Δa) is the strain energy governed by the same crack including its extension in length Δa, at 

the direction of θ. The values of  G
I
(θ)

  
and G

II
(θ) can be obtained from the equations (4.3) and (4.4), 

by numerically restraining the tangential or normal displacement discontinuities of the crack 

extension as zero, hence D
S
 = 0 for G

I
(θ), and D

n
 = 0 for G

II
(θ). After the strain energy release rates 

G
I
(θ) and G

II
(θ) have been obtained, the F-value can be calculated using the equation (4.1), where 

the critical strain energy release rates G
IC 

and G
IIC 

are constant material parameters, obtained by 

laboratory testing of the rock mass.

Figure 4-2  Introduction of a crack extension with the length of Δ a in the direction of θ, from the 

original crack (Shen & Stephansson 1994). 
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4.4 Discontinuity contact properties

In Fracod2D,  the discontinuities of the rock mass can have three different states: open, elastic or 

sliding.  The normal and shear stresses (σ
n
, σ

S
) of each joint element is determined by the state 

which the discontinuities are determined to be on. The state of each joint element or discontinuity 

can be distinguished using Mohr-Coulomb failure criterion (Shen et al. 2010).

(1) open joint : σn>0
(2) elastic joint : σn<0, ∣σS∣<c+∣σn∣tan ϕ
(3) sliding joint : σ n<0, ∣σ S∣⩾c+∣σn∣tan ϕ

 (4.5)

In the above equation (4.5), it is important to note the direction of forces, as positive normal stress 

is regarded as tensile, while negative is regarded as compressive stress. If the joint is considered to 

be open, the shear and normal stresses of each joint element are considered to be zero (σi
S 
= 0, σi

n 
= 

0). 

In the case of joint contact being elastic, the stresses of each joint element can be calculated with 

the help of crack stiffness factors (K
S
, K

n
) and displacement discontinuities (D

S
 , D

n
). 

σ
i

S=K S D
i

S

σ
i

n=K n D
i

n

 (4.6) 

If the joint is considered to be in the state of sliding, the shear and normal stresses of each joint 

element can be calculated by using the joint friction angle ϕ
j
 , normal stiffness and displacement 

discontinuity (K
n
, D

n
). Due to the joint undergoing sliding, the shear stress of the joint is no longer 

governed by shear based parameters (Shen et al. 2010) . 

 σ
i

S=±tan(ϕ j)Kn D
i

n

σ
i

n=K n D
i

n

 (4.7) 
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5. Model properties 

When stability of a slope is assessed by DDM based software such as Fracod2D, it is important to 

focus on identifying the key joints affecting the slope stability, when the model is being constructed. 

As the number of pre-defined joints in Fracod2D is limited, modeling of persistent joint sets become 

impossible with large slope geometries. In literature, the expected failure modes for slopes differ 

between small- and large-scale geometries, due to the differences in stress state and overall rock 

mass strength (Sjöberg 1999). 

The fracture mechanical modeling requires a very specific set of input parameters, obtained from 

laboratory tests which are not conducted on mining environment, unless a structure of extreme 

importance is being designed. Consequently, the input parameters for this study were obtained from 

laboratory tests conducted under the purpose of  researching nuclear waste management. The 

laboratory tests were carried for samples originating from an underground rock mass, under good, 

competent hard rock conditions. On this study the same parameters obtained from these laboratory 

tests are applied on a structure that is assumed to be on surface. 

5.1 Cold weather effect on rock mass

Weather cycle has an effect on geotechnical structures, notably on the stability of slopes. Most of 

the slope failures related to the weather cycle are often found to be on the smaller scale, such as 

rock falls or small-scale plane failures. The state of California made a comprehensive study of 

rockfalls which had occurred on their highway system. Of the 308 rockfalls assessed within the 

study, it was found out that 68% of the rockfalls were related to water, for example freeze-thaw 

cycles, heavy rain or melting of snow (McCauley et al. 1985). In the railway system of Canada, 

most of the rock falls were found out to occur during the winter months, which are the wettest and 

coldest of the year (Wyllie & Mah 2004). In addition, moisture has an effect on the strength 
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parameters of rock, for example reducing the fracture toughness (Backers et al. 2006). In practice, 

the influence of moisture can turn mechanically stable structures to unstable, under wet conditions. 

The effect of cold weather is brought to the model as expansion of ice lenses within the fractures, 

and as water pressure within the rock mass. Ice is considered to clog the natural and artificial 

drainage of slopes, increasing the water pressure within the rock mass.  On hard rocks, the ice ring 

expansion can increase the fracture propagation and opening of closed fractures, presented in Figure 

5-1 in case of permafrost. The pressure within fractures induced by ice ring expansion is purely 

tension, therefore Mode I type of fracture propagation is increased. The fracture toughness of Mode 

I (K
IC

), is an important parameter acting against ice segregation of blocks, and ice ring expansion 

induced fracture propagation (Vlahou 2012). The effect of ice ring expansion in rock mechanics is 

often disregarded, as freeze-thaw cycle is considered to have bigger impact on overall stability of 

rock mass through erosion. However, recent studies have emphasized the importance of ice 

segregation in headwall erosion of mountain areas (Sanders et al. 2012). The expansion of ice rings 

within the fractures is most intensive under the temperature ranging from -5oC to -15oC, on lower 

temperatures the availability of water due to clogging of internal drainage is considered insufficient 

to sustain the ice ring expansion in large scale.

Figure 5-1 The effect of ice segregation on slope stability, through alteration of joint properties 

(Gruber & Haeberli 2007).

36



 In the case of hard rock the material permeability and heat conductivity are assumed to be low, 

hence the heat convection can be neglected due to the low heat velocity in hard rocks. From 

experiments conducted by CSIRO and associates for an underground LNG cavern, it has been noted 

that the temperature of the rock has an impact on strength parameters. While the cold climate allows 

the ice ring expansion to increase fracture propagation and segregation of blocks within rock, on 

contrary some of the rock strength parameters are improved along with decreasing temperatures, as 

shown below (Shen et al. 2008). 

