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 Abbreviations 

ATS Advanced Topometric Sensor 

BC Bátaapáti Claystones 

BG1 Bátaapáti Granites from the first sampling 

BG2 Bátaapáti Granites from the second sampling 

BUTE Budapest University of Technology and Economics  

CMEG Laboratory of the Department of Construction Materials and Engineering Geology  

CNL Constant Normal Load 

EPFL École Polytechnique Fédérale de Lausanne 

ISRM International Society of Rock Mechanics 

JCS Joint Compressive Strength 

JRC Joint Roughness Coefficient 

LMR Laboratory for Rock Mechanics  

m.a.B.s.l.  meters above Baltic sea level 

MTOC Mont Terri Opalinus Claystones 

NRWR Bátaapáti National Radioactive Waste Repository 

OECD The Organisation for Economic Co-operation and Development 

 

https://www.epfl.ch/
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Definitions 

D1 Distance between sample surface and P1 camera position for the 3D photogrammetric image 

shooting 

D2 Distance between sample surface and P2 camera position for the 3D photogrammetric image 

shooting 

F Distance between the P1 and P2 camera positions for the 3D photogrammetric image shooting  

modA Values modified by the constant decrease of the initial nominal area with respect to the shear 

displacement 

modAE Values modified by the constant decrease of the initial nominal area with respect to the shear 

displacement and the upslope/downslop shear effect causaed by the angle enclosed by the 

sample surface and the shear plane in the direction of shear, due to inaccurate encapsulation.  

P1 Left camera position for the 3D photogrammetric image shooting  

P2 Right camera position for the 3D photogrammetric image shooting  

 

A Nominal area area obtained by measuring or calculating the cross-sectional 

area of the projection of the discontinuity surface onto the shear 

plane. (ISRM, 2015) 

𝑐𝑝𝑒𝑎𝑘  Peak apparent cohesion ‘intercept to the normal stress axis of a tangent to the peak 

shear strength – normal stress curve at a normal stress that is 

relevant to design’ (ISRM, 1974) 

𝑐𝑟𝑒𝑠 Residual apparent cohesion ‘intercept to the normal stress axis of a tangent to the residual 

shear strength – normal stress curve at a normal stress that is 

relevant to design’ (ISRM, 1974) 

CNL Constant normal load ‘direct shear test methodology whereby the applied normal 

loading is held constant throughout the test and the normal 

stiffness may vary.’ (ISRM, 2015) 

 

𝑇𝑝𝑒𝑎𝑘   Peak shear load ‘the highest recorded shear load corresponding to a specific 

initial normal load after which the shear load decreases until 

ultimate or residual shear loads are reached.’ (ISRM, 2015) 



7 
 

𝑇𝑟𝑒𝑠   Residual shear load The shear load at which no further rise or fall in shear load is 

observed with increasing shear displacement. A true residual 

shear load may only be reached after considerably greater 

shear displacement than can be achieved in testing. The test 

value should be regarded as approximate and should be 

assessed in relation to the complete shear load – displacement 

curve (based on ISRM, 1974) 

yaw ‘angular rotation about an axis perpendicular to the shear direction and to the shear plane.’ 

(ISRM, 2015) 

 

α angle defining the orientation of the natural shear plane compared to the shear plane of the 

direct shear strength test 

ß angle between the bedding plane and the natural shear plane in the direction of the direct 

shear test for Mont Terri Opalinus Claystones 

γ angle between the bedding plane and the shear plane of the direct shear strength test in the 

direction of shear for Mont Terri Opalinus Claystones 

𝛿𝑠 Shear displacement ‘relative displacement of the joint halves measured along the 

direction of the shear load.’ (ISRM, 2015) 

𝜑𝑝𝑒𝑎𝑘  Peak friction angle ‘arctangent of the ratio of the peak shear strength to the 

corresponding apparent normal stress which is equivalent to 

the arctangent of the ratio of peak shear load to the 

corresponding normal load.’ (ISRM, 2015) 

𝜑𝑟𝑒𝑠 Residual friction angle arctangent of the ratio of the residual shear strength to the 

corresponding apparent normal stress which is equivalent to 

the arctangent of the ratio of residual shear load to the 

corresponding normal load (based on ISRM, 1974) 

𝜇𝑝𝑒𝑎𝑘 Peak friction coefficient ‘the ratio of the peak shear strength to the corresponding 

apparent normal stress which is equivalent to the arctangent of 

the ratio of peak shear load to the corresponding normal load.’ 

(ISRM, 2015) 

𝜇𝑟𝑒𝑠 Residual friction coefficient the ratio of the residual shear strength to the corresponding 

apparent normal stress which is equivalent to the arctangent of 

the ratio of residual shear load to the corresponding normal 

load (based on ISRM 1974) 
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𝜏𝑝𝑒𝑎𝑘 Peak shear strength ‘the highest recorded shear stress corresponding to a specific 

initial apparent normal stress after which the shear load 

decreases until ultimate or residual shear loads are reached.’ 

(ISRM, 2015) 

𝜏𝑟𝑒𝑠 Residual shear strength ‘The shear stress at which no further rise or fall in shear 

strength is observed with increasing shear displacement. A true 

residual strength may only be reached after considerably 

greater shear displacement than can be achieved in testing. 

The test value should be regarded as approximate and should 

be assessed in relation to the complete shear stress – 

displacement curve’ (ISRM, 1974) 
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1. Introduction 

The determination of rock mechanical parameters and properties is an aspect of critical 

importance in rock engineering, as the formulation of failure criteria and, therefore, the 

definition of failure conditions for a rock mass are based on such parameters and 

properties. Their correct assessment has been on the other hand an area of science 

and engineering which ended up being characterised by countless theories, diversity 

of ideas, misunderstandings and, in general, a number of discussions between those 

who have been trying to contribute to the understanding of the topic (Hsiung et al., 

1993; Schubert, 2013; Barton, 2016). 

Rock mechanics is one of the most difficult subjects to study in engineering due to the 

diversity and creativity of nature. Differences in mineralogy, water content, tendency to 

creep, brittleness, presence of discontinuities and the influence of the in-situ stress 

state on rock strength are only some of the parameters and/or conditions which control 

the mechanical behaviour of rocks. In addition, the different types of laboratory tests 

which can be carried out for investigating the behaviour of rocks prove that many test-

related factors, such as scale effect, the speed of loading, static or dynamic 

conditions...etc. do have an influence as well on the mechanical response of rocks. 

The combination of natural factors with those deriving from the type of laboratory test 

performed makes it impossible to give a unique well working solution for modelling the 

behaviour of any type of rock. On the other hand, the need for such an approach, which 

should at the same time stay within the range of an easy-to-use method for practical 

applications, is rapidly increasing. One of the contexts in which this issue is quite 

evident is the field of underground engineering and construction. More and more 

complicated structures with complex geometries, extreme life span or strict 

deformation requirements are designed to be built under the surface. With the constant 

development of underground engineering technology, the pressure on the experts in 

this and other related fields of rock mechanics increases therefore daily, under the 

demand for a sound, economically advantageous but at the same safe structural 

design. As a consequence, the precise determination of rock mechanical parameters 

and the understanding of the rock mass behaviour are crucial now more than ever. 

The mechanical behaviour of rocks is governed by two components: the solid rock 

matrix and the discontinuities within the matrix. Discontinuities form within rock 
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materials as a consequence of natural processes, for example related to their 

geological formation (i.e. fractures caused by shrinkage or due to the minerals cooling 

down during the genesis of igneous rocks). Other types of discontinuities could on the 

other hand form due to tectonic movements. Discontinuities are often the weak points 

of rock materials; therefore if any deformation/displacement in a rock mass occurs, it 

primarily tends to happen in the form of movements along these surfaces. The initiation 

of the movement depends on the shear strength along the discontinuity surfaces: 

therefore investigation of the shear strength is one of the most important topics in rock 

mechanics.  

This research focuses on improving the correct determination of rock mechanical 

parameters, such as the peak and residual shear strength along discontinuities, peak 

and residual friction angles and apparent cohesion. More specifically, it deals with the 

determination of these parameters for typical host rocks of radioactive waste 

repositories, whose construction is nowadays one of the hottest topics in rock 

engineering, for what particularly concerns underground space development. 

This work presents laboratory investigations carried out for determining the factors 

influencing the shear strength along discontinuities of granites and claystones. These 

are typical host rocks for radioactive waste repositories all around the world (Lorenz 

and Lahodynsky, 2013; Choung et al., 2014). The investigated rocks were collected 

from sites where either the rock formation is in fact the one to host such a facility, or 

where the construction of a repository is already under process. A better knowledge of 

these materials is therefore essential and of the highest interest, not only at the local, 

but at the international level as well.The granite samples were collected in Hungary, 

during the construction of the Bátaapáti National Radioactive Waste Repository 

(NRWR) for a level of low and medium radioactive waste. The Claystone samples were 

partly derived from one of the main fault zones of the NRWR and, partly, were 

constituted by samples of Opalinus Claystones, selected as the potential host rocks 

for high level radioactive waste in Switzerland. These samples were derived from the 

Mont Terri Rock Laboratory (Mont Terri, Switzerland). 

The shear strength along discontinuities is a property which significantly influences the 

stability of any rock mass, may it be a natural or artificial slope above ground, or an 

open space underground. It must therefore be investigated carefully. To this effect, a 
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two phase evaluation method is presented in this work. The first phase follows the 

instructions suggested by the International Society of Rock Mechanics (ISRM), 

whereas in the second phase a more detailed investigation is carried out on some of 

the parameters influencing shear strength. The aim is to underline their importance 

and show to what extent they are able to modify the values obtained solely relying on 

the first phase evaluation approach. 

1.1 Structure of the thesis 

At first, an overview on the theoretical background of the determination of shear 

strength along discontinuities is given (Chapter 2). It summarises some of the most 

well known and widely used methods today (Coulomb, 1776; Mohr, 1900; Patton, 

1966; Barton and Choubey, 1977; Hoek, 1990; Grasselli, 2001). Then, the objectives 

of this research work are presented (Section 2.2).  

Chapter 0 contains the geological, tectonical and hydrogeological chracterisation of 

the two facility areas from where the samples subjected to the direct shear strength 

tests originated. The description of the sampling is also presented, together with the 

geological information about the test specimens, and their intact rock mechanical 

properties. 

Chapter 4 focuses on the description of the testing methods, the equipments used and 

the sample preparation. 

 Chapter 5 presents the evaluation of the test results. As mentioned before, the 

evaluation was divided in two phases, in order to make a comparison between the 

evaluation method in practice, and a more advanced evaluation method developed in 

the research. The first phase of the evaluation, simulates a typical situation for 

laboratory direct shear strength testing, where a number of samples are tested and 

interpreted based on the Suggestions of the International Society of Rock Mechanics 

(ISRM, 1974). The second phase of the evaluation takes into consideration the 

importance of four parameters, i.e. the surface roughness, the elevation of the sample 

surface in the direction of shear compared to shear plane, the pre-existing natural 

shear direction compared to the one used in the laboratory and the relationship 

between bedding plane and shear surface.  
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Finally, Chapter 6 presents the interpretation of the test results and suggestions 

regarding which parameters, among those investigated, require special attention for 

the rock types examined. It is pointed out how accounting for these parameters 

improves the quality and detail of the results obtained in the first phase evaluation, 

providing a more precise estimate of the shear strength value. 

Perspectives for further research are presented in Chapter 7, while the conclusions on 

the work performed are formulated in Chapter 8.  

Chapter 9 lists the theses which can be formulated based on the results obtained. 
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2. State-of-the-art and objectives 

Two approaches exist in rock mechanics for the determination of the shear strength of 

rock masses: the analytical and the empirical. The former is based on mathematical 

and physical theoretical assumptions, whereas the latter on methods developed based 

on laboratory testing. They have one aspect in common: both of them strongly rely on 

laboratory and/or in-situ test results. For analytical approaches, on the one hand, test 

results must prove the correctness and applicability of the theoretical models; on the 

other hand, they serve as a database for formulating empirical methodologies. A 

relevant example among the theoretical approaches can be found in the work of Alan 

Arnold Griffith. Griffith published a solution for obtaining the critical stress for fracture 

propagation in 1921 (Griffith, 1921). In relation to the link which must exist between 

theoretical models and experimental evidence, this work was indeed criticised initially, 

because laboratory test results did not prove the theory of Griffith. Later on, in 1924 he 

published a modified approach (Griffith, 1924), this time strengthened by experimental 

evidence, which on the other hand became one of the most important references in 

fracture mechanics (Bojtár, 2010). As for the empirical approaches, one of the most 

widely used is constituted by the failure criterion of Hoek and Brown, based on rock 

mass characterisation and therefore affected by a certain degree of subjectivity (Hoek, 

1990).  

In the first part of this chapter, some of the most important developments in the 

determination of shear strength of rock masses are described, together with some 

laboratory test results obtained for rock types similar to the types investigated in this 

research work. In the second part, additional mechanical parameters are presented, 

such as the compressive and tensile strength of the investigated rocks. 

2.1 Determination of shear strength of rock masses 

The determination of the shear strength of jointed rocks has been a widely investigated 

topic in the past 50 years. Highly valuable and detailed theoretical descriptions exist in 

literature, which analyse and summarise the determination of rock mechanical 

parameters of intact rocks and rock masses (Jaeger et al., 1979, Hoek et al., 1997; 

Hudson and Harrison, 1997; Barton, 2013).  
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One of the first approaches to calculate shear strength along discontinuities was the 

application of the Mohr-Coulomb criterion (Eq. 2.1). The first users to apply this model 

in practice are unknown (Holtz and Kovacs, 1981); however it became one of the most 

well-known and diffused theories still in use today. The approach was based on the 

combination of the Mohr failure criterion (Mohr, 1900) and the equation of Coulomb 

(Coulomb, 1776), in which the determination of the peak shear strength included also 

the consideration of a so-called apparent cohesion cohesion (𝑐), besides the normal 

stress (𝜎𝑛) and the friction angle (𝜑); 

𝜏𝑝 = 𝑐 + 𝜎𝑛 tan 𝜑 (2.1) 

For the calculation of residual shear strength (𝜏𝑟), the model assumes a total loss of 

the apparent cohesion in the material and the failure envelope starts from the origin of 

the shear strength-normal stress plane (Eq. 2.2). The equation is written as a function 

of the residual friction angle (𝜑𝑟). 

𝜏𝑟 = 𝜎𝑛 tan 𝜑𝑟 (2.2) 

This theory was followed by the bilinear approach of F.D. Patton (Patton, 1966). Patton 

stated that the influence of the asperities is very important and it should be taken into 

consideration. The asperities are responsible for the dilation of the sample, occurring 

during the relative displacement of the two surfaces under low normal stress. By 

introducing a modification of the friction angle, this aspect can be taken into 

consideration (Eq. 2.3). He carried out tests on ’saw tooth’ specimens. The effect of 

the saw tooth surface was quantifed with the introduction of a new parameter (𝑖), i.e. 

the angle enclosed by the failure surface and the plane in which the shear force is 

acting. If the normal stresses are so high that dilation does not happen, the asperities 

are sheared off and the behavior of the rock is closer to an intact rock. Patton used the 

basic friction angle (𝜑𝑏) in his equation, which equals to the residual friction angle for 

irregular rock surfaces. 

𝜏 = 𝜎𝑛 tan(𝜑𝑏 + 𝑖)      (2.3) 

Due to the complexity of the joint systems, there are actually several parameters that 

influence the outcome of the laboratory tests. Barton and Choubey (1977) were the 

first to lay down the fundamentals of the determination of the shear strength of rocks 

along discontinuities. This work was preceded by the research of Barton (1973), in 
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which he analysed the main parameters influencing shear strength more in detail. 

Among these parameters, he investigated the surface roughness of the joints, the 

dilation, the normal stress acting on the surface, the weathering and the effect of water. 

He introduced new parameters such as the Joint Roughness Coefficient (JCR) and the 

Joint Compressive Strength (JCS). The determination of the former is based on the 

comparison of surface profiles taken from the investigated rock, with 10 predefined 

typical surface profiles. Each surface type is associated to a given range of values. 