• Uniaxial compressive strength: Decreases with temperature increases 

• Tensile strength: Decreases with temperature increases 

• Fracture toughness: Decreases with temperature increases 

• Thermal conductivity: Decreases with temperature increases 

• Thermal expansion coefficient: Increases when temperature increases 

 

5.2 Fracture coalescence through intact rock bridges

The failure surfaces of rock slopes are generally considered to be governed by pre-existing 

discontinuities or weakness zones, which the failure surface is assumed to go through. In the case of 

large rock slopes, the existence of such a persistent set of discontinuities or weakness zone which 

can form a large scale failure surface, is highly unlikely. The back analysis of slope failures has 

revealed, that in reality the failure surfaces can follow a more complex path, involving coalescence 

of key discontinuities through intact rock bridges, leading to formation of a critical failure surface 

(Eberhardt et al. 2004). Consequently the local failures within rock, which are concentrated on the 

points of high stresses or in zones with exceptionally low strength, can be of significance by 

forming a sequence leading to a failure in global sense (Hoek 1966). In rock mass, fracture tips act 

as stress concentrators, while persistent sets of fractures can form zones of low strength in a global 

sense. 

It is noteworthy to make distinction between commonly used terms failure mechanism, and fracture 

mechanism. The term failure mechanism being used is failure of a rock mass in a global continuum 
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sense, where the rock mass is damaged permanently therefore affecting the ability of the rock mass 

to sustain a load (Whittaker et al. 1992). Good examples of rock mass failures are different types of 

slope failures, such large rock slides in the alps, or rock bursts in underground excavations. While, 

rock fracture mechanism is propagation of individual fracture or multiple cracks in the rock mass 

under various conditions, such as ice expansion, stress induced crack growth and sub-critical crack 

growth due to time related creep (Whittaker et al. 1992). 

The rock bridges within intact rock can fail either on tension, shear or mixed-mode consisting of 

both tension and shear. From laboratory testing of gypsum samples, it has been observed that the 

rock bridges within intact rock fail at lowest applied stress states through mixed-mode failure, under 

uniaxial loading configuration. According to the laboratory tests conducted on the gypsum samples 

under uniaxial loading, the coalescence type of fractures leading to the failure of the intact rock 

bridges mainly depends on the inclination of the rock bridges. The fractures were observed to 

coalescence by shear failure on shallow inclination (β ≤ 60o), if the rock bridges were inclined 

between 75o and 90o the fractures coalescence by mixed-mode failure. With high inclination β  ≥ 

105o,the fractures were observed to coalescence by tensile failure (Shen 1993). When the bridge 

inclination β is over 90o, the fractures at both sides of the rock bridge are overlapping each other. 

However, in general case the failure of a rock bridge depends on fracture – bridge, and loading 

configuration.
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Figure 5-2  Illustration of an intact rock bridge between two fractures. 

The stress state of the intact rock bridges is not well understood, hence the most common way of 

estimating the stress state of the rock bridges due to crack interaction, is done by using the 

mechanics of beam theory, such as Euler-Bernoulli. However, the results produced by using 

modified G-criterion are observed to correspond well with the results observed from laboratory 

testing (Shen 1993). 

5.3 Model size and preliminary input parameters

The model geometry was chosen to represent the height of double bench, commonly utilized within 

quarries and open-pit mines located in Scandinavia. The combined height of a double bench is 30m, 

by constructing the model using this height, the face angle of 63o was chosen to replicate the bench 

design of the Aitik open-pit mine in Sweden.
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Figure 5-3 Illustration of principal slope geometries used at the model.

The initial input parameters for the modeling, representing the properties of intact rock, were 

obtained from the laboratory tests conducted during Äspö pillar stability experiment. The stability 

experiment was carried out by the Swedish Nuclear Fuel and Waste Management Co., on their 

underground hard rock laboratory, located at Southeast Sweden. The laboratory was situated at the 

depth of 450m below the surface level, and the prevailing rock type at the laboratory site was found 

to be diorite, which was encountered in different varieties (Magnor 2004). Most parts of the diorite 

were found in unaltered form, while large volumes of oxidized diorite were also present
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Intact rock parameters

Young´s modulus E 68 GPa Rinne et al. 2003

Poisson´s ratio ν 0.24 Rinne et al. 2003

Friction angle ϕ 49o Rinne et al. 2003

Cohesion ci 31 MPa Rinne et al. 2003

Tensile strength  σ
t

14.8 MPa Rinne et al. 2003

Density γ 2700 kg/m3 Antikainen 2007.

Fracture toughness KIC 2.74 MPam1/2 Backers 2006. Saturated sample

Fracture toughness KIIC 4.46 MPam1/2 Backers 2006. Saturated sample

Fracture parameters

Fracture shear stiffness 3,00E+013 Pa/m Rinne et al. 2004, Newly 

formed crack

Fracture normal stiffness 3,00E+013 Pa/m Rinne et al. 2004, Newly 

formed crack

Fracture shear stiffness 2,00E+011 Pa/m Rutqvist et al. 2007 

Fracture normal stiffness 2,00E+012 Pa/m Rutqvist et al. 2007

Joint cohesion cj 0 Rinne et al. 2004

Joint friction angle ϕj 49o Rinne et al. 2004

Dilation angle 2.3o / 12.1o Rinne et al. 2003, Shear / 

tension cracks

Initial fracture aperture 1,00E-005 Rutqvist et al. 2007

Residual fracture aperture 3,00E-006 Rutqvist et al. 2007

Thermal parameters

Heat conductivity of rock 1.55 Wm-1K-1 Hussain et al. 2012

Initial temperature of rock To 2oC Pirinen et al. 2012

Applied temperature from 

exterior, caused by winter

-10oC Pirinen et al. 2012

Thermal time 1,00E+007 Estimation, 4 months of winter

Young´s modulus of ice 1,00E+010 Shen, Rinne & Stephansson 

2010.

Thermal expansion factor of ice 0.09 Shen, Rinne & Stephansson 

2010.

Table 5-1 Table of preliminary input parameters for modeling.
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The intact rock and fracture parameters on the table 5-1 were obtained from laboratory testing of 

rock samples, originating from underground rock mass affected by heavy stress state. The 

laboratory tests were performed in order to model the stability of pillars at the Äspö underground 

hard rock laboratory. In this study, the same parameters, obtained from the underground laboratory 

tests, are applied to a surface structure affected by significantly lower stress state. The volume of a 

slope is much larger than the volume of a pillar, hence the accuracy of the input parameters are 

reduced due to small sample- and structure size volume ratio, than in the case of an underground 

pillar. The slope was assumed to be fully saturated, hence smaller values of K
IC

 and K
IIC

 could be 

applied to the model in order to enhance fracture propagation at prevailing lower stress states. The 

fracture geometries were chosen to represent the common failure modes appearing in literature, the 

circular-, wedge-, and toppling failure, when the fractures have ideally coalesced. These fracture 

geometries, which the parameters are applied to, are presented below on the Figure 5-4 below.
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Figure 5-4 Illustration of fracture geometries used within the modeling of slope stability. The 

scenarios are representing the circular-, wedge-, and toppling failures, if the fractures coalescence 

ideally.