The method is rather subjective, but still gives a quantification of the surface 

morphology of a rock joint. The latter parameter is obtained from Schmidt-hammer 

tests carried out on the joint surface. Together with Choubey, Barton proposed an 

equation with which the shear strength of jointed rocks can be calculated (Barton and 

Choubey 1977); this equation is widely used today (Eq. 2.4), even though it has never 

become a standard.  

𝜏 = 𝜎𝑛 tan [𝐽𝑅𝐶 log10 (
𝐽𝐶𝑆

𝜎𝑛
)  +𝜑𝑟] (2.4) 

Grasselli (2001) achieved a breakthrough in this field with his research, succeeding in 

minimising the limitations of the Barton formula by taking into consideration the full 3D 

surface of the investigated samples, instead of the 2D approach of Barton which is not 

suited to characterise an entire surface. Grasselli detected the surface of the rock joints 

with an Advanced Topometric Sensor (ATS) and generated the 3D image of the joints. 

He proposed a new formula (Eq. 2.5), with which the JRC value can be calculated 

taking into consideration the 3D surface properties, thus eliminating the subjective 

approach of determining a value for the surface roughness. In the equation of Grasselli, 

JRC depends on the values of the applied average normal stress (𝜎𝑛), the tensile 

strength of the intact material obtained from standard Brazilian tests (𝜎𝑡), the 

compressive strength of the intact material determined from standard uniaxial tests 

(𝜎𝑐), the maximum apparent dip angle in the shear direction (𝜃𝑚𝑎𝑥
∗ ), the basic friction 

angle (𝜑𝑏), a roughness parameter (𝐶), the maximum possible contact area in the 

shear direction (𝐴0) and the angle between the schistosity plane and the normal to the 

joint (𝛼). 

𝐽𝑅𝐶 =

tan−1(tan(𝜑𝑏+(
𝜃𝑚𝑎𝑥

∗

𝐶⁄ )
1.18 cos 𝛼

)(1+𝑒
−(

𝜃𝑚𝑎𝑥
∗ 𝜎𝑛

9𝐴0𝐶𝜎𝑡
)

))−𝜑𝑏

log10(
𝜎𝑐

𝜎𝑛
⁄ )

 (2.5) 
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Grasselli (2001) substituted his JRC value in the formula of Barton, and received a 

closer approximation for the shear strength of rocks compared to the original version. 

Although the formula works sufficiently well, the determination of some of the 

parameters is difficult, and therefore the use of the original Barton formulation 

remained in practice. 

Along with the approach of Barton and Choubey (1977), the use of the Hoek-Brown 

failure criterion is also widespread. It consists in determining a best-fit square root-

function curve to experimental data. This approach is not directly based explicitly on 

the shear strength of the rock samples, but on the uniaxial compressive strength (𝜎𝑐) 

and major (𝜎1) and minor (𝜎3) principal stresses (Eq. 2.6).  

𝜎1 = 𝜎3 + √(𝑚𝜎𝑐𝜎3 + 𝑠𝜎𝑐
2) (2.6) 

It also takes into consideration the degree of fracturing and the degree of the particle 

interlocking by means of two additional parameters, s and m, respectively (Hoek, 

1990). As in this criterion these parameters are linked to the values of the apparent 

cohesion and the friction angle, it is possible to use them in combination with other 

failure criteria to compute the shear strength of a rock (Hudson and Harrison, 1997). 

2.2 Shear strength of claystone and granitic rock masses determined 

from laboratory tests 

Although the experimental determination of rock shear strength along discontinuities 

has been a very much investigated field of research, the majority of the tests were 

carried out mostly along artificial rock surfaces (Adachi et al., 1999, Grasselli, 2001, 

Tang et al., 2016). These types of tests are advantageous for the understanding of 

certain parameters influencing shear strength for perfectly homogeneous materials. 

Conversely, for natural rocks the database available is much smaller, and for the rock 

types investigated in the framework of this research, even less data exist/are 

accessible. The main reason is related to the data secrecy policy as most of the tests 

are carried out in the framework of investigations realized by private companies. A 

collection of test results is presented here below (Table 2-1, Table 2-2) for different 

types of granitic rocks, as well as clayey and silty rocks from all over the world, 

characterised by different surface and joint properties. These data date back to 1977 

and point out which mechanical parameters have the highest interest in research and 



17 
 

can be determined from direct shear strength tests along discontinuities (Appendix A) 

The tests were either multi-stage or single-stage direct shear strength tests under 

constant normal loading, performed on samples of approximately the same size as the 

ones investigated in this work. Details on the testing methods are described in Section 

5. 
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Table 2-1 : Rock mechanical parameters of granitic rocks, determined from direct shear strength tests 
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0.500 0.283 - - - 

1.000 0.500 - - - 

1.500 0.719 - - - 

Granite Group F 
horizontal 
joint set 

37 
CNL multi-

stage 
- 

0.250 0.362 - 

- 

- - 

- 

P
o
rt

u
g
a
l 

M
u
ra

lh
a
, 

1
9
9
5

 

0.500 0.594 - - - 

1.000 1.037 - - - 

1.500 1.478 - - - 

Granite Group J 
orientation not 

specified 
27 

CNL multi-
stage 

- 

0.250 0.354 - 

- 

- - 

- 

P
o
rt

u
g
a
l 

M
u
ra

lh
a
, 

1
9
9
5

 

0.500 0.566 - - - 

1.000 0.973 - - - 

1.500 1.329 - - - 

Granite Group L - 10 
CNL multi-

stage 
- 

0.100 0.214 - 

- 

- - 

- 

P
o
rt

u
g
a
l 

M
u
ra

lh
a
, 

1
9
9
5

 

0.300 0.436 - - - 

0.600 0.700 - - - 

0.900 0.946 - - - 

Coarse grained 
porphyritic 

granite 

fresh/ slightly 
weathered 

32 

CNL multi-
stage  

(not all) 
- - - - 

50-
60 

- - 
30-
35 

S
o
u
th

 K
o
re

a
 

W
o
o

 e
t 

a
l.
, 

2
0
1
0

 

moderately/ 
highly 

weathered 

CNL multi- 
stage  

(not all) 
- - - - 

40-
50 

- - 
24-
27 

Vietnamese 
Granite 

tensile 
fractured 

1 CNL 100x100 1.068 3.204 - - 1.197 - - 

T
h
a
ila

n
d

 

K
e
m

th
o

n
g
, 

2
0
0
6

 

1 CNL 100x100 1.922 3.588  - 1.643 - - 

1 CNL 100x100 2.378 4.150 - - 1.837 - - 

Tak Granite 
tensile 

fractured 

1 CNL 100x100 1.051 1.555 - - 1.177 - - 

T
h
a
ila

n
d

 

K
e
m

th
o

n
g
, 

2
0
0
6

 

1 CNL 100x100 1.932 2.833 - - 1.631 - - 

1 CNL 100x100 2.291 4.581 - - 2.156 - - 

Chinese Granite 
tensile 

fractured 

1 CNL 100x100 1.080 2.938 - - 1.123 - - 

T
h
a
ila

n
d

 

K
e
m

th
o

n
g
, 

2
0
0
6

 

1 CNL 100x100 1.950 3.293 - - 1.647 - - 

1 CNL 100x100 2.386 3.557 - - 1.822 - - 
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Table 2-2 : Rock mechanical parameters of clayey rocks, determined from direct shear strength tests 
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Marl (50% clay) dry 6 
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stage 
d=79 

2 0.9 
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F
ra

n
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P
e
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t 
e
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a
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2
0
1
3

 

5 2.6 - - - 

10 4.7 - - - 
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Fault gouge 
(from shear 

zone, rock clasts 
floating in matrix 
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planar fault 
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single-
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1
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2.3 Objectives of the research 

This work aims not only at contributing to fundamental research on the behaviour of 

two types of rocks, but also to provide new findings and results to be used in practical 

applications. Furthermore, it attempts at advancing knowledge and expanding 

databases of laboratory test results for the investigated rock types, in view of a safer 

disposal of radioactive waste. More in detail, the research had the following three main 

goals: 

1. contribution to a better understanding of the behaviour of two investigated 

potential host rocks for radioactive waste disposal sites, the Bátaapáti Granites 

and Claystones, and the Mont Terri Opalinus Claystones, by:  

 providing quantitative rock mechanical data deriving from laboratory 

direct shear strength tests along discontinuities under constant normal 

loading conditions (CNL) for computing the following parameters: 

 peak shear strength 

 residual shear strength 

 peak apparent cohesion 

 residual apparent cohesion 

 peak friction coefficient 

 residual friction coefficient 

 peak friction angle 

 residual friction angle 

 determination of the failure criterion best describing the investigated rock 

materials 

2. Comparison and quantification of the difference in the value of the friction angle 

obtained for Bátaapáti Granites from two widely used direct shear strength 

testing methods, (i) the multi-stage and (ii) the single-stage tests. 

3. Elaboration of a two-phase evaluation system for the results of laboratory direct 

shear strength tests along discontinuities, in which: 

 the first phase evaluation is based on the Suggestions of the International 

Society of Rock Mechanics (ISRM, 1974, 2015); 
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 the second phase is constituted by further analyses starting from the 

results of the first phase, by taking into consideration the effect of the 

following additional parameters influencing shear strength:  

 lithology 

 surface roughness 

 angle between sample surface and shear plane 

 relationship between the natural shear direction and the direction 

of the shear test 

 relationship between bedding plane and shear plane.  
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3. Geology and sampling 

The aim of this research was to investigate the mechanical behaviour of potential host 

rocks for radioactive waste repositories. At the time this work started, the Bátaapáti 

National Radioactive Waste Repository (NRWR) in Hungary was under construction; 

this allowed for collecting fresh samples at the site. In Switzerland, on the other hand, 

a large underground Rock Laboratory was already existing and fully operating. The 

type of host rock for the disposal of radioactive waste had already been decided and 

in-depth analyses for a better understanding and characterisation of the selected 

materials were on-going. At the time of the sampling, however, an extension of the 

Laboratory was under construction, therefore fresh samples could be collected directly 

from the construction site in this case as well. The opportunity to carry out experiments 

on rock samples for which the time between the sampling and the laboratory tests is 

short is quite advantageous. If the conservation of the rock samples is sufficiently good 

between the sampling phase and the laboratory testing, chances are that their physical 

properties are not significantly altered. 

3.1 Geological description of sample origins 

The following chapter describes the geological setting of the two facilities where the 

sampling procedure took place. Two very different types of rocks were examined in 

this research: granites from Bátaapáti (Hungary) and claystones, from Bátaapáti and 

Mont Terri (Switzerland). Despite their differences, these rocks share a common 

feature: they both have the required qualities to serve as host rocks for radioactive 

waste disposal structures.  

Bátaapáti Granites and Claystones are two types of rocks which are of high interest in 

Hungary. The former is a type of igneous crystalline rock, while the latter constitutes 

the joint infill material of one of the main faults in the granite formation. Currently, the 

NRWR has already been partially built and its construction will continue, in the near 

future: therefore, all information on these rock types is of high importance. In addition, 

together with the low and medium radioactive waste disposal site at Bátaapáti, a high 

level radioactive waste storage facility is to be constructed as well. The host rock, the 

Boda aleurolit, has been already chosen, but at the time of this research work no 

sampling was possible.  
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The Mont Terri Opalinus Claystones, on the other hand, were derived from the Mont 

Terri Rock Laboratory, where constant in-situ experiments take place for the better 

understanding of the behaviour of this potential host rock for high level radioactive 

waste in Switzerland (Figure 3-1). These claystones, moreover, share several features 

with the Boda aleurolit, selected in Hungary also for high level radioactive waste 

disposal: the study of the Mont Terri Opalinus Claystones, therefore, can also indirectly 

contribute to the better understanding of the features of the new potential host rock in 

Hungary. 

 

Figure 3-1 : Location of the Mont Terri Rock Laboratory in Switzerland (red) and the Bátaapáti 
National Radioactive Waste Repository in Hungary (blue), where the rock materials 

investigated were obtained from (Source: Google Maps) 

3.1.1 Geological description of the Bátaapáti National Radioactive Waste Repository 

(NRWR) area 

Bátaapáti is situated in South-West Hungary. The area was chosen as radioactive 

waste repository site for low and intermediate level radioactive waste (Figure 3-1). Two 

samplings were carried out; both of them took place during the construction of the 

repository. The second sampling was realised two years after the first sampling, to 

collect more material in order to be able to extend the research. 
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Geology: 

The repository geographically belongs to the Gresed-hills, but geologically to the 

North-East part of the Mórágy-Formation (Szebényi et al., 2009). The rock substratum 

of the area is constituted by carboniferous granite, found at about 16-17 m depth. This 

near-surface rock mass is tectonically heavily fragmented, with a distribution of 

generally 1-8 mm opened chlorite-coated or closed carbonate or calcite joints (Bérci, 

2008). The small hill has an elevation of 270-280 m.a.B.s.l. (meters above Baltic sea 

level). The granitic rocks appear at a depth of 220-230 m. The granite is overlain by 

the Tengelic Red Clay Formation, a thin clay layer. The Pleistocene is mostly 

represented by Paks Loess Formation (Figure 3-2). The upper 50 m of the granitic 

rocks are weathered. The lower boundary of weathered zone is uneven (Balla, 2004). 

Geomorphology: 

The role of water in modelling the surface is decisive at this area, as it is in fact erosion-

formed. Landslides often occur (Balla et al., 2008). Most of these slides, based on their 

morphology, date back to the Holocene era, even though there are relatively fresh 

landslides as well from our present time (Figure 3-2). The Mórágy Granite Formation 

is considered as Late Palaeozoic, Carbonfierous (Balla, 2004). It has a porphyric 

micro-fabric with mafic inclusions and leucocratic rock veins. Its formation temperature 

was ~450 °C (Balla et al., 2009).  

 

Figure 3-2 : Typical morphology in the region of the repository area: 1 - Mórágy Granite 
Formation; 2 - Tengelic Red Clay Formation; 3 - Paks Loess Formation; 4 landslides; 5 – valley 

fill (Balla et al., 2008) 

D ue to Alpine orogenesis, the Mórágy Granite Formation is now in an allochthon 

position. The structural geological evolution of the region caused the fracturing of 
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granitic rock mass. The fracture fillings are composed of quartz, K-feldspar, epidote 

and clay minerals. Carbonate veins may occur as well, which could have a hollow 

central part (Balla, 2004). The rocks constituting this formation are part of a granitoid 

body that consisted of a felsic (acid) and mafic (basic) melt. Minerals with light colour 

are considered felsic, such as the feldspars, quartz and feldspathoides. The dark 

silicates and minerals with iron and magnesium content such as olivine, biotite, 

amphibole and pyroxene are mafic. The melts and their mixture are classified into four 

types. The first group contains the rocks that formed from the felsic melt, they are the 

so called 1) monzogranites. The rocks belonging to the second group, the  2) 

monzonitic rocks, formed from the mafic melt. The third group is the mixture of the 

felsic and mafic melts. They are called the 3) hybrid rock group. The last category 

contains the late magmatic bodies, like leucocratic bodies, segregations and dykes. 

This is the group of 4) leucocratic dyke rocks (Király et al. 2008).  

Tectonics: 

The granitoid rock body is bordered from N-NW by the Mecsekalja structural line, which 

is a significant fractured structure. During the formation of the monzonitic and 

monzogranite rocks, two main fracture zones appear on their border, with a 60° – 80° 

dip angle and NW and SE dip direction. Fracture zones of single independent plane 

alternate with thicker, plate-like bodies. The fractures are frequent, with diverse 

direction, therefore their study is difficult. Only in the neighbourhood of the facility 110 

fracture zones occur. It is not possible to characterise all the infill materials, however it 

is generally true that the quantity of the clayey components is higher in the larger 

fracture zones. 

The leucocratic dykes of the Mórágy Granite Formation and the trachyandesite dykes 

of Rozsdásserpenyő Formation have a NE-SW direction, similarly to the monzonitic 

and monzogranitic body. This suggests that the lithological boundaries follow the main 

direction of foliation and the direction of the fracture zones. At the facility and its 

surroundings, presumably no new fractures and displacements have formed in the past 

800,000 and 100,000 years, respectively (Balla, 2004). 
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Hydrogeology: 

At the facility and its surroundings the confined groundwater is located 20 – 70 m under 

the surface. Its annual fluctuation is 1 – 2 m. The majority of the precipitation (about 

95%) flows in the weathered rock layer on the surface, only 1 – 1.2 mm seeps down to 

the fresh granite annually. The water can move in the fresh granite along crevices, 

whose conductivity is significantly higher than in the zones with smaller fractures. 