5.4 Modeling of thermal distribution due to winter season

Thermal distribution of the rock slope was modeled by using the input parameters from the thermal 

section of Table 5-1. The rock temperature was assumed to be 2oC, which is the average yearly 

temperature of Finland, whereas the thermal input of -10oC was assumed to represent the average 

winter temperature of Finland, when the upper- and lower-boundary values have been eliminated. 
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The winter season was assumed to last for 4 months, which then equals to 10e7 seconds in thermal 

time, applied to the slope. When the long term equilibrium state is being considered, the shallow 

layers of bedrock can be assumed to maintain the yearly average temperature while the seasonal 

variation affects only the surface layers of the bedrock. Consequently, the stresses caused by 

thermal expansion and shrinking are ignored on this study, due to their minor effect on the stability 

of the whole slope.

Figure 5-5  Thermal distribution of 30m high slope, after 4 months of -10oC constant temperature 

applied to the slope surface. 

As seen at Figure 5-5, the sub-zero temperatures reach the average depth of 4 meters, the depth 

being dependent on the thermal conductivity-, and capacity of the rock mass. In comparison, the 

installation depth for protection against ground frost in Finnish soils ranges from 2m to 2.6m. 

Hence, the erosion, ice wedging and segregation due to seasonal temperature variation can be 
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focused on the surface layers of the slope. When thermal distribution is being modeled by using 

Fracod2D, the fracture elements act as insulating elements, unless specific thermal boundary 

conditions have been set for them.

Figure 5-6 Thermal distribution of the slope, with fractures acting as insulating elements due to 

the lack of boundary conditions.

The difference between boundary conditions of fracture elements can have significant impact on the 

thermal distribution, whether the fractures are considered to have constant temperature or constant 

flux change types of boundary conditions. The thermal boundary conditions can only be set as 

beginning and end co-ordinates forming a rectangular block. The geometrical representation of 

these boundary conditions set for fractures is visualized on the Figure 5-7. Due to the rectangular 

shape of the boundary conditions, an area of error near the toe of the slope can be expected. When a 

slope is being modeled, the fractures with surface contact are assumed to have a circulation of 
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water, hence cooling the bedrock. Therefore a special type of flux change boundary condition 

should be applied to the fracture elements. 

Figure 5-7 Thermal distribution, including joints with separate boundary conditions represented 

by black rectangles. The error zone highlighted by white circle, occurs due to the fracture elements 

extending to the area included within the boundary conditions. 

5.5 Modeling of slope stability using intact rock parameters of Äspö diorite

The first round of slope stability models were constructed by using the intact rock parameters 

obtained from the laboratory testing of Äspö diorite samples. The stress field on all of the models 

are caused gravitational-, and horizontal loading. The horizontal loading was implemented as a 

factorial of the gravitational load by the multiplier of 1.5 of the gravitational load. Due to the high 

46



strength properties of the intact rock specimen, no activation of fractures was detected on any of the 

models, when the fracture geometries presented on Figure 5-4 were being used. The Äspö 

underground hard rock laboratory, where the laboratory samples have been obtained from, is under 

heavy stresses compared to the 30m high slope under gravitational stresses. Consequently, the intact 

rock parameters are high enough to sustain the gravitational load of 30m high slope, and resist the 

stress-induced fracture propagation shown in Figure 5-8.  

Figure 5-8 Model with no activation of fractures, representing the fracture geometry E) presented 

in the Figure 5-4.
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When intact rock parameters were being used, most of the pre-defined remained in elastic- or 

sliding state, therefore as closed fractures. As the far-field stresses at the slope are not sufficient to 

overcome the normal stress acting at the fracture surfaces, the fractures remain closed. The closed 

fractures are able to transmit the stress-field through, therefore forming a more uniform stress- and 

displacement-field. It can be seen from Figure 5-9, that the peak of the displacement field of a 

stable slope is focused on the toe area of the slope. In all of the stable cases A) – F), the 

displacement field retains similar form. For the second round of modeling, the strength parameters 

should be reduced in order for fracture propagation to initiate. The rest of the results from the first 

round of modeling are shown on Appendix A.

Figure 5-9 The displacement field and fracture final fracture network of a stable model, with no 

activation of fractures. The scenario represents the fracture geometry E) presented in the Figure 5-4.
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6. Modeling of slope stability on Fracod2D 

From parametric viewpoint, the fracture propagation on Fracod2D is only dependent on the fracture 

toughness parameters K
IC

 and K
IIC

, in addition to the stress state around the crack tip. When slope 

stability is being analyzed, the strength parameters of the intact rock samples are often reduced in 

value, in order to represent the properties of rock mass more properly. On this study, the strength 

reduction from intact rock specimen to rock mass was done using Roclab software, based on 

generalized Hoek-Brown failure criterion (Hoek & Brown 1980a, 1980b). Due to the lack of 

information, the strength reduction was done using certain assumptions as following: 

• The GSI value of rock mass was assumed to be 65, hence the rock quality was assumed to 

be good.

• The disturbance factor was assumed to be D = 1, due to the mining aspect of this study as 

the double bench geometry being part of a large open pit slope.

• The rock mass was assumed to be diorite, in order to access the charts built within Roclab. 

• The constants mb, and s were obtained from charts found within Roclab. 

• The strength parameter reduction was done as a generic reduction, as the samples originate 

from underground rock mass and the results are being applied to a surface structure.

 

Figure 6-1 Strength parameter estimation of rock mass, by using Roclab.
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6.1 Reduction of KIC and KIIC towards representation of rock mass 

The strength parameters of intact rock can be reduced, to represent the characteristic of rock mass 

by using empirical means, such as Hoek-Brown failure criterion. However, no such method exist for 

the reduction of the fracture toughness parameters KIC and KIIC currently. Consequently, a crude 

method for reducing the value of fracture toughness parameters along with the strength parameters 

of intact rock samples towards rock mass was necessary to be developed. With the help of correct 

reduction method, the same mechanical behavior of the intact rock samples can be preserved, when 

fracture propagation within rock mass is being modeled.

Figure 6-2 Linear dependence of KIC to tensile strength of the material. The black dots represent 

different rock types (Backers 2004).

The mathematical derivation of the stress intensity factor is presented in the Chapter 3, which acts 

as a basis for the linear reduction of fracture toughness parameters. The stress intensity factors can 

be regarded as strength parameters, acting against microscopical crack initiation within the intact 

rock. According to literature (Whittaker et al. 1992; Backers 2004), the stress intensity factors can 

be linearly attached to the mechanical parameters of rock as shown in Figures 6-2 and 6-3. The 

good linear correlation of KIIC with the tensile strength σT on the Figure 6-3, can be explained with 
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the absence of confining pressure. When confining pressure is not being applied on the testing of 

KIIC, parts of the fracturing occurs in mode I, at a microscopical level.  However, when confining 

pressure is being applied, the result is more purely of shear fracturing. Hence the correlation with 

tensile strength of the material, not corresponding with the Mode II fracturing, is nearly non-

existent. 

Figure 6-3 Linear dependence of KIIC with tensile strength of the material. The grey diamonds 

refer to K∞
IIC

 obtained from laboratory tests when high confining pressure is being applied. The 

black dots refer to K0
IIC

 tests, where the confining pressure is zero (Backers 2004). 

The stress intensity factors were originally derived from the mathematical-mechanical model of an 

infinite plate containing a central crack, under each corresponding pure mode of loading. However, 

the general function of stress intensity factor is similar to a function of a straight line, as explained 

on the case of KIC, in the formula (6.1). The difference being that the function of a line contains one 

free variable (x), while the function of stress intensity factor contains two free variables (σ, a).

K IC=σ t √π a , where → y=kx ,→ k=√πa , (6.1)
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In order to perform a linear reduction of the fracture toughness parameter KN(a, σ) with relation to 

the corresponding strength properties σt for mode I, and τ for mode II , the function must be 

modified to contain only one free variable. When the modeling scenario is being transitioned from 

intact rock, towards the representative volumetric size of rock mass, the strength parameters of the 

rock undergo reduction due to the enlarging size. When the functions of stress intensity factors are 

related to the function of a straight line, the strength properties can be regarded as the free variables 

(σt, τi), representing the variable x of the straight line. In order to form the complete function of a 

straight line, the scaling factor k must be obtained. The fracture toughness KIC, and the tensile 

strength σt are material properties, obtained from laboratory tests. In order to link the correlation 

between these two material properties, the fracture toughness and the corresponding material 

strength, the “critical half-crack length” associated with the two strength parameters must be 

assumed as a material property also. If the assumption is made, the critical half-crack length can be 

calculated using the formula (6.2), which can ultimately used to calculate the scaling factor k of the 

straight line.

k I=√πa IC , where a IC=
K IC

2

πσt
2 (6.2)

The critical half-crack length for obtaining the scaling factor of the Mode II straight, can be 

obtained in similar manner. However, the tensile strength of the material should be substituted with 

the corresponding strength parameter, the shear strength of the material τ. The formulas (6.2) and 

(6.3) were derived from the original formulas of stress-intensity factors (3.9) and (3.10) 

respectively, as explained explained in Chapter 3. The scaling factor for the reduction straight of 

KIIC, can be obtained as following:

k II=√πaIIC , where a IIC=
K IIC

2

π τ
2 (6.3)

The shear strength of the material can be estimated by using the Mohr-Coulomb failure criteria, 

yielding out the following relation between uniaxial compression (σ3 = 0)  and shear strength.

τ=
σ1

2
cos ϕ (6.4)

52



The necessary values required to calculate the critical half-crack lengths aIC and aIIC, can be obtained 

from laboratory testing of intact rock samples. For this study, the explicit solution for the values of 

aIC, and aIIC are calculated below, using the parameters of intact rock samples presented in Table 5-1.

a IC=
(2.74MPam1 /2

)
2

π(14.8MPa )
2 =10.9mm (6.5)

a IIC=
(4.46MPam1/2

)
2

π (82MPa)2 =0.94mm (6.6)

These critical crack lengths can be used to calculate the scaling factor for the linear reduction 

function. The resulting scaling factors for each corresponding mode I and II are the following:

k I=√π aIC=0,185 (6.7)

k II=√πa IIC=0,05 (6.8)

The corresponding linear reduction functions for each of the modes, I and II are the following:

K IC (x)=k I x , where x=σ t (6.9)

K IIC (x )=k II x , where x=τ (6.10)

These functions can be used as an estimation of fracture toughness parameters, when the strength 

parameters of the intact rock are scaled down, due to the uncertainties associated with the 

representation of rock mass. The functions were derived using the values of intact rock specimen, 

made out of of Aspö diorite. Each rock type has its different behavior, therefore it can be concluded 

that the scaling factor for each different rock type alters from the kI and kII obtained at this study. It 

should be noted, that the fracture toughness parameters used within the formulation of the reduction 

functions were from obtained from saturated samples, therefore possessing lower values of KIC and 

KIIC than dry samples. The strength parameters for the characterization of rock mass were obtained 

by using the software Roclab, as explained on the introduction of Chapter 6. By using the software 

Roclab, the following parameters were obtained in relation to the original parameters of intact rock 

samples, presented in the Table 6-1 below.
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Parameter Intact rock Rock mass

Young´s Modulus, E 68 GPa 9.8 GPa

Friction angle, ϕ 49o 32o

Cohesion, c 31 MPa 13 MPa

Tensile strength, σ
t
 14.8 MPa 0.36 MPa

Shear strength, τ 82 MPa 4.2 MPa

Fracture toughness, KIC 2.74 MPam1/2 0.07 MPam1/2

Fracture toughness, KIIC 4.46 MPam1/2 0.23 MPam1/2

Vertical & Horizontal stress 

ratio, k

1.5 1.5

Table 6-1 Reduced strength parameters for further rounds of modeling.

The fracture toughness parameters KIC and KIIC for the rock mass were calculated by utilizing the 

reduction formulas (6.9) for KIC and (6.10) for KIIC, as presented below. The following values were 

used in the further rounds of modeling.