Based on the results of the deep drillings at the facility area, it was determined that the 

hydraulic potential generally decrease with depth, i.e. the water flows downwards. It 

was shown from the drillings that the potentials are nearly constant for every 20 – 50 m 

steps. The steps are the result of the damming – isolating zones, which are strongly 

weathered, clayey, fracture zones. Along their boundaries, either on one or both sides, 

a fracture system of good conductivity is situated. These zones are found mainly at the 

south part of the facility. From the drillings it was not possible to determine any 

regularity of the conductivity as a function of depth, as in areas of higher depth, high 

conductivity occurs as well. From the tests carried out at the facility area, the location 

and time of the water particles released at 0 m.a.b.s.l. was determined. Close to the 

repository, it was about 800 – 5,000 years, further from it 20,000 – 50,000 years (Balla, 

2004). 

3.1.2 Geological description of the Mont Terri Rock Laboratory area 

The Mont Terri Rock Laboratory has been a place of experiments for 20 years, 

therefore its geology, hydrogeology, mineralogy and tectonics have been widely 

investigated (Bossart and Adler, 1999; Bossart and Wermeille, 1999; Nussbaum and 

Bossart, 2008). The Laboratory is situated in N-W Switzerland in the Jura Mountains, 

300 m underground at 510 m.a.s.l.. 

Geology: 

The Laboratory is built in Opalinus Claystone, a formation from the Aalenian era, 

around 180 million years ago (Figure 3-3). The formation is part of the Jura Mountains; 

more precisely, it is the part of the Folded Jura. The mountain is characterised by an 

arcuate fold and thrust belt, which is composed of several non-cylindrical anticlines. 

The clastic sediments, composing the Jura Mountains, derive from the Late 

Carboniferous to the Quaternary eras, and are covered by shales, marls and 
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limestones of 800 m thickness from the Mesosoic era, and from Tertiary Molasse and 

Quaternary fluvo-glacial sediments of 400 m thickness (Nussbaum and Bossart, 2008). 

 

Figure 3-3 : Geology of the Jura Mountains around the Mont Terri Rock Laboratory area 
(modified after: Nussbaum and Bossart, 2008) 

The Opalinus Claystone is considered to be an overconsolidated clay, which has an 

apparent thickness of 160 m and an actual thickness of 90 m nowadays. In the Rock 

Laboratory area, three facies of the Opalinus Claystone are present, i.e. shaly facies, 

sandy facies and carbonate-rich sandy facies (Appendix B). The shaly facies lies in the 

lowest part and is composed mainly of marly and argillaceous shales, micas, layers of 

marl which are nodular and bioturbated and layers of sandstone with thickness in the 

order of millimeters. The sandy facies is situated in the upper as well as the middle 

part of the formation. It is composed of marly shales that consist of layers of 

sandstones and bioturbated limestones. The appearance of grey sandy limestones in 

form of lenses and layers of white sandstone (thickness of some millimeters) containing 

pyrite can occur in the marly shale as well. The carbonate-rich sandy facies appears 

only in a thin layer in the middle of the formation. It is characterised by calcareous 

sandstones whithin which the presence of bioturbated limestone beds with high quartz 

content can occur. This facies is not so much characteristic of the Laboratory area 

(Nussbaum and Bossart, 2008). 

Tectonics: 

In the territory of the Rock Laboratory three main tectonic faults can be distinguished. 

One (1) with SSE dipping faults, one (2) with low angle SW dipping fault planes and 

flat-laying SSE to S dipping fault planes and one (3) with N to NNE, trending steeply 
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inclined sinistral strike-slip faults. The stereoplots in Appendix Brepresent their 

orientation in the Rock Laboratory area. The first group is mainly composed of bedding-

parallel slip due to the anticline folding. The slip direction is down dip oriented. The so-

called ‘main fault’ of the laboratory, which has a thickness of 0.8 to 2 meters, belongs 

to this fault system. The second group is characterised by thrusting movements. Its 

development is estimated for the late stages of the folding of the Mont Terri anticline. 

For this fault system, veins filled with idiomorphic celestite can be found. The third 

group of fault system is said to be originated from a part of the inherited structures 

related to the faults with NNE orientation of the Rhine-Bresse-Graben system from the 

Oligocene era (Nussbaum and Bossart, 2008). 

Hydrogeology: 

The rock formations in the Mont Terri region are characterised by aquicludes and 

karstic aquifers. The latter is mainly composed of limestones, whereas the aquicludes 

are composed of shales and marls. The Opalinus Claystone, despite its pores are 

water-saturated, is an aquiclude due to its very low hydraulic permeability (Bosaart and 

Wermeille, 1999). No water springs were detected during the construction of the 

Laboratory or any other tunnels in Switzerland that passed through this type of 

Claystone. No water infiltration was observed from any of the tectonic faults/fault zones 

either (Nussbaum and Bossart, 2008). Below the Opalinus Claystone formation the 

Liassic limestones are weakly karstified; above, karstic aquifers from the Middle 

Jurassic era are present (Bosaart and Wermeille, 1999). 

3.2 Sampling and geology of the tested specimens 

3.2.1 Bátaapáti (Hungary) 

Two samplings took place in Bátaapáti. The first one during the excavation of the 

NRWR (Figure 3-4a). Two larger blocks of granitic rocks (Figure 3-4b) and 3 smaller 

blocks of claystone from the filling gouge of the main fault zone, the Patrik-fault (Figure 

3-4c), were collected from the excavation face (Figure 3-4d). The humidity of the 

claystone samples was preserved by immediate cellophane sealing after the sampling. 

The Bátaapáti Granites from the first sampling (BG1) also derived from the Patrik-fault, 

which is crossing through the facility area. The blocks collected can be characterised 

as follows. 
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Figure 3-4 : a) Location of the rock samples on the excavation face as from the sampling 
protocol, red: granite blocks, green: claystone blocks; b) Two blocks of granite from Bátaapáti 

(Hungary), c) One of the claystone blocks from Bátaapáti, humidity preserved in cellophane 
packing (Buocz, 2010a) d) Ground plan of NRWR from 2009: the red circle indicates the 

location of the first sampling (Kovács et al., 2012) 

Block #1: a granitoid block, with no visible large phenocrysts and with a relatively 

uniform micro-farbric. On its surface, a thin green chloritic clay coating is observed. It 

is a dominantly dark red, slightly brecciated granitoid, in which the phenomenon 

characteristic for autoclastic breccia is dimly visible. On smaller parts of the surface of 

the block, water-clear calcite zones and green clayey coating can be observed. In the 

clay, granite clast is present. A part of the block contains natural shear surfaces and is 

woven by microcracks (Figure 3-5a).  

Block #2: granitoid block, which is partially composed of a strongly carbonatisated 

rhodochrositic brecciated zone. On the surface, a thin, green, greenish-gray chlorite 

clay coating is present. Slightly rounded dark-colored clasts of 1 – 50 mm compose 

the block, which are cemented by a light-pink material. It is considered to be an 

autoclastic breccia. Partially opened, centimetre-sized white calcite cracks can occur. 

The surface of the block is partly dissolved, rough. The green clay coating contains 

sand-sized pinkish granitoid clast. (Figure 3-5b). 
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Figure 3-5 : The surface of Bátaapáti Granite sample a) block #1 and b) block #2 (rock mass) 
(Buocz, 2010a) 

The Bátaapáti Claystones (BC) were collected together with the two blocks of granites, 

when the first sampling took place. 

Block #3: the block originates from a green, greenish-grey chloritic clayey zone. The 

green chloritic clay contains a large quantity of millimetres- as well as centimetre-sized 

pale grey to white rock clasts, therefore in this rock the brecciated feature is dominant, 

which can lead to a friable surface. The friable and the laminated clay-rich zones 

alternate. Flat glide planes with clayey surface can appear in it as well (Figure 3-6a). 

Block #4: sample block originating from a green chloritic clayey zone. The clay has a 

strongly sheared, flattened structure, a greasy touch and good hygroscopic capability. 

Its surface is rough, but dominantly characterised by clayey features. In the clay 

millimetre- and centimetre-sized tiny pale white rock clasts appear sporadically (Figure 

3-6b).  

Block #5: Sample block from a green cloritic clayey zone, characterised by sheared 

surfaces and flat glide plane features. In the clay, millimeter- and centimeter-sized tiny 

pale white rock clasts appear sporadically. This can partially cause a rough surface for 

the cloritic clay (Figure 3-6c). 

 

Figure 3-6 : The surface of Bátaapáti Claystone sample a) block #3; b) block #4, c) block #5 
(rock mass) (Buocz, 2010a) 
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Due to the need of additional material for further investigations, a second sampling 

took place at the facility, two years after the first. Seven pairs of granite samples were 

collected, originating from different parts of the repository area (Appendix C). They all 

had natural shear surfaces typical for this rock type (Figure 3-7). The Bátaapáti 

Granites from the second sampling (BG2) were monsogranitic rocks, which are the 

most common at the repository area. Their prevailing colour is grey with the presence 

of pale reddish-pinkish colored microclin- or megacrystals. The grey colour can alter to 

reddish-brown/brownish-grey, due to the effect of oxidation. Its texture is hipidiomorf 

(Király et al., 2008).  

Both the first and second sampling, the conservation of the rock blocks and the 

geological description of the samples were carried out by the collaborators of the 

Mecsekérc Zrt. and the Laboratory of the Department of Construction Materials and 

Engineering Geology (CMEG), Budapest University of Technology and Economics 

(BUTE). 

 

Figure 3-7 : Bátaapáti granite sample pair, containing a natural shear surface, typical for that 
rock mass 

3.2.2 Mont Terri 

The Mont Terri Opalinus Claystones (MTOC) derived from the Mont Terri Rock 

Laboratory (Switzerland). They were collected in 2012 under the supervision of 

Swisstopo and Nagra, when the Full scale Emplacement demonstration experiment 

Gallery (FE Gallery) was excavated. Blocks were collected during the excavation 

phase at 46.5 and 48.5 Gallery meters; cores from drillings were selected from 31.45 

– 34.45 Gallery meters and stored in core boxes in the core storage facility. The total 

length of the FE Gallery is 50 m (Figure 3-8). Both blocks and cores contained natural 
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shear surfaces. The humidity of the cores and the smaller rock blocks were preserved 

by airtight aluminium foil packaging. The bigger blocks, for which aluminium foil 

packaging was not possible, were packed in cellophane. 

 

Figure 3-8 : Longitudinal section of the FE Gallery. Location of the samplings are circled in red 
on the daily mapping protocol of the last sampling at 48.50 Gallery meter 

The sample blocks and cores of Mont Terri Opalinus Claystone derived from the FE 

Gallery, which entirely lies in the shaly facies zone of the Laboratory (Figure 3-9). The 

samples were either from faults with SSE dipping or SW to S dipping. The 

characteristic features of the shaly facies and the two types of fault systems are 

explained in detail in Section 3.1.2. 

 

Figure 3-9 : Geological and tectonical setting of the FE Gallery from where the Mont Terri 
Opalinus Claystone samples derived. The map is a close-up view of Appendix B (Buocz, 2016) 
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3.3 Rock mechanical parameters of the Bátaapáti Granites and Mont 

Terri Opalinus Claystones 

As a result of previous research, the mechanical parameters of the investigated rocks 

had already been determined for intact samples (Table 3-1, Table 3-2). The high 

deviation of the data of the Bátaapáti Granites is well visible from the wide range of 

intervals which the values obtained for the mechanical parameters fall in. This is due 

to the strong inhomogeneity of the rock material due to the network of calcite veins and 

the crystallisation form of the minerals composing the granite. No data is published for 

the rock mechanical properties of the Bátaapáti Claystones, because of difficulties in 

sample preparation and testing. The material is not sufficiently good for geotechnical 

tests, but its quality is in fact barely suitable for tests in the framework of rock 

mechanics. 

Table 3-1 : Rock mechanical parameters of the Bátaapáti Granites (Barsi et al., 2012) 

Parameters Unit Range Mean value 

Density g/cm3 2.602 – 2.866 2.729 

Ultra sound wave velocity km/s 3.652 – 6.370 5.234 

Compressive strength MPa 9.10 – 242.01 116.74 

Young’s Modulus GPa 3.50 – 71.37 44.99 

Poisson’s ratio - 0.04 – 0.35 0.12 

Shear strength (intact rock) MPa 3.19 – 40.28 19.87 

Table 3-2 : Rock mechanical parameters of MTOC from the shaly facies zone (Nussbaum and 
Bossart, 2008) 

Parameters Unit Range Best estimate 

Bulk density, saturated g/cm3 2.40 – 2.53 2.45 

Total porosity % 14 - 25 18 

Hydraulic conductivity m/s 2E-14 – 1E-12 2E-13 

Thermal conductivity 

 

W/(mK) 

1.0 – 3.1 1.7 

parallel to bedding - 2.1 

normal to bedding - 1.2 

Uniaxial compressive 
strength 

parallel to bedding 
MPa 

4 – 17 10.5 

normal to bedding 23 – 28 25.6 

Young’s Modulus 
parallel to bedding 

GPa 
6.30 – 8.10 7.20 

normal to bedding 2.10 – 3.50 2.80 

Poisson’s ratio 
parallel to bedding 

- 
0.16 – 0.32 0.24 

normal to bedding 0.28 – 0.38 0.33 

Shear Modulus MPa 800 – 1600 1200 

Cohesion MPa 2.2 – 5 3.6 

Internal angle of friction deg 23 – 25 24 

Uniaxial tensile strength 
parallel to bedding 

MPa 
- 2 

normal to bedding - 1 
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4. Methods, Equipments and Materials 

The following chapter summarises the testing methods according to which the 

experiments were carried out. It points out the differences between the existing 

suggestion and other methods used for the execution of the tests. The testing 

equipment and their features are also presented in detail. The chapter describes 

precisely each testing procedure, including the sample preparations prior to the tests. 

4.1 Suggestions used for the research 

Different types of shear tests were performed: i) multi-stage direct shear strength tests, 

and ii) direct shear strength tests with a single constant normal load, both based on 

the Suggestions of the International Society for Rock Mechanics (ISRM, 1974). The 

aim of the Suggestions is to be able to determine peak and residual direct shear 

strength as a function of the applied normal stress acting perpendicular to the shear 

plane. All the tests in this research were carried out before the end of 2012, at a time 

when the new Suggestions of the ISRM (ISRM, 2015) were not yet published. There 

were only a few alterations in the testing procedure actually used from the ones 

described in the Suggestions from 1974, mainly due to limitations in the performance 

of the testing equipment or the sample preparation (ISRM, 1974). For example:  

- in the Suggestions, directives are given for the speed of shearing, which was 

physically not possible to keep for the multi-stage test, as for the speed of the 

shear was manually controlled by hydraulic pumps. For the single-stage tests, 

from the beginning until the end of each test, a constant speed of shear 

displacement was chosen, equal to 0.8 mm/min. In the Suggestions this speed is 

lower (ISRM, 1974; ISRM, 2015). The chosen speed is the one generally used in 

practice for direct shear strength tests along discontinuities. 

- Another alteration from the Suggestions concerned the sample preparation. 

While in the Suggestions square-shaped samples are predefined for the direct 

shear tests, in order to be able to gain the biggest testing surface, the shape of 

the specimens in the tests performed was mostly irregular for the multi-stage 

tests, and often even smaller than the recommended 2500 mm2. For the single-

stage direct shear strength tests, the square shape requirement could be kept, 

even though the area did not always reach the above-mentioned lowest limit.  
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- For the multi-stage tests, due to the undefinable change of sample areas during 

the test, the suggestion to calculate the reduced sample area in the direction of 

shear was not taken into consideration.  

On the other hand, many other improvements were introduced, which were not 

included or precised in the Suggestions (ISRM, 1974), for a better detection of 

certain parameters influencing shear strength, in order to be able to calculate more 

precisely the shear strength values: 

- detection of the movement of the samples with three vertical and three 

horizontal displacement gauges (the evaluation of these results is not part of 

this work). 

- 3D surface detection, from which not only the surface roughness, but also 

the inclination of the surface area could be determined in the direction of 

shear. 

Some of these improvements were already taken into consideration in the new 

Suggestions of the ISRM (ISRM, 2015), although their importance is not discussed in 

detail. In the framework of this research, the goal of the tests performed was the 

precise determination of shear strength-related mechanical parameters of Bátaapáti 

Granites, Claystones and Mont Terri Opalinus Claystones along discontinuities. 

Surface detection measurements and direct shear strength test measurements were 

carried out. In Appendix D the flow-chart of the research work explains in detail the 

sequence of the steps performed.  

After the shear tests were completed, the results were analysed according to a two-

phase evaluation procedure, described in detail further on in the work (Section 5.2 and 

5.3). The 3D surface reconstruction was elaborated using the ShapeMetriX3D 

(3GSM GmbH) software. 
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Table 4-1 : Procedure of direct shear strength testing along discontinuities, from the sampling 
until the testing, with the indication of the data which can be calculated from each step 

Procedure of direct shear strength 

testing 
Measured / calculated data 

1 Sampling - 

2 
Sample preparation (cutting the 

samples to their final shape) 
- 

3 
1st sample grouping according to 

lithology 
Geology of sample surfaces, determination of 
bedding planes 

4 Sample encapsulation - 

5 
Surface detection measurements 

(2D and 3D) 

Surface roughness; 
Plane of smaple surface vs. shear plane; 
Determination of natural shear direction vs 
direction of the shear test 

6 
2nd sample grouping (based on the 
surface detection measurements) 

 

7 Area measurement 

Measurement of surface area by digital calipers 
for square shaped surfaces, or calculation of 
surface area from a picture taken normal to the 
sample surface, in AutoCAD, for irregular 
surface areas. 

8 
Direct shear strength tests (multi-
stage and single-stage under CNL 

conditions) 

Measured data: 
- normal displacement; 
- lateral displacement; 
- normal load 
- shear load; 

Calculated data: 
- normal stress 
- shear stress (peak, residual) 
- internal friction (peak, residual) 
- apparent cohesion (peak, residual) 
- friction coefficient (peak, residual) 

4.2 Laboratory tests 

For the better understanding of the shear strength properties of the investigated rocks, 

a more detailed investigation was necessary, which included the observation of the 

surface properties or the relation of the bedding plane with the natural shear surface. 

The observations were done with non-destructive methods. 

4.2.1 Surface detection methods 

The surface morphology or the orientation of the plane of the natural discontinuity with 

respect to the shear surface are properties that can be determined by surface detection 

methods. Their knowledge is important, as for they are factors highly influencing the 

shear strength during direct shear strength tests. Two types of surface detection 

methods are used in practice, the 2D and the 3D. In the framework of this research 

both approaches were applied. Due to the complexity in quantifying the surface 

roughness from the data obtained from surface detection, no standards exist regarding 
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the methodological aspects and the evaluation of the results. In practice, the 2D 

methodology of Barton and Coubey (1977) is still the most widely used. For the 3D 

surface evaluation and measurements, no unique well-known method is accepted yet 

by the scientific community.  

4.2.1.1 Displacement gauge method 

In the early stages of the investigation, the surface roughness was determined 

following a 2D digital method, whereby only the surface roughness amplitudes were 

detected. The presented method can be applied in the simplest rock laboratories all 

around the world, due to the basic devices used for the measurement. Two 

characteristic parallel lines on the surface of the samples were measured in the 

direction of shear by a HBM 1-WA/10MM-T type displacement gauge, with an accuracy 

of ± 0.5 %/stroke range. The measurement was performed at the BUTE-CMEG 

(Hungary). The samples were already encapsulated in a casting material, ready for the 

shear test. With this method, the surfaces of the Bátaapáti Granites and Claystones 

from the first sampling were measured (Figure 4-1). The method, though, had one 

limitation, due to the lack of a system providing automatic displacement velocity during 

the measurement. The encapsulated samples were manually moved under the 

displacement gauge in the direction of shear; therefore, the measured data did not only 

include the height of the asperities, but also the elevation of the sample surfaces (if 

any) with respect to the shear plane. The separation of these components was not 

possible, thus the two data contribute to one value. 

 

Figure 4-1 : Positioning the HBM displacement gauge over one of the predefined lines on a 
claystone sample, parallel to the shear direction 
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4.2.1.2 ShapeMetriX3D 

Due to the lack of information that a 2D method can provide, for the sake of the better 

understanding of the surface properties, a 3D surface detection method was applied 

for the granite samples collected from Bátaapáti in the second sampling (BG2) and the 

MTOC. They were analysed with a specific 3D photogrammetric method associated to 

the use of the ShapeMetriX3D software, developed by the Austrian company 

3GSM GmbH (Gaich et al., 2006). This method was primarily developed for large scale 

surface mapping, but it has been successfully used at the laboratory scale as well 

(Seywald, 2006). Imaging of the samples were carried out both before and after the 

direct shear strength tests. The samples were already encapsulated in a casting 

material, ready for the shear test, prior to the imaging. Two pictures were shot at a 

distance D1 and D2 from the face of the sample, with a Canon EOS  400D type digital 

camera, by shifting the camera parallel to the sample, face with a distance F between 

imaging positions P1 and P2. The ratio of F - D1 and F - D2 had to stay between 1:6 

and 1:8. In order to be consistent with this requirement, a frame was built, to which the 

camera was fixed, and could freely slide between positions P1 and P2. The used 

distances were D1 = D1 = 276 mm, F = 45 mm (Figure 4-2).  

 

Figure 4-2 : The process of imaging. a) Metal frame to which the camera was fixed and the 
photos were taken: in the imaging area, the object can be seen, together with the reference 

points; F is the distance between the camera positions P1 and P2; D1 and D2 are the distances 
between the camera objective and the surface of the sample. b) Canon EOS 400D type digital 

camera used for the imaging 
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The 3D image re-creation and data processing were carried out with the software 

ShapeMetriX3D. Three main steps were followed: i) 3D image re-creation, ii) 

referencing, iii) data processing (Appendix E). First, the two images taken from the 

samples had to be uploaded in the software, then they were matched together. The 

software recognised the matching points and created a single 2D image from the two 

pictures. After the area of interest was defined, the software created the 3D image. In 

order to get back the correct size and orientation of the samples, referencing had to be 

carried out, in the second step. During the phase of imaging, an object with reference 

points (at least 3) was placed near the sample. By matching the corresponding 

reference points (and at the same time having the correct F:D ratio during the imaging), 

the software calculated the real distances and orientation in a global coordinate 

system. In the third step, the data was exported in the form of coordinate points or a 

triangulated surface in a VRML, DXF, CSV and OBJ format. 

4.2.2 Direct shear strength test 

Direct shear strength tests were carried out with three types of shear box machines 

characterised by different load capacities and loading modes. Out of the three, one 

was in Hungary and two in Switzerland. The machine used in Hungary was capable of 

shearing both claystones and granites. In Switzerland, one was more suitable to low 

normal loading conditions, thus for claystones, while the other gave more reliable 

results for higher normal loading conditions, thus more suitable to granites. As 

mentioned previously, since the tests were all carried out before 2015, the testing 

methods were based on the earlier suggestions of the ISRM from 1974, with some 

alterations, depending on the limitations of the accessible tools (ISRM, 1974). 

4.2.2.1 Multi-stage direct shear strength test for BG1 and BC (Hungary) 

The multi-stage direct shear strength tests were carried out in 2010 in Hungary, at the 

Laboratory of the BUTE – CMEG. The machine was a Controls 45-D548/1 Type 

portable shear machine. The machine consisted of a shear box, two hydraulic pumps 

each with a maximum capacity of 50 kN, two displacement gauges (Section 4.2.1.1) 

and a load cell (Figure 4-3). The adjustment of the normal and shear load was manually 

controlled by the hydraulic pumps. The Shear force was measured by a 9861 Type 

load cell with 0.05 % accuracy, manufactured by Kaliber Kft. The range of the shear 
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stress fell between 0.004 and 2.350 MPa during the shear tests. The normal force was 

raised and kept constant manually ; the values were taken from the scale. 

 

Figure 4-3 : Portable shear machine used for staged direct shear strength tests at the 
Laboratory of the BUTE – CMEG 

After the samples were inserted in the shear box and the required equipment was 

assembled, the test started with the application of the normal load corresponding to 

the first stage, to measure the consolidation and to stabilise the machine before the 

test. The consolidation was determined from the vertical displacements (the evaluation 

of the consolidation is not part of the research). Shear load was then added, until the 

sample reached its peak shear strength. At this point the shear stress reached its 

maximum value, then followed by a drop until the residual state was reached, in which 

the shear strength of the sample does not decrease anymore, despite of the increasing 

shear displacement. Then, the normal load was increased and kept constant 

throughout the following stage. When the sample got into the residual state, the normal 

load was increased again. This cycle was repeated as many times as the examined 

sample could bear, depending on its mechanical properties, up to a maximum five 

stages. The normal stress values ranged between 0.09 and 5.66 MPa. Data were 

recorded every 0.5 seconds and stored by a HBM Spider 8 device. The relationship 

between the shear load, the shear displacement and the normal displacement was 

Hydraulic pump for normal load 

Sample holder  
box 

Load cell (for shear) 

Displacement gauges 

Hydraulic pump for shear load 
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simultaneously plotted throughout the test. The point when the sample reached the 

residual state was detected from these graphs. 

4.2.2.2 Single-stage direct shear strength test for BG2 (Switzerland) 

Due to the stronger mechanical properties of the Bátaapáti Granites, a shear machine 

designed at the École Polytechnique Fédérale de Lausanne (EPFL), in Switzerland, 

was used to determine the shear strength along discontinuities for this rock type. Its 

maximum shear capacity is 200 kN. The Bátaapáti Granites were sheared with 5 MPa 

and 10 MPa constant normal stresses; within this range, the shear machine used can 

measures with a high accuracy. The reason for the choice of the magnitude of the 

normal stresses was to extend the range of measurements carried out by the multi-

stage direct shear strength tests, for which only in one case the normal stress value 

reached 5 MPa. The normal load was applied by a hydraulic pump. Its magnitude was 

based on the nominal surface area of the samples. The load was kept constant by the 

machine. The shear load was given by 2 hydraulic pumps such that they could provide 

a constant velocity of shear displacement of 0.8 mm/min. The shear load and the 

normal load were measured by load cells of 0.1 %/stroke range accuracy (Figure 4-4). 

 

Figure 4-4 : Shear machine for direct shear strength tests on Bátaapáti Granites at LMR, EPFL 

The measurements of vertical and horizontal displacements were carried out by four 

LVDTs of HBM Type, with an accuracy of 0.1 %/stroke range. The frame holding the 

LVDTs 
Hydraulic pump for shear 

Sample holder box 

Hydraulic pump for normal 

https://www.epfl.ch/


43 
 

LVDTs at their fixed position was assampled by the collaborators of EPFL-LMR. Three 

LVDTs measured the vertical displacements of the top (moving) sample holder box 

and one the shear displacement in the direction of the shear. All horizontal movements 

of the sample holder boxes other than in the direction of the shear were blocked, 

therefore the rotational movement called ’yaw’ could not occur (Figure 4-5). 

 

Figure 4-5 : Position of the LVDTs for measuring horizontal and vertical displacements during 
the direct shear strength test with the shear machine designed at EPFL-LMR; a) schematic 
diagram of the position of the LVDTs; b) Position of the LVDT at the back part of the shear 

machine; c) position of the LVDTs at the front part of the schear machine 

Data were recorded by a HBM UPM 60 acquisition system every 0.4 seconds. Only 

the BG2 were tested with this machine. 

4.2.2.3 Single-stage direct shear strength test for MTOC (Switzerland) 

The other shear machine used at the Laboratory for Rock Mechanics (LMR) of EPFL 

was a Strassentest Type shear machine with a cantilever system, using dead-weight 

for the maintenance of the CNL up to 2 MPa (Figure 4-6). In the framework of this 

research, the MTOC were sheared under a 1 MPa normal stress. The objective was to 

use low normal stresses, but at the same time high enough to be able to carry out 

accurate measurements with the shear machine. The lowest compressive strength of 

this rock type is 4 MPa (Table 3-2), therefore the choice of the 1 MPa constant normal 

stress was appropriate. The weight used was calculated separately for each sample, 

based on their nominal area. The shear displacement was conrolled by a stepper motor 

of 0.8 mm/min. The shear load was measured by a load cell. The range of the shear 

stress fell between 0.302 and 0.777 MPa. 
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Figure 4-6: Shear machine with cantilever system using dead weight, for direct shear strength 
tests under low CNL at EPFL-LMR 

Vertical and horizontal displacements were measured by LVDTs of Type HBM with an 

accuracy of 0.1 %. Three LVDTs measured the vertical displacements of the top 

sample holder box (fixed), and four measured the horizontal displacements. Three 

LVDTs were measuring the movement of the top sample holder box, i.e. one in the 

direction of shear, two perpendicular to the direction of shear. One horizontal LVDT 

measured the shear displacement of the bottom (moving) sample holder box (Figure 

4-7). Data were recorded every 0.2 seconds and processed in the software LabVIEW. 

Only MTOC samples were examined with this machine, due to its good accuracy under 

low loading conditions.  

 

Figure 4-7 : Position of the LVDTs for measuring horizontal and vertical displacements during 
the direct shear strength test with the cantilever type shear machine, EPFL-LMR; a) schematic 
diagram of the position of the LVDTs; b) position of the LVDTs at the cantilever system shear 

machine 
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4.3 Sample preparation 

For the BG1 and BC, the sample preparation for the direct shear strength tests took 

place in Hungary, at the BUTE - CMEG, while for the BG2 and MTOC, the sample 

preparation took place in Switzerland, at the EPFL - LMR. The specimens for all the 

Bátaapáti rocks received a numbering in a form of Sx or Sxx (e.g.: S4 or S14). S stands 

for “sample”, and x or xx for the number for the numbering in the order of preparation. 

For BG1, the sample numbering went from S1 to S20. For BG2, the interval was 

between S101 and S108. For BC, it was defined between S50 and S66. The MTOC 

were numbered based on a different notation, in the form MT_Sx_y (e.g.: MT_S1_2). 

MT stands for Mont Terri, S for “sample block” (or “core”), x for the “number of the 

sample block/core”, y for the “number of the sample” in the order of sample preparation 

from the given block/core. Those samples which are missing from the sequence are 

not part of the evaluation; they were excluded for reasons such as unexpected damage 

in the rock material prior to the shear test, insufficient encapsulation, malfunction of the 

shear machine during the test...etc. 

4.3.1 Bátaapáti Granite samples from the first sampling (BG1) 

Cores characterised by a 50 mm diameter were drilled from the two rock blocks by a 

Hilti DD-160E Type machine (Figure 4-8). The length of the cores was approximately 

400 mm. 

 

Figure 4-8 : Drilling of 50 mm diameter and (approximately) 400 mm long cores from the 
Bátaapáti Granite rock block across discontinuities 

The discontinuities present in the rock blocks were drilled through and, along them, the 

samples were intentionally separated, if they did not break away under the effect of the 
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drilling. The samples were drilled and cut by the collaborators of BUTE-CMEG. As a 

result, three different types of discontinuities could be distinguished: 

i. samples with filled discontinuities (calcite vein) 

ii. samples with weak surfaces (such that with a small physical impact the two 

halves could be easily separated and considered as tight discontinuities) 

iii. samples with gapped discontinuities 

The plane of the discontinuities was not always perpendicular to the axis of the core, 

therefore the shear surfaces were having different size of elliptical shapes. The surface 

area was determined by taking a picture of the surface and measuring it in 

AutoCAD 2010. The specimens reached their final geometry by cutting them to a size 

that could fit the sample holder boxes, i.e. their height could not exceed 70 mm. The 

encapsulating material was prepared from Rigips G5/B3 plaster model, which was 

sufficiently strong enough for the normal stress and shear stress range used 

throughout the direct shear strength tests. With the help of a metal frame, one half of 

the sample could be fixed, inserted in the plaster and kept in position. The discontinuity 

was parallel to the shear plane. When the plaster reached a strength with which it could 

hold the granite sample without letting it sink in the material, the metal frame could be 

removed. The other half of the sample was matched with the encapsulated one, and 

fixed in the metal frame. After its position was specified in the other sample holder box, 

the procedure followed for the encapsulation was the same as for the first half (Figure 

4-9). The two halves perfectly matched in the shear machine. 14 pairs of samples were 

investigated (Appendix F). 