K IC (0.36)=k I⋅0.36MPa=0.185m1/2
⋅0.36MPa=0.07 MPam1/2 (6.11)

K IIC (4.2)=k II⋅4.2MPa=0.05m1 /2
⋅4.2MPa=0.23 MPam1 /2 (6.12)

Within literature, the fracture toughness parameters have been noted to linearly correlate with the 

material-, and strength properties of rock, such as elastic modulus (Whittaker et al. 1992; Backers 

2004). The fracture toughness KIC has a more clear linear correlation with the tensile strength of the 

rock σ
t
, than the fracture toughness for Mode II. It can be seen from the Figure 6-3, that the stress 

intensity factor KIIC is correlating well with the tensile strength, when no confining pressure is being 

applied. However, when no confining pressure on the KIIC testing is not applied, parts of the 

fracturing occur due to Mode I fracturing on a microscopical scale, hence the better correlation with 

tensile strength (Backers 2004). The scaling factor k, for the Mode I on this study was found to be 

~0.19, while on the study conducted by Backers (2004), the value of 0.25 was obtained as final 

result. On this study, the scaling factors kI and kII , were obtained by using the values originating 

from saturated samples, while on the study of Backers (2004), dry samples were utilized. 
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6.2 Second round of slope stability modeling, using rock mass parameters 

The models for the second round were constructed by replacing the intact rock parameters with the 

parameters representing the strength properties of rock mass. These rock mass parameters are 

presented on the table 6-1. The activation of fractures was predicted to occur, due to the reduced 

fracture toughness compared to the intact rock. The fracture geometries remain the same form, as in 

the first round of modeling, and they can be seen in the Figure 5-4. The different fracture 

geometries were predicted to coalescence by different modes, based on the uniaxial compression 

tests conducted on gypsum samples (Shen 1993). Due to the fracture/bridge configuration, the 

fracture geometries A and D were predicted to coalescence by shearing, while C and E by mixed-

mode, and B and F by tension. The corresponding initial fracture geometries A) - F), experiencing 

no propagation of fractures are presented on the Appendix A, which can be referred to, in order to 

follow the modeling.

Figure 6-4 Final result of fracture geometry C), with reduced parameters. The upper- and lower 

boundary fractures undergoing coalescence. 

55



The reduced set of input parameters used within the second round of modeling was optimal, due to 

the activation of fractures occurring within all of the modeling scenarios A) - F), based on fracture 

geometries presented on Figure 5-4. The fractures on all of the models began to propagate in a 

similar fashion, as the forming of wing cracks in uniaxial compression tests of gypsum samples. 

Gypsum samples can be regarded as artificially created homogenous rock, and the modeling result 

is a clear indication of the assumed material homogeneity of rock mass within Fracod2D. However, 

the fracture propagation of rock samples is considered to advance from microscopical flaw to 

another. On laboratory tests of gypsum samples, the wing cracks initially propagate parallel at the 

direction of the maximum principal stress, when no confining pressure is being applied. In the case 

of a slope, no confining pressure exist, but the horizontal stress component does alter the angle of 

the initiating wing cracks within slope, as shown in Figure 6-4. The fractures closer to the crest of 

the slope tend to propagate deeper to the rock mass within the slope, while the fractures closer to 

the toe propagate towards the model boundaries, therefore forming blocks, shown in Figures 6-5 

and 6-6. However, closed fractures have load carrying properties, hence a block does not fail 

automatically, and it is important to measure the total displacement of these critical blocks. 
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Figure 6-5 Displacement of a single block in the model based on the fracture geometry E). The 

final fracture network is also presented at the bottom of the picture.

The fracture propagation on models B, C, D and F was considered to be stable, the fractures 

propagating in order to relieve the stress field around the crack tip. Consequently, no failure of the 

slope could be detected on any of the models based on fracture geometries B, C, D, and F. However, 

on models A and E, the fracture propagation resulted in a forming of individual blocks. These 

blocks have higher displacement values than rest of the rock mass, at the most critical direction 

away from the face of the slope. In the model E, the individual block can fall off, without further 

affecting the overall stability of the slope due to rest of the rock mass being connected through 

intact rock bridges. However, in the model A, a key block is formed at the toe of the slope, and the 

displacement of this block could result in a sequential failure of the slope, due to other blocks being 
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formed above the key block. The resulting blocks on models A and E can be seen on Appendix B, 

Figures B-1 and B-5 respectively. The modeling of sequential failure of slopes with Fracod2D is 

impossible, due to limitation of removing existing elements within the software. The further results 

from the second round of modeling are presented on Appendix B.

Figure 6-6 The displacement of the key block, and the fracture network, on the model based on 

fracture geometry A). 

6.3 Third round of slope stability modeling, with added static water pressure

The third round of models were constructed using the same rock mass strength parameters used 

within the second round of modeling. However, within the third round of modeling, a static water 

pressure of 0.1MPa was incorporated to the fracture elements of each model. The modeling of water 

pressure within Fracod2D
, version 4.11 originating from year 2012, was found to be problematic. 
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Within the version 4.11, the effect of water can only be modeled as pore pressure, originating from 

the co-ordinates (0, 0) downwards, or as a static water pressure acting within the fractures. The 

incorporation of the static water pressure to the models, instead of pore pressure was found 

acceptable, due to the fracture mechanical approach to the slope stability modeling within this 

study. The pore pressure function is purely acting as a property of the rock mass, while the static 

water pressure only has effect on the fracture elements. The implementation of static water pressure 

brought changes to all of the scenarios, except the one based on the fracture geometry F). The 

changes brought to each case, and the cases itself A) – F), are presented in this chapter in order to 

link the given fracture geometries to each modeling scenario.

Scenario A):

When the static water pressure was incorporated to the scenario A), the fracture coalescence 

increased, and a wedge was being formed, seen in the Figure 6-7. Most of the sliding surface of the 

wedge is made out of elastic joints, but a similar block as in Figure 6-6 is being formed at the toe of 

the slope. The key block, holding the whole wedge down at the toe of the slope, undergoes large 

displacement, indicating failure as shown in Figure C-1 at Appendix C. The direction of the 

displacement of the block is on the most critical, away from the slope. Therefore a partial failure of 

the slope, consisting of fracture geometry A) is certain, when water pressure is added. However, due 

to the limitation of removing existing elements, such as fractures, within Fracod2D, progressive 

failure cannot be modeled with Fracod2D.
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Figure 6-7 The increased coalescence of the fractures due to the static water pressure can be seen 

on the highlighted area. The shape of the wedge, being held intact by the lower block, can also be 

seen. Round 2 referring to the models with rock mass parameters, while Round 3 to the models with 

same parameters, with the 0.1MPa of static water pressure incorporated.

Scenario B):

During the second round of modeling, the fracture geometry B) was considered stable. However, 

during the third round of modeling, the fracture originating from the toe of the slope coalesced with 

the face of the slope, forming a block. The block formed at the face has a small displacement of 

10mm, and it can be considered stable. It is important to note, how most of the displacement of the 
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slope is concentrated to the blocks, when they are being formed. The displacement field of case B) 

when stable, during second round of modeling, can be found in Appendix B, Figure B-2. The 

aperture distribution of the critical fracture on the third round of modeling, is presented on the 

Appendix C, Figure C-2.

Figure 6-8 Case B), the block formed at the face of the slope, notice the concentration of 

displacement at the block. The displacement field, and final fracture network are both shown.

Scenario C):

The only scenario experiencing less fracture propagation after the implementation of static water 

pressure, was the case C). The fractures coalesced less, while the propagation of fractures increased, 

when the static water pressure of 0.1MPa was implemented to the fracture elements. The fractures 
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at the upper boundary of the model do propagate on an individual path, rather than connecting with 

each other, as seen on Figure 6-9. This reveals, that the increased propagation of fractures does not 

automatically result in a less stable scenario. The direction and the way of fracture propagation are 

more critical factors, whether the fractures coalescence with each other, and in what state do the 

fractures propagate. If the fracture coalescence with each other, or the fractures propagate as open 

fractures, a failure surface can be formed. However, if the fractures propagate as closed fractures, 

without forming a failure surface, the stability of the slope is not compromised. It should be noted 

that only the notches and tips of the fracture elements act as stress concentrators in major scale, 

instead of the whole length of fractures as seen in Figure B-3 in the Appendix B. 

Figure 6-9 The final fracture network of the Scenario C). The fractures differing from the second 

round, after the implementation of the water pressure are highlighted with the black circle.
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Scenario D):

The propagation of fractures increased on the scenario D), and an unstable block was formed at the 

face of the slope. The fractures did not coalescence with each other, as the lower-boundary fracture 

extended to coalescence with the face of the slope. The upper fracture, originating from the crest of 

the slope did not undergo any activation or additional opening, after the implementation of the 

water pressure on the fractures. The resulting block is shown on the Figure 6-10.

Figure 6-10 Scenario D), fracture propagation increased after the implementation of the static 

water pressure, forming a block at the face of the slope. 
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Scenario E):

After the implementation of static water pressure to the fractures, the scenario E) underwent 

changes acting against predictions of increased fracture propagation and the opening of fractures. 

Without the water pressure, a block was formed at the face of the slope, seen on Figure 6-5. After 

the implementation of the static water pressure, a block with similar geometry was formed at the 

face of the slope. However, after the incorporation of the water pressure, the block was formed 

mostly from the propagation of fractures in elastic- and sliding states. While on the absence of the 

water pressure, the same block was mostly formed of open fractures. The elastic- and sliding 

fractures are regarded as closed fractures, and they do have load bearing capabilities as explained on 

Chapter 4.4. The open fractures are essentially void, they can not transmit stresses through, and do 

not have load bearing capabilities, therefore leading to more unstable scenario. 

Due to the fractures remaining after the implementation of the static water pressure, the block was 

acting as as stable part of the rock mass, while without the water pressure, almost all fractures 

propagated exclusively as open fractures, forming an unstable block. The stability of the slope can 

be assessed from the Figure 6-11, at which the displacement field is distributed in same way, as in 

the first rounds of modeling when the slope remained stable. 
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Figure 6-11 Scenario E), the fractures propagation occurring in similar manner as without water 

pressure. The displacement field of a stable slope with similar distribution as in Figure 5-9, 

consisting of uniform rock mass, can be seen. Note how the displacement is concentrated when a 

block is formed.

Scenario F):

The propagation of fractures at the scenario F) was found to be identical on the second and third 

rounds of modeling, with the difference of the fracture propagation extending horizontally under the 

floor. In reality, the extension of the fractures horizontally under the floor level of the slope does not 

reveal any relevant information regarding the stability of the slope. Hence, the modeling process of 

the scenario F) can be cut off, after the initial blocks have been formed. The horizontal fracture is 
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clearly propagating in an unstable manner, and it should be heading toward the surface of the 

ground in order to relieve the energy necessary for the fracture propagation. The final result of the 

scenario F) can be seen in Figure 6-12.

Figure 6-12 The increased coalescence of the fractures due to the static water pressure can be seen 

on the highlighted area. The shape of the wedge, being held intact by the lower block, can also be 

seen. 

6.4 Fourth round of slope stability modeling, with added ice ring expansion

A function for the modeling of ice ring expansion is included within Fracod2D. In order for the 

function to work, water and sub-zero temperatures must be present on the fracture elements. 

Therefore, the same value of static water pressure from the previous round of modeling was 
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preserved. The sub-zero temperatures reach the depth of 4m in case of homogeneous rock mass, as 

seen in Figure 5-5. Consequently, the effect of ice ring expansion on fractures is limited on this 

surface layer, with the addition of cold water pumping through fractures, thus extending the cold 

front. The fractures were assumed similar boundary conditions as in Figure 5-7, decreasing the 

gradient of the heat flux by decreasing it a small amount. The small decrease in the gradient of the 

heat flux was assumed in order to represent the cold water flowing, and existing within the 

fractures.

Figure 6-13 The displacement field, and final fracture network of a model based on fracture 

geometry C), after the implementation of ice ring expansion. 

After the implementation of the ice ring expansion function, blocks were formed in all of the 

models A) – F), due to increased fracture propagation. However, the resulting displacement field in 

all of the cases represent the displacement field of a stable slope as seen on Figure 6-13. Instead, the 
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previously unstable scenarios A) and D), turn to stable, after the implementation of the ice ring 

expansion. Therefore a software error, regarding the ice ring expansion is to be suspected. The 

applied gravitational stress conditions remain the same as in the third round of modeling, with the 

addition of increased fracture propagation from implementation of the ice ring expansion function. 

The increased amount of fracture propagation should not stabilize the modeling scenario, especially 

after blocks have been formed, such as in the previous rounds of modeling. As seen on the Figure 6-

13, the model C is clearly forming a large-scale block ready to fail, though the displacement field 

indicates otherwise as in every other scenario A) – F). A large increase in the aperture of fractures 

was expected due to the expansion of ice rings within the fractures. During the modeling, no 

significant increase in the apertures was not detected, and the fracture apertures remained in the 

similar scale as in the previous rounds of modeling. The temperature distribution of each modeling 

scenario, affected by the fractures and their boundary conditions, are shown on the Appendix D.