 

Figure 4-9 : Bátaapáti granite sample encapsulated in the sample holder box (Buocz, 2010b) 
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4.3.2 Bátaapáti Claystone samples from the first sampling (BC) 

Due to the softer texture of the Bátaapáti Claystone blocks and their sensitivity to water 

and humidity, the specimens were formed into their final shape by hand sawing and 

carving, performed by the collaborators of BUTE-CMEG. The discontinuities were 

healed, but manually separated along their sliding planes prior to the encapsulation. 

Their encapsulation followed the same procedure as described in Section 4.3.1 for the 

granite samples. Their surface area was determined likewise. 15 pairs of samples were 

investigated (Appendix F) 

4.3.3 Bátaapáti Granite samples from the second sampling (BG2) 

The two halves of the rock blocks from which the samples were formed were taped 

together to provide a fix position during the sample preparation. For the direct shear 

strength test, samples were cut by a Diamant Borat Type saw with water cooling. 

Samples with a side length of 50 mm were cut in a way that the natural shear surface 

would be parallel to the shear plane during the test. The height of the sample was kept 

to the maximal length that could be cut from each block. The base of the sample was 

cut parallel to the shear surface. The samples were cut and prepared in their final form 

by the collaborators of EPFL-LMR. The encapsulation material had to be changed from 

the one used for the multi-stage direct shear strength test, due to the use of higher 

normal and shear sresses. The encapsulating material was a special fast binding, high 

strength concrete of a 70 MPa uniaxial compressive and 5.6 MPa tensile strength. The 

recipe was developed at EPFL with the contribution of the BUTE-CMEG. Sika 

ViscoCrete-20Rapid was used to ensure the fast binding of the concrete. Due to the 

high strength of the concrete, only the granite samples were affected by the shear 

stress and no damage was observed on the concrete after the experiment. One part 

of the sample was placed in the concrete in a way that its sides were parallel to the 

sides of the sample holder, and its surface was parallel to the shear plane. The mixture 

was so dense that, during encapsulation, the concrete could hold the sample in position 

without letting it sink in the mixture; no additional fixing was needed. At this point, the 

top and bottom parts of the samples were still taped together. Once the concrete 

reached the desired strength, the encapsulation continued with the fixation of the other 

free half into concrete. First, the sample holder box was filled with concrete, and then 

the half which was ready was inserted into the mixture by keeping a distance between 
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the two halves with a metal distance keeper (Figure 4-10). After the concrete reached 

its final strength, the binding tape between the two halves of the specimen was cut, 

and the sample was ready to be used for the shear test. 8 pairs of samples were 

investigated (Appendix F). 

 

Figure 4-10 : Sample preparation for the 5 MPa and 10 MPa CNL direct shear tests 

4.3.4 Mont Terri Opalinus Claystone samples (MTOC) 

The two halves of the rock blocks or cores, from which the samples were formed, were 

taped together to keep a fixed position during the sample preparation. For the direct 

shear strength test, samples were cut by the collaborators of EPFL-LMR using the 

same saw as the BG2, but with a dry cutting method. Samples with a side length of 

50 mm were cut in a way that the natural shear surface would be parallel to the shear 

plane during the test. The orientation of the natural shear direction was also taken into 

consideration, so the samples were cut in a way that they could be sheared during the 

test in the direction of the natural shear direction as well. The base of the sample was 

cut parallel to the shear surface with a sample height that provided a minimum of 5 mm 

free height from the encapsulating material. The surface of the samples that got in 

direct contact with the encapsulating material received a sprayed waterproof paint 

layer to minimise the desaturation of the specimens. The encapsulating material was 

a special fast binding, high strength mortar from Sika, Sika FastFix-100. The mortar 
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was prepared following the instructions of the manufacturer. This material was suitable 

for bearing the nomal and shear stresses from the shear test, and its preparation was 

faster and easier than the one used for the multi-stage direct shear strength tests. First 

the bottom part of the sample was encapsulated, by positioning the sample in the 

middle of the sample holder box in a way that the sides of the specimen would be 

parallel to the sides of the sample holder box. The two halves of the samples at this 

point were still taped together. The mortar was poured around the specimen. After the 

mortar reached the desired strength, the top half of the specimen was encapsulated 

as well. First the sample holder box was filled with mortar and then the top half of the 

sample was placed in it. The two halves of the samples were still taped together, which 

allowed the sample holder boxes to be perfectly aligned at each side. At the same time, 

a distance keeping tool was used to maintain a fixed distance between the two sample 

holder boxes, and to provide a free area of the specimen where the shearing took 

place. After the mortar reached its final strength, the binding tape between the two 

halves of the specimen was cut, and the sample was ready to be used for the shear 

test. All together, 18 pairs of samples were examined, 4 parallel to the bedding, 14 with 

the natural shear plane enclosing an angle with the bedding (Appendix F). 

The sample preparation and encapsulation was based on the Suggestions of the ISRM 

(1974). Where the required minimum of 2,500 mm2 surface area was not possible to 

be respected, specimens with smaller areas (smallest: 1,590 mm2) were not excluded 

from the shear tests due to the limited number of samples obtainable with the 

suggested sample area. The maximum surface area was 5,770 mm2. Besides the 

square base of the MTOC and BG2, the shape of the samples varied as well from the 

suggestions. This was due to the unpredictable position of the shear surfaces within 

the rock blocks prior to sample preparation. 
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5. Evaluation procedure and test results 

In this chapter, a two-phase evaluation procedure is presented for the results of the 

direct shear strength tests along discontinuities performed on Bátaapáti Granites and 

Claystones and Mont Terri Opalinus Claystones. In the first phase evaluation, the raw 

test results are used for calculating the rock mechanical parameters by using simple 

equations and statistical methods (presented in Annex 1, Annex 2). All the samples 

belonging to the same sampling are evaluated together. This type of evaluation 

generally leads to a high deviation of the calculated parameters. For a more accurate 

estimation of the mechanical parameters of the tested rock types and a better 

understanding of their behaviour, a second phase of evaluation was introduced, which 

allows for further analysing the test results obtained from the first phase. This approach 

consists in: (i) modifying (when possible) the results of the first phase by applying 

appropriate corrections to account for the effect of certain parameters influencing shear 

strength; (ii) defining sample groupings according to specific criteria; (iii) analysing the 

results according to the different sample groupings defined. This chapter presents at 

first the description of two types of sample groupings; then, it details the first and 

second phases of evaluation. The sample groupings and the results from the first and 

the second phases of evaluation are summarised in Appendix G for each specimen, 

separately. 

5.1 Basic criteria for the definition of the sample grouping 

Lithology, either at the level of a rock surface or at the level of the internal structure of 

a rock, is undoubtedly a feature very susceptible to influence the shear strength 

parameters of a rock; the so-called “first sample grouping” was therefore based solely 

on the lithology. Another important parameter well-known for influencing the shear 

strength is the surface roughness, and the definition of the second sample grouping 

indeed includes this parameter. It was detailed previously that surface roughness can 

be determined from 2D or 3D surface detection measurements (methodologies 

described in Section 4.2.1). However, the latter approach allows not only to study the 

surface roughness of the rock sample, but also additional significant parameters 

influencing shear strength, that is, (i) the elevation of the sample surface in the direction 

of shear compared to shear plane and (ii) the pre-existing natural shear direction 
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compared to the one used in the laboratory (only for Opalinus Claystones). For 

Opalinus Claystones, moreover, the orientation of the bedding plane (determined from 

the first sample grouping) with respect to the natural shear also has an influence on 

shear strength. The second sample grouping is defined therefore taking into account 

all these parameters related to the features characterising the surface of a rock sample.  

5.1.1 First sample grouping, based on lithology 

Based on geological expertise, a precise determination of the surface lithologies of 

Bátaapáti Granites and Claystones was achieved. For the BG1, specimens with calcite 

covered surfaces were distinguished, while for the BC it was possible to define samples 

with microbrecciated surfaces (Table 5-1). The samples that did not have such features 

were further analysed based on their surface roughness in the second sample 

grouping.  

Table 5-1 : First sample grouping of BG1 and BC, based on lithology 

Group Sample 
Amplitude 

[mm] 
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[mm] 
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S17 6.6  S64 6.8 

S18 10.1  S65 9.1 

S19 7.2  S66 3.6 

S20 8.7     

For the MTOC the bedding plane was for some samples parallel, and for other samples 

enclosing an angle with the natural shear plane. As confirmed by geological expertise 

carried out at EPFL-LMR, the samples were found to be characterised by lamination 

of their layers after they were cut to their final shape; prior to their encapsulation, this 

angle was measured in the direction of the shear test (Figure 5-1). 
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Figure 5-1 : Mont Terri Opalinus Claystone rock block, before sample preparation. Red dotted 
lines indicate some of the bedding planes 

The measurement of the angle was carried out manually by a Bevel protactor. In case 

the angle beta (ß) between the bedding plane and the natural shear surface was 

greater than 0° (i.e. the bedding plane not parallel to the natural shear surface), the 

sample got encapsulated in the sample holder box in a way that shearing would be 

always against the direction (upslope) of the bedding plane (Figure 5-12a, Table 5-7). 

5.1.2 Second sample grouping, based on surface detection measurements 

5.1.2.1 2D displacement gauge method 

Only the amplitudes of the surface roughness were calculated, by subtracting the 

lowest value of height from the highest, along the measured line (Section 4.2.1.1). Four 

measurements were performed for each pair of specimens. The average amplitudes 

of each pair were considered as the base of the grouping of the samples. For the BG1, 

two sample groups were distinguished based on the values of the amplitudes: samples 

with rough and moderately rough surfaces. The specimens which had a calcite covered 

surface formed a separate group. Their amplitudes were calculated as well, but were 

not taken into consideration in the grouping. For the BC, similarly, two sample groups 

were formed based on the amplitudes, one characterised by rough and one by smooth 

surfaces (Table 5-2). The specimens which were microbrecciated formed a separate 

group and, just like for the granites featuring calcite covered surfaces, their amplitudes 

were calculated but not taken into consideration for the grouping (Buocz, 2010a). 
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Table 5-2 : Second sample grouping defined for the samples of BG1 and BC, based on 
measurements of the amplitude of their roughness and visual observation 

Group Sample 
Amplitude 

[mm] 
 Group Sample 

Amplitude 
[mm] 
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    S55 3.4 

For the samples where ‘no data’ is indicated in Table 5-2, no surface roughness 

measurements were taken; they were assigned to their respective group based on the 

visual observation of their surfaces. On the other hand, still based on visual 

observation, some samples had to be reallocated to another sample group, despite the 

values obtained from the surface roughness measurements. 

5.1.2.2 ShapeMetriX3D method 

After the 2D surface measurements in 2010, new opportunities opened for a 3D 

observation of the surface roughness with the help of the ShapeMetriX3D software. 

The imaging procedure is described in Section 4.2.1.2 From this 3D surface roughness 

measurement method, three main features of the rock samples were determined: i) the 

elevation of the sample surface in the direction of shear compared to the shear plane, 

ii) the pre-existing natural shear direction compared to the one used in the laboratory 

(only for Opalinus Claystones), iii) the surface roughness. This analysis was carried 

out on the MTOC and the BG2. (For the better understanding of the statistical terms 

and methods used for the evaluation of the 3D surface detection, a glossary was 

compiled in Annex 1). 
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i) Elevation of the sample surface in the direction of shear compared to the shear plane 

The specimen in the bottom sample holder box was always the object of the analysis, 

at this level of the evaluation (Figure 5-2a). The 3D surface of a sample was stored as 

a point cloud in CSV format. This point cloud contained not only the coordinates of the 

surface of the image, but also those of the encapsulating material around it and the 

surface of the sample holder box. Based on the JPG (Figure 5-2b) and DXF (Figure 

5-2c) formats of the imaged area (also produced by the software), the coordinates 

belonging to the sample surface were separated from the coordinate points belonging 

to the surface of the sample holder box (Figure 5-2d). 

 

Figure 5-2 : Procedure of separation of the coordinates that belong to the sample surface and 
the top surface of the shear box, i.e. the shear plane. a) Image of the encapsulated bottom pair 

of a specimen; b) 3D JPG image from the ShapeMetriX3D software: the selected zone of the 
sample is marked in orange, the selected zones of the sample holder boxes are marked in blue; 
c) 3D DXF image from the ShapeMetriX3D software: the selected zone of the sample is marked 
in orange colour, the selected zones of the sample holder boxes are marked in blue; d) 3D DXF 

image only with the selected zones of the sample and the sample holder box. 
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By using the selected coordinates, the two surfaces were analysed separately in R, an 

open source software for statistical computing (R_Core_Team, 2008). For each 

surface, a linear regression plane was computed (Figure 5-3, Appendix H, Appendix I).  

 

Figure 5-3 : Calculation of linear regression planes from the point clouds belonging to the 
sample surface and the top part of the shear box (i.e. shear plane) in the R-Studio software. 

The point cloud in the ShapeMetrix3D was defined in a global coordinate system, 

whose (X, Z) plane was parallel to the (X1, -Z1) plane of the side face of the sample 

holder box, on which it was standing during the imaging. The plane of the top part of 

the sample holder box was equivalent to the shear plane, based on its position in the 

shear machine. This plane was perpendicular to the side of the sample holder box - 

i.e. the (X1, -Z1) plane. The direction of shear was parallel to the direction of the longer 

side of the sample holder box, based on its orientation in the shear machine (Figure 

5-4). 
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Figure 5-4 : Definition of shear plane, direction of shear and the (X, Z) imaging plane 

In order to determine the angle alpha (α) between the plane of the linear regression 

plane of the sample surface and the shear plane, i.e. the elevation of the sample 

surface in the direction of shear compared to the shear plane, two angles had to be 

calculated first: (i) the angle between the direction of shear and the X axis, and (ii) the 

angle between the trace of the regression plane of the sample surface and the X axis 

(Figure 5-5). If in the direction of shear the steepness of the plane of the surface of the 

sample was greater than the one of the shear plane, the shearing took place 

downslope (Figure 5-5a); if it was the opposite, the shearing took place upslope (Figure 

5-5b). 
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Figure 5-5 : Calculation of the elevation of the sample surface in the direction of shear 
compared to the shear plane: a) situation for downslope shearing, b) situation for upslope 

shearing 

With the help of the equations of the two regression planes extracted from R 

(Appendix H), the elevation of the surface of the sample with respect to the shear plane 

in the direction of shear was calculated in MS Excel (Figure 5-6). This calculation was 

used only for BG2 (Table 5-3) and MTOC (Table 5-4). The tilting of the sample 

perpendicular to the shear direction was not taken into consideration at this level of the 

evaluation. 
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Figure 5-6 : Example for the quantification of the elevation of the sample surface in the 
direction of shear compared to the shear plane 

Table 5-3 : Grouping of the specimens of BG2, based on the angle between the shear plane of 
the test and the sample surface. “No data” means lack of surface detecting measurement 

Group Sample 
Angle between shear plane 

and sample surface 
[deg] 

Downslope shear 

S108 -2.8 

S106 -2.6 

S103 -2.4 

Upslope shear 

S105 1.6 

S104 1.8 

S107 2.1 

No surface detection 
measurement 

S101 no data 

S102 no data 

Table 5-4 : Grouping of the samples of MTOC, based on the angle between the shear plane of 
the test and the sample surface 

Group Sample 
Angle between shear plane 

and sample surface 
[deg] 

Downslope shear 

MT_S3_3 -3.4 

MT_S8_1 -2.7 

MT_S5_1 -2.0 

MT_S2_2 -1.8 

MT_S7_1 -1.0 

MT_S8_4 -0.3 

Straight shear 
MT_S7_3 0.0 

MT_S7_2 0.0 

Upslope shear 

MT_S8_6 0.1 

MT_S6_1 0.4 

MT_S6_2 0.7 

MT_S9_1 1.3 

MT_S2_1 1.6 

MT_S9_2 2.3 

MT_S1_1 2.9 

MT_S8_3 4.4 

MT_S1_2 7.6 

MT_S3_2 7.6 
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ii) Pre-existing natural shear direction compared to the one used in the laboratory (only 

for Opalinus Claystones): 

Prior to the direct shear strength test, the MTOC were subjected to shearing in their 

natural environment. The tests were carried out both along and against the natural 

shear direction, randomly, as it would usually happen during a typical first phase 

evaluation (see Section 5.1). The sample surfaces were partially back-analysed from 

the DXF files from the ShapeMetriX3D surface imaging (Figure 5-7) in those cases 

where, from the visual analysis, the natural shear direction was not evident (Figure 

5-8). 