6.5 Sensitivity analysis of fracture toughness parameters KIC and KIIC

The extent of fracture propagation on Fracod2D is mainly dependent on the fracture toughness 

parameters KIC and KIIC, in addition to the applied stress-state. The sensitivity of the modeling 

scenarios, regarding the stress intensity factor was found necessary to be researched on. In order to 

perform the sensitivity analysis, two fracture geometries, scenarios A) and C) were chosen. These 

two geometries represent the strongest and the weakest cases respectively. The fracture geometries 

were chosen from the results of previous rounds of modeling, the scenario A) forms blocks in the 

second and third round of modeling, while the scenario C) remained stable in both rounds. The 

results from the fourth round of modeling, with the implementation of the ice ring expansion 

function, could not be included to the sensitivity analysis due to the unreliable nature of the results, 

as explained on the Chapter 6.3.
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Figure 6-14 Unstable propagation of a fracture on the highlighted area, after 80% reduction of 

fracture toughness parameters KIC and KIIC.

At the weaker scenario A), the gradual reduction of fracture toughness parameters KIC, and KIIC 

revealed, that the fractures being to propagate when 75% of the fracture toughness is reduced from 

the initial values, shown in Table 5-1. In case of the stronger scenario C), the fracture toughness 

parameters had to be reduced by 78% in order for the fractures starting to propagate. Consequently, 

it can be concluded that the modeling scenarios are not sensitive regarding the fracture toughness 

parameters KIC, and KIIC. However, after fracture propagation begins to occur, the difference 

between stable- and unstable fracture growth is very small. The actual energy, used at the creation 

of new fracture surface is of small quantity, compared to the elastic energy stored within the rock 

mass. If the stored elastic energy is high enough, nearing the plastic limit, the fracture propagation 

becomes very sensitive as a phenomena itself. Hence, small increase in the prevailing stress-field 

can cause previously stable fractures turn to unstable. The modeling of unstable fracture 

propagation with Fracod2D is of very sensitive nature, regarding alteration in the stress-field, or 

stress intensity factors. As the modeling is done in an iterative basis, the next calculation step based 

on the previous, a change in previous steps can cause the final path of fracturing to deviate in a 

dramatic manner.
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7. Discussion of modeling results accuracy and conclusion

7.1 Discussion about accuracy related to the model size

The representative elementary volume (REV) of an intact rock sample is relatively small due to 

heterogeneity of rock mass. With the increase of structural volume, the accuracy of laboratory tests 

are decreased in a similar fashion. The material properties are often reduced from intact rock, in 

order to represent the uncertainties related to the high volume of rock mass. However, fracture 

initiation and propagation are based on intact rock parameters, as the intact rock acts as a medium 

for the phenomenon. Therefore the path of fracture propagation on large-scale models can not 

match exact reality itself, as the rock parameters do not represent actual reality accurately enough. 

When the path of fracture propagation increases in length, so does the sensitivity towards error, due 

to the recursive nature of the calculation. The results from previous calculation cycle are being used 

on the next cycle as initial values. An example for the incorrect path being the intact rock bridges 

modeled within the slopes in this study. After the first round of modeling, the bridges are no longer 

considered to be made of intact rock, but being a part of rock mass with reduced parameters, hence 

generalized, and the path of fracturing can only follow an estimate.

The calculation of fracture propagation using Fracod2D is very time consuming, with large scale 

geometries, such as 400m high slopes for example, the calculation time for each iteration step 

becomes increasingly longer. For example, the processing time for the model based on fracture 

geometry F) with 150 calculation steps took over 2 days during all of the modeling rounds, when 

fracture propagation was occurring. Due to decrease in the performance of the software, the element 

count at the edges of the model can not be increased to match the relative size of the model with 

increasing geometries. For instance, during the modeling of 30m slope, 1 element per 1m of slope 

can be used. In case of 400m high slope, the element per meter ratio can not be sustained, due to the 

heavy computation intensity of Fracod2D. Therefore similar accuracy of models with smaller 

geometries cannot be reached. In addition to the factors improving the calculation time listed 
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before, filtering of fracture propagation and initiation has to be used, in order to increase 

performance of the software, and to eliminate the fracturing on the areas of no interest, such as 

zones located deep inside of the rock mass. It is fully up to the user to decide, up to which level of 

filtering is acceptable depending on the scenario, and what are the factors being researched upon. 

For example, fracture initiation and propagation can be limited to certain areas of interest, and 

fracture tips can be assumed to connect with each other, when they reach certain distance close to 

each other. The degree of filtering can have a significant impact on the end result, therefore a large 

amount of knowledge is required from the user regarding the theory behind the phenomenon of 

fracturing as a whole. 

When large-scale structures of low importance, with the necessity to high level of accuracy are 

being modeled, such as slopes, summing up all of the factors mentioned before the necessity of 

fracture initiation and propagation modeling using Fracod2D is being limited. More cost effective 

results can be obtained from less demanding modeling software, due to the lack of special input 

parameters. The phenomenon of fracture initiation and propagation, initially being of small-scale, is 

turned to larger than it is in actual reality due to filtering and generalizing of rock mass parameters. 

The 2D-scenario can not take in to the account of rock bridges existing within the 3rd-Dimension. 

These 3rd-dimensional rock bridges can have significant increase in stability of scenarios that 

would otherwise be deemed unstable. In terms of filtering, acceptable tolerance for merging 

distance of fractures would be 0.1% of the window size, which in the case 400m high slope would 

be 0.4m at default (Shen et al. 2010). A rock bridge of 0.1m can have significant strength, and in 

terms of fracture mechanics, this merging distance is beginning to be of considerable length.

7.2 The importance of sequential excavation on slope stability modeling

Large-scale slopes are often excavated in sequences, and the modeling of these sequences is an 

essential part of the slope design. In Fracod2D, it is possible to model sequential excavation, 

however within the limitation of the new excavated area not overlapping with already existing 

elements, such as fractures. In the case of slope design, this can be problematic as the fracturing 

often appears near to the toe and the face of the slope. Therefore, the sequential excavation function 
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cannot be applied to the design of slope, when fracture propagation or fracture initiation is included. 

In addition, the modeling of sequential failure is impossible, due to the fracturing being an 

important part of the sequential failure modes. If the deleting, or removal of existing fracture 

elements within Fracod2D would be possible, the slope design features of the software would be 

improved significantly. 