 

Figure 5-7 : Determination of the natural shear direction from DXF files 

During the visual analysis, the shape of the naturally sheared off surfaces indicated 

the original shear direction. In Figure 5-8, for the investigated specimen, the naturally 

sheard off zones indicate a clear view of the direction of scaling, from left to right. From 

this observation it can be concluded that, in case the top half of the rock was fixed, the 

bottom part moved from right to left. During the shear test, the top half was fixed and 

the bottom part moved from left to right, thus the natural shear direction was opposite 

to the direction of shear. For each sample of the Mont Terri Opalinus Claystones it was 

therefore determined whether the direct shear tests were carried out in the direction or 

against the direction of the natural shearing (Table 5-5). The pictures referring to each 

sample pair can be found in Appendix F. 
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Figure 5-8 : Determination of the natural shear direction from visual observation 

Table 5-5 : Sample grouping based on the direction of the natural shear and the direct shear 
test 

Group name Sample 

Natural shear 
direction is 

opposite to the 
direction of the 

shear test 

MT_S1_1 

MT_S1_2 

MT_S2_1 

MT_S2_2 

MT_S3_3 

MT_S6_2 

MT_S7_1 

MT_S8_4 

MT_S9_1 

Natural shear 
direction is the 

same as the 
direction of the 

shear test 

MT_S3_2 

MT_S5_1 

MT_S6_1 

MT_S7_2 

MT_S7_3 

MT_S8_1 

MT_S8_3 

MT_S8_6 

MT_S9_2 

iii) Surface roughness: 

The determination of the surface roughness was based on the same linear regression 

planes obtained from R for the surface modelling, explained in point i) in this Section. 

The regression plane was calculated with the least squares method. Next, distances 

were calculated from the points of the point cloud, representing the surface of the 

sample, to the regression plane. Due to the uneven distribution of the point cloud, a 

1 x 1 mm grid was superimposed to the regression plane and, for each cell, one single 

distance value was calculated. These values model the surface roughness of a sample. 

The quantification and subsequent classification of the surface roughness was based 

on frequency diagrams, representing the statistical frequency of the distance values 
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obtained for each 1 mm2 cell. In particular, for building each diagram, the range of 

distance values were divided into class intervals of 0.1 mm and the associated 

frequency values were computed (Figure 5-9). 

 

Figure 5-9 : Quantification of the surface roughness with frequancy diagrams 

From each frequency diagram, the 90 % of the values were taken into consideration in 

the further evaluation, by neglecting the values under the 5th and above the 95th 

percentiles. On Figure 5-10, the green columns correspond to the selected 90% and 

the red ones to cumulative frequencies lower than 5% and higher than 95%. The 

frequency diagrams are presented in Appendix H for each sample, separately. 

 

Figure 5-10 : Frequency diagram of the average distances computed for each cell of the grid of 
the regression plane fitted over the sample surface. In green, the 90% of the frequency values; 

in red, the 5th and 95th percentiles of the distribution. 
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The surfaces were categorised into three groups, as follows: samples with smooth, 

with moderately rough and rough surfaces (Table 5-6). First, the frequency diagrams 

were rearranged into cumulative frequency diagrams (such that the negative values 

on the original frequency diagram were taken in absolute value, i.e. the frequencies of 

the same surface point distance in positive and negative direction were summed up in 

the increasing order of distance from the regression plane). By representing the 

cumulative frequency diagrams for all the samples on the same plot (Appendix K), 

three areas  were distinguished in the obtained diagram (Figure 5-11): 

- a first area (coloured in red and marked as “S”=“Smooth”) which 

corresponds to distance values greater than the median, but smaller than 

0.25 mm from the regression plane; 

- a second (green colour, marked with “MR”=“Moderately Rough”), 

corresponding to values greater than the median, but between 0.25 and 

1.0 mm; 

- finally, a third area (coloured in blue, marked as “R”=“Rough”), which is 

for distance values from the regression plane corresponding to 

cumulative frequencies lower than 70% and greater than 1.0 mm. 

A curve representing the sample surface can be classified into one of the three sample 

groups defined, smooth, moderately rough or rough, based on its path through the 

three predefined areas: 

Smooth surface   =  S or S + MR, 

if in both cases 0 mm displacement  10 % 

cumulative frequency 

Moderately rough surface =  MR or S + MR + R 

Rough surface   = R or MR + R 
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Figure 5-11 : Sample classification, based on the computed average distances of the surface 
points from the regression plane and the cumulative distribution of the frequencies of these 

distances. Three domains can be defined in the diagram: (S), corresponding to “smooth” 
surfaces; (MR), correspoding to “moderately rough” surfaces; (R), defining “rough” surfaces 

Table 5-6 : Sample grouping based on surface roughness for MTOC and BG2 

Rock 
type 

Group 
name 

Sample 
name 
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rough surface 

S106 

MT_S3_2  S107 

MT_S5_1  S108 

MT_S7_1  Rough surface S105 
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Moderately 
rough surface 
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5.1.2.3 Determination of the relationship between bedding plane and shear 

surface  

Although this grouping belongs to the second sample grouping, it is based on the 

results of both lithology and surface detection. Only MTOC were investigated with this 

method. Since the shear plane of the shear strength test was not always parallel to the 

natural shear plane, a modified value of ß, i.e. γ, was calculated, by adding or 

subtracting the angle α defining the orientation of the natural shear plane compared to 

the shear plane of the shear strength test (see Section 5.1, point i). Figure 5-12b) 

describes this configuration. Some samples were therefore sheared in the direction of 

the bedding (downslope). The values of ß and γ and the sample grouping are listed in 

Table 5-7.  

 

Figure 5-12 : a) Angle ß between the bedding plane and the natural shear surface, b) angle γ= 
angle ß modified with the effect of the orientation of the natural shear plane compared to the 

shear plane of the shear strength test 

Table 5-7 : Sample grouping based on the orientation of the bedding with respect to the shear 
direction, for MTOC 

Group Sample 
Angle between bedding 

plane and sample 
surface (ß) [deg] 

Angle between 
bedding and shear 
surface (γ) [deg] 
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MT_S8_3 8.0 3.6 

MT_S1_2 12.5 4.9 

MT_S8_1 9.0 6.3 

MT_S3_2 14.0 6.4 

MT_S2_2 10.0 8.2 

MT_S8_6 9.7 9.6 

MT_S8_4 11.0 10.7 

MT_S1_1 22.5 19.6 

MT_S5_1 23.0 21.0 

MT_S6_2 48.0 47.3 

MT_S6_1 48.0 47.6 

MT_S7_1 49.0 48.0 

MT_S7_3 49.0 49.0 

MT_S7_2 49.0 49.0 
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5.2 First phase evaluation - test results from direct shear strength 

tests 

In this section, the test results of both single-stage and multi-stage direct shear strength 

tests are shown for the Bátaapáti Granites and Claystones and the Mont Terri Opalinus 

Claystones. The goal of the first phase evaluation is to give a picture of the range of 

values obtained from the shear tests for parameters such as shear strength, friction 

coefficient, friction angle and apparent cohesion, based on the way tests are generally 

evaluated in the laboratory according to current procedures used in practice. The 

definition of the parameters and their symbols are based on those defined by the ISRM 

(ISRM, 1974 and 2015). These calculations are detailed in Annex 2. 

5.2.1 Bátaapáti Granites from the first sampling (BG1) – multi-stage direct shear 

strength test results 

The purpose of multi-stage direct shear strength tests is to be able to provide rock 

mechanical parameters to be used in stability analyses. The used procedure was 

already presented in Chapter 4.2.2.1. The envelope of the peak and residual shear 

strength values obtained from each test is modelled by a Coulomb line, from which the 

friction angle and the apparent cohesion are calculated. Finally, an interval of values 

is determined, including average values and standard deviation. For the Bátaapáti 

Granites, test results obtained previously in 2010 (Buocz, 2010a) were re-evaluated, 

measurements up to 5 stages were considered. Due to the complex geometry of the 

samples and the uncertainty of the constant state of the shear velocity, the nominal 

area was considered throughout the calculations. 

Results for peak conditions: 

A Coulomb line was fitted to the peak shear strength values for each shear test 

separately, in function of the normal stress (Figure 5-13). From the slope of these lines, 

the peak friction angle and the apparent cohesion were calculated. A single friction 

angle and apparent cohesion characterising the rock type were also calculated from 

the average of the individual shear tests (Table 5-8). 
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Figure 5-13 : Multi-stage direct shear strength test results for BG1. Each marker type of a given 
colour belongs to one specimen, the trendline of the same colour is the corresponding 

Coulomb line 

Results for residual conditions: 

Exactly the same procedure as the one presented for the peak conditions was carried 

out for the residual state (Figure 5-14, Table 5-8). Where no value for the friction angle 

and apparent cohesion is presented in Table 5-8 (‘no data’), the test did not provide 

enough data to determine a Coulomb line (e.g. only one stage); nevertheless, its 

strength values are included in the further process of the evaluation. 

 

Figure 5-14 : Multi-stage direct shear strength test results for BG1. Each marker type of a given 
colour belongs to one specimen, the trendline of the same colour is the corresponding 

Coulomb line 
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Table 5-8: Multi-stage direct shear strength test results for BG1 according to the first phase 
evaluation. Peak and residual friction angles and apparent cohesion values were calculated. 

Sample 
Peak friction 

angle 
[deg] 

Peak apparent 
cohesion 

[MPa] 

Residual friction 
angle 
[deg] 

Residual 
apparent 
cohesion 

[MPa] 

S4 no data no data no data no data- 

S6 17.5 0.68 21.1 0.22 

S9 27.4 0.09 18.0 0.12 

S10 13.1 0.83 7.2 0.25 

S11 20.4 0.82 29.9 0.24 

S12 28.1 0.85 30.0 0.75 

S13 20.1 0.47 17.9 0.39 

S14 16.8 0.62 18.8 0.38 

S15 26.5 0.48 19.5 0.51 

S16 8.1 0.36 25.3 0.08 

S17 25.2 0.08 20.2 0.10 

S18 13.1 0.56 16.6 0.32 

S19 16.4 0.62 14.6 0.56 

S20 17.0 1.13 15.8 1.01 

Average: 19.2 0.60 19.6 0.4 

Minimum: 8.1 0.08 7.2 0.08 

Maximum: 28.1 1.13 30.0 1.01 

Standard 
deviation: 

6.2 0.30 6.2 0.27 

5.2.2 Bátaapáti Claystones (BC) – multi-stage direct shear strength test results 

Similarly to the BG1, multi-stage direct shear strength tests were carried out on the 

BC. The results were re-evaluated compared to a previous evaluation carried out in 

2010 evaluation (Buocz, 2010a). In the work presented here, only the first 5 stages 

were considered for each test for the specimens investigated. Low constant normal 

stresses were applied, up to 2 MPa.; this way, the increase of the normal load between 

two stages was not significantly high. The peak and residual strength values of each 

test were approximated with a Coulomb line, to determine friction angle and apparent 

cohesion. As done for BG1, an interval of values was determined, including average 

values to represent parameters typical for the BC. Due to the complex geometry of the 

samples and the uncertainty affecting the shear velocity, the test results were analysed 

taking into consideration only the nominal area. 

Results for peak conditions: 

The peak shear strength values of the BC were evaluated for each test separately, and 

represented together on the same shear stress – shear displacement diagram (Figure 

5-15). The friction angle and the apparent cohesion were determined from each 
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Coulomb line fitted to the values obtained from each test (Table 5-9). Finally, from their 

average value, one single friction angle and apparent cohesion were calculated. 

 

Figure 5-15 : Multi-stage direct shear strength test results for BC. Each marker type of a given 
colour is referred to one specimen; the trendline of the same colour is the corresponding 

Coulomb line 

Results for residual conditions: 

For the residual state the calculation and representation of the test results followed the 

same procedure as the one used for the peak conditions (Figure 5-16, Table 5-9). 

 

Figure 5-16 : Multi-stage direct shear strength test results for BC. Each marker type of a given 
colour is referred to one specimen; the trendline of the same colour represents the 

corresponding Coulomb line 
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Table 5-9 : Multi-stage direct shear strength test results for BC, according to the first phase 
evaluation: peak and residual internal angle of friction and ’apparent cohesion’ 

Sample 
Peak friction 

angle 
[deg] 

Peak apparent 
cohesion 

[MPa] 

Residual friction 
angle 
[deg] 

Residual 
apparent 
cohesion 

[MPa] 

S51 14.9 -0.10 12.4 -0.09 

S52 7.9 -0.03 7.9 -0.03 

S53 12.1 0.00 12.7 -0.02 

S55 12.1 0.04 11.7 0.04 

S56 16.2 -0.02 16.3 -0.03 

S57 8.4 0.01 9.1 0.01 

S58 17.8 -0.05 18.3 -0.07 

S59 16.2 0.00 15.2 0.00 

S60 20.6 -0.05 12.3 0.01 

S61 19.3 -0.03 18.2 -0.02 

S62 21.3 -0.02 21.3 -0.02 

S63 20.6 -0.05 21.4 -0.10 

S64 14.5 -0.02 16.2 -0.05 

S65 7.0 0.03 5.1 0.04 

S66 16.1 0.01 11.7 0.03 

Average: 14.5 -0.01 14.0 -0.02 

Minimum: 7.0 -0.10 5.1 -0.10 

Maximum: 21.3 0.04 21.4 0.04 

Standard 
deviation: 

4.5 0.04 4.7 0.04 

5.2.3 Bátaapáti Granites from the second sampling (BG2) – single-stage direct 

shear strength test results 

The mechanical behaviour of BG2 was investigated by performing single-stage shear 

strength tests. Two values of constant normal stresses were selected for these tests, 

namely, 5 MPa and 10 MPa. More particularly, eight samples were examined: four 

were tested under a 5 MPa constant normal stress, and four under 10 MPa. From the 

results of these tests, no friction angle or apparent cohesion were determined, only 

values for peak and residual shear strength, as well as values for the friction coefficient 

for each normal load (Table 5-10). Due to the simple geometry of the samples and the 

constant velocity of shear, it was possible to take into consideration the constant 

decrease of the nominal area during the test. Thus, the calculation of shear strength 

and corresponding normal stress based on the decrease of the nominal area was this 

time possible (Table 5-11). The shear strength values obtained when the modification 

of the nominal area during the test is taken into account  are denoted all throughout 

the work as modA. In the corresponding calculations, the nominal area was substituted 

by the value computed during the shearing phase. Where no values for the peak 
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conditions are listed, the curves corresponding to those samples did not show any kind 

of peak behaviour, and reached their residual state immediately (Appendix L). 

Table 5-10: Single-stage direct shear strength test results for BG2, according to the first phase 
evaluation. Peak and residual shear strength and friction coefficient values are listed with the 

corresponding normal stress values. 

Sample 

Peak 
shear 

strength 
[MPa] 

Corresponding 
normal stress 

[MPa] 

Peak 
friction 

coefficient 
[-] 

Residual 
shear 

strength 
[MPa] 

Corresponding 
normal stress 

[MPa] 

Residual 
friction 

coefficient 
[-] 

S101 6.62 9.86 0.67 5.43 9.90 0.55 

S102 no data no data  no data 6.97 9.93 0.70 

S103 7.99 10.47 0.76 3.75 10.47 0.36 

S104 8.53 8.95 0.95 6.31 8.88 0.71 

Average: 7.71 9.76 0.80 5.61 9.79 0.58 

Minimum: 6.62 8.95 0.67 3.75 8.88 0.36 

Maximum: 8.53 10.47 0.95 6.97 10.47 0.71 

Standard 
deviation: 

0.99 0.76 0.14 1.39 0.66 0.17 

S105 5.06 4.93 1.03 3.70 4.93 0.75 

S106 no data no data no data 3.23 5.18 0.62 

S107 4.04 5.73 0.71 3.71 5.73 0.65 

S108 2.09 5.18 0.40 2.05 5.10 0.40 

Average: 3.73 5.28 0.71 3.17 5.24 0.61 

Minimum: 2.09 4.93 0.40 2.05 4.93 0.40 

Maximum: 5.06 5.73 1.03 3.71 5.73 0.75 

Standard 
deviation: 

1.51 0.41 0.31 0.78 0.34 0.15 

Table 5-11 : Single-stage direct shear strength test results for BG2, according to the first phase 
evaluation. Peak and residual shear strength values are listed with the corresponding normal 
stress values. The effect of the decreasing nominal area is taken into consideration and noted 

with ’modA’. 

Sample 
Peak shear 

strength 
(modA) [MPa] 

Corresponding 
normal stress 

(modA) 
[MPa] 

Residual shear 
strength 
(modA) 
[MPa] 

Corresponding 
normal stress 

(modA) 
[MPa] 

S101 6.77 10.17 5.65 10.50 

S102 no data no data 7.41 10.63 

S103 8.30 10.89 4.12 11.61 

S104 8.68 9.11 6.70 9.45 

Average: 7.92 10.06 5.97 10.55 

Minimum: 6.77 9.11 4.12 9.45 

Maximum: 8.68 10.89 7.41 11.61 

Standard deviation: 1.01 0.90 1.43 0.89 

S105 5.23 5.11 3.94 5.26 

S106 no data no data 3.42 5.49 

S107 4.23 5.98 4.08 6.25 

S108 2.13 5.29 2.15 5.36 

Average: 3.86 5.46 3.40 5.59 

Minimum: 2.13 5.11 2.15 5.26 

Maximum: 5.23 5.98 4.08 6.25 

Standard deviation: 1.58 0.46 0.88 0.45 
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5.2.4 Mont Terri Opalinus Claystones (MTOC) – single stage direct shear strength 

test results 

The samples from Mont Terri were all examined under a 1 MPa normal stress. The 

results of eighteen pairs of specimens were evaluated and, for each specimen, peak 

and residual shear strength and friction coefficient values were determined (Table 

5-12). For the MTOC, the geometry of the sample surfaces was described as a square, 

as done for BG2. The continuous decrease of the area all along the test (modA) could 

therefore be taken into consideration in this case as well (Table 5-13). Where no values 

for the peak shear strength are listed (i.e. lack of a peak value), the sample either 

reached its residual state immediately, as in the case of BG2, or, particularly for this 

type of rocks, the shear stress-shear displacement curve continuously rose throughout 

the imposed 5 mm shear displacement.  

Table 5-12 : Single-stage direct shear strength test results for MTOC, according to the first 
phase evaluation. Peak and residual shear strength and friction coefficient values are listed for 

1 MPa constant normal stress. 

Sample 
Peak shear 

strength 
[MPa] 

Peak friction 
coefficient [-] 

Residual 
shear strength 

[MPa] 

Residual 
friction 

coefficient [-] 

MT_S1_1 0.477 0.481 0.500 0.457 

MT_S1_2 no data no data 0.647 0.648 

MT_S2_1 0.501 0.631 0.516 0.461 

MT_S2_2 0.467 0.460 0.408 0.368 

MT_S3_2 0.777 0.778 0.568 0.569 

MT_S3_3 0.414 0.414 0.406 0.367 

MT_S5_1 no data no data 0.410 0.375 

MT_S6_1 no data no data 0.486 0.446 

MT_S6_2 no data no data 0.550 0.499 

MT_S7_1 no data no data 0.416 0.381 

MT_S7_2 0.616 0.616 0.430 0.430 

MT_S7_3 0.576 0.576 0.534 0.498 

MT_S8_1 0.322 0.322 0.321 0.295 

MT_S8_3 0.394 0.444 0.302 0.286 

MT_S8_4 0.439 0.439 0.415 0.372 

MT_S8_6 0.398 0.399 0.389 0.355 

MT_S9_1 no data no data 0.391 0.391 

MT_S9_2 0.393 0.393 0.373 0.372 

Average: 0.481 0.579 0.448 0.421 

Minimum
: 

0.322 0.322 0.302 0.286 

Maximu
m: 

0.777 1.393 0.647 0.648 
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Standard 
deviation

: 
0.124 0.285 0.090 0.092 

The residual shear strength and corresponding normal stress values are found for a 

shear displacement of approximately 4 mm. In those cases where at 4 mm the residual 

state was not yet reached, the samples showed the typical residual behaviour only 

towards the end of the shear test, for a shear displacement of about 5 mm 

(Appendix L). The corresponding values obtained for the residual strength are marked 

in bold letters in Table 5-12 and Table 5-13.  

Table 5-13 : Single-stage direct shear strength test results for MTOC, according to the first 
phase evaluation. Peak and residual shear strength values are listed with the corresponding 

normal stress values. The effect of the decreasing nominal area on peak and residual strength 
is taken into consideration; the corresponding values are indicated as ’modA’. 

Sample 

Peak shear 
strength  
(modA) 
[MPa] 

Correspondin
g normal 

stress (modA) 
[MPa] 

Residual 
shear strength  

(modA) 
[MPa] 

Correspondin
g normal 

stress (modA) 
[MPa] 

MT_S1_1 0.503 1.045 0.500 1.093 

MT_S1_2 no data no data 0.716 1.105 

MT_S2_1 0.550 1.099 0.516 1.119 

MT_S2_2 0.495 1.077 0.408 1.108 

MT_S3_2 0.848 1.091 0.637 1.119 

MT_S3_3 0.440 1.062 0.406 1.106 

MT_S5_1 no data no data 0.410 1.093 

MT_S6_1 no data no data 0.486 1.090 

MT_S6_2 no data no data 0.550 1.103 

MT_S7_1 no data no data 0.416 1.092 

MT_S7_2 0.657 1.065 0.479 1.113 

MT_S7_3 0.598 1.039 0.534 1.073 

MT_S8_1 0.338 1.050 0.321 1.090 

MT_S8_3 0.411 1.044 0.302 1.057 

MT_S8_4 0.473 1.076 0.415 1.114 

MT_S8_6 0.415 1.040 0.389 1.097 

MT_S9_1 no data no data 0.426 1.089 

MT_S9_2 0.412 1.049 0.415 1.114 

Average: 0.512 1.061 0.463 1.099 

Minimum
: 

0.338 1.039 0.302 1.057 

Maximu
m: 

0.848 1.099 0.716 1.119 

Standard 
deviation

: 
0.138 0.020 0.103 0.016 
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5.3 Second phase evaluation - test results from direct shear strength 

tests, based on the sample groupings 

The first phase evaluation gives a rough picture of the overall behavior of the 

investigated rocks. As showed previously (Section 5.1.1, Section 5.1.2), the second 

phase evaluation was performed by introducing new factors influencing the shear 

strength, defining sample groupings based on these factors, and taking these new 

factors into account in the analysis of the tests results in addition to the raw results 

from the first phase evaluation. In the first part of this Section, test results from the first 

phase evaluation were subdivided according to the sample groups presented in 

(Section 5.1.1, Section 5.1.2) and, if possible, previously corrected (modification 

modA). 

5.3.1 Bátaapáti Granites from the first sampling (BG1) 

The rock mechanical properties of BG1 were treated separately for what concerns 

peak and residual conditions. The samples were subdivided into 3 groups, based on 

their joint surface properties and lithology. The results are grouped accordingly. 

The results obtained from multi-stage direct shear strength tests were evaluated by 

determining friction coefficients and apparent cohesion values for each group (Buocz, 

2010a), i.e. samples presenting joints with moderately rough surface, joints with rough 

surface and joints with calcite covered surface. In addition, these results were also re-

evaluated according to a different approach, based on Barton (2013), who states the 

non-existence of the cohesion/apparent cohesion for open joints, proposing instead 

the existence of higher friction angles under smaller normal loading conditions.  

Joints with moderately rough surface: 

In the second phase evaluation the test results from the multi-stage direct shear 

strength tests run for the samples falling in a given sample group were considered as 

one (global) data set for that group. Both the peak and the residual values were 

interpreted by defining one Coulomb line (Figure 5-17a,c), from which a friction angle 

and an apparent cohesion could be determined. On the other hand, the test data were 

evaluated with a different approach as well, by fitting a square root-function to them 

(Figure 5-17b,d). According to the latter method, different friction angle and apparent 

cohesion values can be determined for each normal stress. On this basis, a minimum 
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and a maximum normal stress allowing for the computation of friction angle and 

apparent cohesion for all the three sample groups were established, (Appendix M). 

The minimum normal stress value considered was 0.45 MPa, the maximum 3.35 MPa 

(Table 5-14). The values of peak friction angle computed for the selected minimum and 

maximum normal stresses defined an interval of 17.8°; for the residual friction angle, 

this interval was 17.1°. For the peak apparent cohesion the interval was found to be 

0.590 MPa and for residual apparent cohesion 0.522 MPa. 

 

Figure 5-17 : Staged shear strength test results for moderately rough surfaces of the BG1, as 
obtained by fitting: a) a Coulomb line to the peak shear strength values, b) a square root-
function curve to the peak shear strength values , c) a Coulomb line to the residual shear 
strength values and d) a square root-function curve to the residual shear strength values. 

Table 5-14 : Friction angles and apparent cohesions of BG1 for moderately rough surfaces, 
evaluated by fitting a Coulomb line and a square root function to the test data 

Joints with rough surface: 

Approach 
Normal 

stress [MPa] 

Peak Residual 

friction angle 
[°] 

apparent 
cohesion 

[MPa] 

friction angle 
[°] 

apparent 
cohesion 

[MPa] 

Coulomb line 
all normal 
stresses 

17.6 0.752 18.0 0.585 

square root 
function 

0.45 33.2 0.342 30.6 0.302 

3.35 15.2 0.932 13.5 0.824 
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Following the same methodology as for the sample group with moderately rough 

surfaces, the direct shear strength test results were evaluated following the same two 

approaches: the Coulomb line and square root function, both for peak and residual 

conditions (Figure 5-18). For the curves represented by the square root function, the 

friction angle and the apparent cohesion were determined for the same normal stress 

values defined before (0.45 MPa and 3.35 MPa). The interval of the peak friction angle 

associated to these two normal stresses was 17.4°, and for residual friction angles 

16.1°; the interval of the peak apparent cohesion  was 0.555 MPa and the one for the 

residual apparent cohesion 0.462 MPa. 

 

Figure 5-18 : Staged shear strength test results for rough surfaces of the BG1, as obtained by 
fitting: a) a Coulomb line to the peak shear strength values, b) a square root-function curve to 
the peak shear strength values, c) a Coulomb line to the residual shear strength values and d) 

a square root-function curve to the residual shear strength 

Table 5-15 : Friction angles and apparent cohesions of BG1 for rough surfaces, evaluated by 
the fitting a Coulomb line and a square root function to the test data 

Approach 
Normal 

stress [MPa] 

Peak Residual 

friction angle 
[°] 

apparent 
cohesion 

[MPa] 

friction angle 
[°] 

apparent 
cohesion 

[MPa] 

Coulomb line 
all normal 
stresses 

19.2 0.604 16.8 0.435 

square root 
function 

0.45 31.8 0.321 28.2 0.268 

3.35 14.4 0.876 12.1 0.730 
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Joints with calcite covered surface: 

The third group of the BG1 contained the specimens whose surface was covered with 

calcite. Their evaluation followed the same procedure as for the other two groups. First 

Coulomb lines were fitted to the peak and the residual shear strength values, from 

which the peak and the residual friction angle was calculated, as well as the apparent 

cohesion. Then, by using the square root function approach, the values of friction angle 

and the apparent cohesion were calculated for the two chosen normal stress values, 

just as before, together with the magnitude of the intervals that the computed values 

define (Figure 5-19). In particular, for the peak friction angle this interval is 17.8°, for 

the residual 17.1°, for the peak apparent cohesion 0.580 MPa and for the residual 

apparent cohesion 0.521 MPa (Table 5-16). 

 

Figure 5-19 : Staged shear strength test results for calcite covered surfaces of the BG1, as 
obtained by fitting: a) a Coulomb line to the peak shear strength values, b) a square root-
function curve to the peak shear strength values, c) a Coulomb line to the residual shear 
strength values and d) a square root-function curve to the residual shear strength values. 

Table 5-16 : Friction angles and apparent cohesions of BG1 for calcite covered surfaces, 
evaluated by fitting a Coulomb line and a square root function to the test data 

Approach 

Normal 
stress [MPa] 

Peak Residual 

friction angle 
[°] 

apparent 
cohesion 

[MPa] 

friction angle 
[°] 

apparent 
cohesion 

[MPa] 
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5.3.2 Bátaapáti Claystones (BC) 

The BC were subdivided into three groups based on their surface properties: samples 

characterised by joints with smooth surface, rough surface and microbrecciated 

surface. The results of the direct shear strength tests were analysed according to this 

classification. Peak and residual strength values were treated separately. Contrary to 

the granites, no square root function curves were fitted to the results, as for they 

showed linear trends. The Coulomb line determined for the values started from 0 shear 

strength and normal stress, thus fitting the assumption of Barton about no presence of 

any type of cohesion for open joints (Barton, 2013). 

Joints with smooth surface: 

In the second phase evaluation for smooth joints, similarly to the BG1, the results from 

the separate multi-stage direct shear strength tests for sampling belonging to a given 

group were treated as one set of data for that same group. For the investigated nomal 

stress domain (0.14 – 1.36 MPa), a Coulomb line described the results sufficiently well, 

for both peak and residual conditions, although they are characterised by quite a 

marked scattering (Figure 5-20). The peak friction angle computed is 10.4° and the 

residual 8.4°. 

 

Figure 5-20 : Peak and residual staged shear strength test results for smooth surfaces of the 
BC, as obtained by fitting a Coulomb line to the data. 

Coulomb line 
all normal 
stresses 

21.8 0.400 20.4 0.315 

square root 
function 

0.45 32.7 0.336 30.6 0.302 

3.35 14.9 0.916 13.5 0.823 
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Joints with rough surface: 

For joints with rough surface, the Coulomb lines fitted to the results obtained from the 

multi-stage direct sear strength tests, describe the failure very precisely both in terms 

of peak and residual conditions. The value of the R2 coefficient in both cases is higher 

than 95 % (Figure 5-21). The obtained peak friction angle is 15.7° and the residual 

14.8°. 

 

 

 

Figure 5-21 : Peak and residual staged shear strength test results for rough surfaces of the BC, 
as obtained by fitting a Coulomb line to the data. 

Joints with microbrecciated surface: 

For samples with microbrecciated surfaces, the shear strength test results in both peak 

and residual condition follows a linear trend, thus a Coulomb line models them 

sufficiently well (Figure 5-22). The peak friction angle determined is 16.4° and the 

residual 14.2°. 
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Figure 5-22 : Peak and residual staged shear strength test results for microbrecciated surfaces 
of the BC, as obtained by fitting a Coulomb line to the data. 

5.3.3 Bátaapáti Granites from the second sampling (BG2) 

The regular geometry of the sample surfaces and the surface detection measurements 

allowed to carry out two main modifications on the test results. One was already 

presented in Section 5.2.3 and Section 5.2.4, and concerns the increase of the rock 

strength with the decreasing nominal area during the shear test (modA). Towards the 

end of the predefined 5 mm shear displacement, the discrepancy between the shear 

stress computed with the modified values of the sample area and the shear stresses 

calculated with the nominal area gradually increase (Figure 5-23). The modified values 

have already been listed in Table 5-11, for the BG2. This modification should in fact be 

carried out already in the first phase evaluation, when possible. In what follows, 

modified values of the area of the sheared surface will be taken into consideration in 

the evaluation. 