7.3 Discussion about the principles of LEFM 

The improved G-criterion, used to predict the direction of fracture propagation within Fracod2D is 

based on the principles of LEFM. Consequently, the software is only applicable to rock materials 

that are able to fulfill the requirements set for the LEFM, such as small enough micro cracking 

zones at the crack tip. The LEFM principles do not apply when shear fracturing of softer rock 

materials is being analyzed, due to high dissipation of energy at the crack tip (Scavia & Castelli 

2008). When Fracod2D is being applied to scenarios involving soft rock material, the output can be 

physically inaccurate, and the designer should be aware of these restrictions of LEFM principles.

7.4 Discussion about accuracy of Stress intensity factor of rock mass

 

Strength parameters of intact rock are scaled down, when the volumetric size of rock mass being 

analyzed is increased. The fracture toughness can be considered as a strength parameter of a 

material, by increasing the linear proportion of stress-strain curve in brittle materials, while the non-

linear part of the stress-strain curve is formed due to the microscopical fracturing occurring within 

the material. The stress intensity factor is the basis of LEFM principles, hence linear-elastic, and 

isotropic homogeneous behavior of the material is assumed. In reality, the properties of rock mass 

are often far from the ones, assumed within the principles of LEFM. In small sample sizes, rock can 

behave in an isotropic homogeneous manner, but with increasing volumetric size, faults, differing 

rock types, and other factors affecting homogeneity and isotropy are being introduced to the rock 

material. For instance, many of the ore type of rocks in mining environment can be heavily oriented 

compared to the side rock or vice versa, hence the rock mass is presenting anisotropic properties 
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over isotropic. Consequently, the physical meaning of the fracture toughness of rock mass, and the 

ways of measuring it, is debatable.

Fracture propagation within rock mass advances from a microscopical fault towards another, 

through intact rock acting as a medium for the phenomena. Due to increasing scale, the increasing  

involvement of the microscopical faults and defects are reducing the overall strength properties of 

the rock material. Therefore, the stress intensity factor of the intact rock can be considered too 

optimistic, when rock mass is being analyzed as a whole. The linear reduction of fracture toughness 

parameters KIC and KIIC in relation to the strength parameters corresponding to each modes I and II 

of loading was found to be acceptable. The laboratory testing results correlate well with the results 

obtained from the linear reduction (Backers 2004). However, more data should be collected, in 

order to fix the scaling factor of the linear reduction formula related to each corresponding 

mechanical parameter, in order to create reliable empirical formulas for the reduction of fracture 

toughness parameters KIC and KIIC.

From parameter view, the fracture propagation on Fracod2D is mostly dependent on the fracture 

toughness parameters KIC and KIIC. In addition, the fractures stiffness parameters Kn, and Ks have 

been noted to have an effect on the fracture initiation (Rinne et al. 2004). However, the modeling of 

fracture propagation is recursive, the next iteration step being dependable on the result obtained 

from previous iteration step. A small error, or alteration on the fracture toughness parameters KIC, or 

KIIC can alter the path of fracture propagation on one step, forming a completely different end result 

in terms of the path undergone by the fracture propagation. Therefore, the initial step of determining 

the fracture toughness parameters accurately is of high importance. When alterations or 

assumptions regarding the fracture toughness parameters are being made, the user must have 

knowledge about the impact on the final result. 

7.5 Discussion about the failure surfaces

The fracture geometries analyzed at this study were designed to represent the common failure 

surfaces appearing in rock mechanical literature. If the fractures would have fully coalesced in an 
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ideal way, the resulting failure mechanisms would have been either toppling, plane, or wedge type 

of failures, depending on the fracture geometry. However, the modeling fracture propagation on the 

fracture geometries presented on Figure 5-4, revealed that the propagation and coalescence of the 

fractures does not follow the pattern commonly believed. For example, the fractures tips have to be 

very close to each other in order for coalescence to happen between two fractures. If the tips are not 

close enough, the fractures will propagate following an individual path without connecting to other 

fractures. The unstable fractures tend to propagate towards the face of the slope forming blocks, 

rather than towards other fractures. Therefore the most common failure scenario being a sequential 

failure, consisting of blocks either sliding, or rotating away from the face of the slope. It is 

important to keep in mind, that all of the scenarios represent ideal situations, which are not found 

often in reality, as joint sets on natural rock mass tend to be more complex. Consequently, the slope 

stability against specific mode of failure can not be modeled with Fracod2D.
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8. Conclusion

Fracod2D is a powerful tool for the design of important structures requiring a lot of special attention. 

For small-scale structures, which can be reliably parameterized by laboratory testing of intact rock 

samples, the accuracy of the results are good. However, it is not well suited for the modeling of 

slope stability in non-critical structures, due to the necessity for special input parameters, obtained 

from expensive laboratory tests. The testing of these special input parameters, such as the fracture 

toughness KIC and KIIC are rarely conducted, especially during the design of slopes, unless the slope 

is part of a critical structure such as hydroelectric power plants. In the terms of acceptable modeling 

scenario of slope stability, a case would be a slope consisting of solid, good quality, homogenous 

rock mass, involving few clearly definable critical joints. The stability of these critical joints could 

be analyzed, under different mechanical conditions, such as ice ring expansion, coupled with 

thermal- and hydrological flow. 

The general stability of the slopes can be modeled with Fracod2D, but it can not be calibrated to 

model the stability of the slope against a specific mode of failure. The continuous models are 

advantageous, when slope stability is being assessed. They can reach a well agreed level of 

accuracy, with a set of input parameters more easily obtained than the fracture mechanical 

parameters. The continuous models are able to model and visualize the overall displacement 

behavior of the slope more easily, due to the elements being present in the whole modeling field.

The current study brought out, that the propagation of a specific fracture network does not 

automatically lead to the failure mode, which by intuition would look to be most probable. For 

further studies, the fracture mechanical approach should be applied to large- and medium-scale real 

life structures, in order to assess the accuracy of the modeling procedures. More data should be 

collected regarding the fracture mechanical parameters KIC and KIIC, to form a more accurate 

correlation with the corresponding strength parameters, if large-scale structures are to be analyzed 

by fracture mechanical means. The methods of fracture mechanics are a well defined concept, when 

small objects are being analyzed, and it is an interesting alternative to the common elastic- and 

plastic analysis. But the principles should be revised for the assumptions made, when the 

homogenization of the material can not be guaranteed, due to the increased volumetric size. 
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