 

Figure 5-23 : Typical Shear stress – Shear displacement curve for BG2. Green plot: results 
calculated with the nominal area; red plot: results calculated after taking into consideration the 

effect of the decreasing sample surface area (modA) 

The second modification is due to the encapsulation of the specimens. In Section 5.1 

the samples were grouped as if the shear test was carried out upslope or downslope, 

regarding the relationship between the shear plane and the regression plane fitted to 

the sample surface. Based on the corresponding grouping, the results were further 

modified by using the theory of Patton described in Section 2.1 (Patton, 1966). The 

peak and residual shear strength values were decreased or increased depending on 
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whether the sample got sheared upslope or downslope. The shear strength values, 

which are modified by this type of correction are indicated with modAE. Only the shear 

strength values are modified by the effect of the downslope/upslope shear caused by 

the encapsulation; the associated normal stresses are modified only by the effect of 

the decreasing surface area (Hoek et al., 1997). The shear strength values for both 

peak and residual conditions were re-evaluated in the second phase evaluation, by 

taking into consideration these new criteria (Table 5-17). For the samples S101 and 

S102 no modification was made, due to the lack of the surface detecting 

measurements, the values for these two samples are the same as in Table 5-11. 

Table 5-17 : Peak and residual shear strength values of BG2, modified by the effect of 
downslope or upslope shearing (modAE). The corresponding normal stress values are 

modified only by the effect of the area reduction during the shear test (modA). 

Sample 
Peak shear 

strength 
(modAE) [MPa] 

Corresponding 
normal stress 

(modA) 
[MPa] 

Residual shear 
strength 
(modAE) 

[MPa] 

Corresponding 
normal stress 

(modA) 
[MPa] 

S101 6.77 10.17 5.65 10.5 

S102 no data no data 7.41 10.63 

S103 9.05 10.89 4.68 11.61 

S104 8.15 9.11 6.26 9.45 

Average: 7.99 10.06 6.00 10.55 

Minimum: 6.77 9.11 4.68 9.45 

Maximum: 9.05 10.89 7.41 11.61 

Standard deviation: 1.15 0.90 1.14 0.88 

S105 4.95 5.11 3.72 5.26 

S106 no data no data 3.78 5.49 

S107 3.91 5.98 3.76 6.25 

S108 2.44 5.29 2.46 5.36 

Average: 3.76 5.46 3.43 5.59 

Minimum: 2.44 5.11 2.46 5.26 

Maximum: 4.95 5.98 3.78 6.25 

Standard deviation: 1.26 0.46 0.65 0.45 

Two groups were distinguished based on the surface roughness: granites with 

moderately rough and rough surfaces (Table 5-6). By the graphical representation of 

the values from Table 5-17 the sample groups could be further investigated (Figure 

5-24). 
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Figure 5-24 : Direct shear strength test results (i.e. peak and residual shear strength) presented 
based on the surface roughness properties of the samples. a) moderately rough surfaces; b) 

rough surfaces 

5.3.4 Mont Terri Opalinus Claystones (MTOC) 

The basic concept of the evaluation of the MTOC is similar to the BG2. Initially, already 

in the first phase evaluation, the shear strength values were modified according to the 

reduction of the contact area (modA) during the shear test (Figure 5-25, Appendix L). 

This was possible thanks to the shape of the samples and the constant velocity of 

shearing. Then, the values of shear strength were modified again (modAE) by the 

effect of downslope or upslope shearing (Table 5-18), determined from the 3D surface 

detection method (Section 5.1). 

 

Figure 5-25 : Typical Shear stress – Shear displacement curve for MTOC. Green line: results 
calculated with the nominal area; red line: results calculated after taking into consideration the 

effect of the decreasing sample surface area (modA); dark blue line: difference between the 
peak shear strength corresponding to the results calculated with the nominal area and with the 
decreasing surface area; light blue line: difference between the residual shear strength at 4 mm 
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shear displacement corresponding to the results calculated with the nominal area and with the 
decreasing surface area 

In the second phase evaluation, the test results obtained were analysed more in detail 

and, test results of four samples had to be excluded from the further evaluation 

(marked with red bold letters in Table 5-18). When computing the average, minimum, 

maximum and standard deviation of the mechanical parameters of the MTOC samples, 

the four tests mentioned above were therefore not included. 

Regarding the samples excluded, one of the bottom corners of the sample MT_S7_2 

clogged together with the corner of the top part in the direction of shear. Although the 

surface was smooth, the specimen got blocked due to the clogging. This resulted in a 

clearly distinguishable high peak shear strength value. When the corner got detached, 

the value dropped rapidly and in the residual state this tendency continued (Figure 

5-26). Despite characterised by a smooth surface, this sample cannot therefore be 

considered as part of this group. 

Table 5-18 : Peak and residual shear strength values of MTOC, as modified by the effect of 
downslope or upslope shearing (modAE). Measurements that got excluded from the further 

evaluation due to failure not solely caused by shear are marked with red bold letters. Average, 
minimum and maximum values do not consider the samples excluded. 

Sample 

Peak shear 
strength 
(modAE) 

[MPa] 

Corresponding 
normal stress 

(modA) 
[MPa] 

Residual shear 
strength 
(modAE) 

[MPa] 

Corresponding 
normal stress 

(modA) 
[MPa] 

MT_S1_1 0.439 1.045 0.435 1.093 

MT_S1_2 no data no data 0.523 1.105 

MT_S2_1 0.512 1.099 0.479 1.119 

MT_S2_2 0.537 1.077 0.448 1.108 

MT_S3_2 0.636 1.091 0.453 1.119 

MT_S3_3 0.516 1.062 0.482 1.106 

MT_S5_1 no data no data 0.454 1.093 

MT_S6_1 no data no data 0.477 1.090 

MT_S6_2 no data no data 0.533 1.103 

MT_S7_1 no data no data 0.438 1.092 

MT_S7_2 0.657 1.065 0.479 1.113 

MT_S7_3 0.598 1.039 0.534 1.073 

MT_S8_1 0.393 1.050 0.378 1.090 

MT_S8_3 0.321 1.044 0.216 1.057 

MT_S8_4 0.480 1.076 0.422 1.114 

MT_S8_6 0.413 1.040 0.387 1.097 

MT_S9_1 no data no data 0.398 1.089 

MT_S9_2 0.364 1.049 0.363 1.114 

Average: 0.472 1.060 0.445 1.099 

Minimum: 0.364 1.039 0.363 1.073 

Maximum: 0.598 1.099 0.534 1.119 

Standard 
deviation: 

0.076 0.020 0.053 0.013 
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Figure 5-26 : a) Two parts of smooth surfaced sample gets clogged, resulting in a high peak 
shear strength value; b) The curve is modified only with the effect of the area reduction during 

the shear test (modA). Green line: results calculated with the nominal area; red line: results 
calculated after taking into consideration the effect of the decreasing sample surface area; 

dark blue line: difference between the peak shear strength corresponding to the results 
calculated with the nominal area and with the decreasing surface area; light blue line: 

difference between the shear stress at 4 mm shear displacement corresponding to the results 
calculated with the nominal area and with the decreasing surface area (not yet residual value in 

this case); brown line: difference between the shear strength at 5 mm shear displacement 
corresponding to the results calculated with the nominal area and with the decreasing surface 

area (considered as residual value) 

Sample MT_S3_2 also produced a higher peak value than expected in the group 

samples with smooth surfaces. In this case, the shearing was upslope with a very high 

slope of 7.6 degrees. At first, the surfaces could not move along each other and a new 

shear surface formed below the existing one; after taking apart the two halves of the 

sample, the new surface turned out to be another natural shear surface, but with a 

direction perpendicular to the original shear direction. After a 3.5 mm deformation was 

attained, the shearing of the original surfaces started (Figure 5-27). This sample cannot 

be considered as part of this group either. 

 

Figure 5-27 : a) Due to a high value of the angle between the sample surface and the shear 
surface in the direction of the shear, the samples gets sheared at an intact section. b) The 

curve is modified only with the effect of the area redcution during the shear test (modA). Green 
line: results calculated with the nominal area; red line: results calculated after taking into 
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consideration the effect of the decreasing sample surface area; dark blue line: difference 
between the peak shear strength corresponding to the results calculated with the nominal area 

and with the decreasing surface area; light blue line: difference between the shear stress at 
4 mm shear displacement corresponding to the results calculated with the nominal area and 
with the decreasing surface area (not yet residual value in this case); brown line: difference 

between the shear strength at 5 mm shear displacement corresponding to the results 
calculated with the nominal area and with the decreasing surface area (considered as residual 

value) 

For the moderately rough surfaces, two samples had to be excluded from the 

evaluation as well. MT_S8_3 clogged similarly to sample MT_S7_2, but in this case, 

due to the high angle enclosed by the sample surface and the shear plane, the edge 

of the bottom sample was broken out by the top sample. The occuring crack resulted 

in a sudden drop of the shear stress, which immediately after started to increase, as 

the top part of the sample tried to push forward and completely break out the edge of 

the bottom sample (Figure 5-28).  

 

Figure 5-28 : Two parts of moderately rough surfaced sample get clogged. The curve is 
modified only with the effect of the area reduction during the shear test (modA). Green line: 

results calculated with the nominal area, red line: results calculated after taking into 
consideration the effect of the decreasing sample surface area; dark blue line: difference 

between the peak shear strength corresponding to the results calculated with the nominal area 
and with the decreasing surface area; purple blue line: difference between the residual shear 

strength corresponding to the results calculated with the nominal area and with the decreasing 
surface area at the shear displacement, after which the shear stress radically starts to incline. 

The other sample excluded was MT_S1_2, where a lighter form of clogging took place. 

The angle between the sample surface and the shear plane was very high (7.6°) in this 

case as well. For this sample, the corner of the bottom part did not completely break 

out: on the shear stress-shear displacement diagram, a very slight drop can be 

observed in the shear stress when the corner cracked. The graph continued increasing 

until, towards the end of the shear test, the corner loosened up sufficiently to cause a 

visible drop in the curve (Figure 5-29). 
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Figure 5-29 : Two parts of moderately rough surfaced sample get clogged, a corner of the 
bottom sample deteaches. The curve is modified only with the effect of the area change during 

the shear test (modA). Green line: results calculated with the nominal area; red line: results 
calculated after taking into consideration the effect of the decreasing sample surface area; 

light blue line: difference between the shear stress at 4 mm shear displacement corresponding 
to the results calculated with the nominal area and with the decreasing surface area (not yet 
residual value in this case); brown line: difference between the shear strength at 5 mm shear 

displacement corresponding to the results calculated with the nominal area and with the 
decreasing surface area (considered as residual value) 

The results obtained from the modifications listed above serve as the basis for the 

further analyes which, for the claystones, include the following parameters: the surface 

roughness, the relationship between the bedding plane and the shear plane and the 

natural shear direction compared to the direction of the shear test. 

Influence of the surface roughness: 

Based on surface roughness, two groups were distinguished (Section 5.1.2.2): 

samples with moderately rough and with smooth surfaces. Similarly to the BG2, by 

presenting the results obtained from the single-stage direct shear strength tests on the 

shear strength–normal stress plane according to their surface roughness grouping 

(Figure 5-30), the difference between the magnitude of their shear strength is well 

distinguishable both in peak and residual conditions. 
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Figure 5-30 : Direct shear strength test results (i.e. peak and residual shear strength) presented 
based on the surface roughness properties of the samples. a) moderately rough surfaces; b) 

smooth surfaces 

In addition to the shear strength values, the intervals corresponding to the 

displacements domains within which the peak shear strength values occur were 

investigated. Their width was determined based on geometrical consideration, with the 

construction of two lines which helped in detecting the lower and upper bounds of the 

domain of displacements mentioned above. The first line, defining the lower bound, is 

the elongation of the linear part of the shear stress-shear displacement curve 

corresponding to the linear behaviour of the rock sample. The point from which the 

shear stress-shear displacement curves departs from this line defines with its abscissa 

value the lower bound of the displacement domain within which the peak of the curve 

is found (initial point of the pre-peak section of the curve). The second line is a “tangent” 

to the post-peak part of the shear stress–shear displacement curve. The intersection 

point between this line and the curve defines, with its abscissa, the upper bound of the 

displacement interval, corresponding to the initial point of the part of the curve 

describing the sample residual state. Out of the eighteen MTOC samples, only nine 

were suitable for the determination of this interval (Figure 5-31). Four samples were 

previously excluded from the investigations, and for five samples no peak values 

occured (Table 5-19, Appendix L).  

 

Figure 5-31 : Typical shear stress-shear displacement curves for MTOC: a) peak area for 
smooth surfaces; b) peak area for moderately rough surfaces. Green line: results calculated 
with the nominal area (modA); red line: results calculated after taking into consideration the 
effect of the decreasing sample surface area (modAE); dark blue line: difference between the 

peak shear strength corresponding to the results calculated with the nominal area and with the 
decreasing surface area; light blue line: difference between the residual shear strength at 4 mm 
shear displacement corresponding to the results calculated with the nominal area and with the 

decreasing surface 
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Table 5-19 : Width of the intervals (displacement domains) corresponding to the peak shear 
strength areas for each samples. Red letters indicate the samples that were excluded from the 

evaluation and blue letters the ones which did not have a peak shear strength value 

Sample Remarques 
surface roughness 

group 

Width of interval 
corresponding to the 
peak shear strength 

domain [mm] 

MT_S1_1 no data smooth 0.42 

MT_S1_2 excluded moderately rough no data 

MT_S2_1 no data moderately rough 0.80 

MT_S2_2 no data moderately rough 0.97 

MT_S3_2 excluded smooth no data 

MT_S3_3 no data moderately rough 1.02 

MT_S5_1 no peak smooth no data 

MT_S6_1 no peak moderately rough no data 

MT_S6_2 no peak moderately rough no data 

MT_S7_1 no peak smooth no data 

MT_S7_2 excluded smooth no data 

MT_S7_3 no data moderately rough 1.47 

MT_S8_1 no data smooth 0.73 

MT_S8_3 excluded moderately rough no data 

MT_S8_4 no data smooth 0.64 

MT_S8_6 no data smooth 0.63 

MT_S9_1 no peak moderately rough no data 

MT_S9_2 no data moderately rough 0.95 

Influence of the angle between bedding plane and shear plane: 

In Section 5.1, the angle (enclosed by the bedding and the plane of the sample surface 

in the direction of shear) originally measured was corrected with the angle between the 

shear plane and plane of the shear surface (Section 0). This modification is taken into 

consideration in this paragraph. The samples were grouped in two classes, one for 

which the shear was in the direction of bedding, and the other for which it was opposite. 

For peak values, the trendline fitted to the values has a slope of 0.14°; for residual 

values the slope is 0.09°. The relationship between the bedding plane and the shear 

plane was also evaluated for each surface roughness group, separately (Figure 5-32). 

The slopes of the trendlines fitted to the peak values are 0.15 degrees for both 

roughness groups. For the residual conditions, values of 0.11 and 0.07 degrees were 

determined for the moderately rough and smooth surfaces respectively. 
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Figure 5-32 : Direct shear strength test results (peak and residual shear strength) presented for 
MTOC, based on the angle enclosed between the bedding plane and the shear plane. a) 

moderately rough surfaces; b) smooth surfaces 

Influence of having the natural shear direction aligned or not aligned with the direction 

of shear: 

Based on the grouping of the samples described in Section 5.1, the shear strength test 

results were not modified, only regrouped (Table 5-20). 

 

 

Table 5-20 : Peak and residual shear strength modified (modAE) values for Mont Terri Opalinus 
Claystone samples, based on the relationship between the natural shear direction and the 

shear direction used during the shear test. 

Group name Sample 
Peak shear strength 

(modAE) 
[MPa] 

Residual shear 
strength (modAE) 

[MPa] 

Natural shear direction 
is opposite to the 

direction of the shear 
test 

MT_S1_1 0.439 0.435 

MT_S2_1 0.512 0.479 

MT_S2_2 0.537 0.448 

MT_S3_3 0.516 0.482 

MT_S6_2 no data 0.533 

MT_S7_1 no data 0.438 

MT_S8_4 0.480 0.422 

MT_S9_1 no data 0.398 

Average: 0.497 0.454 

Minimum: 0.439 0.398 

Maximum: 0.537 0.533 

Standard deviation: 0.038 0.042 

Natural shear direction 
is the same as the 

direction of the shear 
test 

MT_S7_3 0.598 0.534 

MT_S8_1 0.393 0.378 

MT_S8_6 0.413 0.387 

MT_S9_2 0.364 0.363 

Average: 0.442 0.416 

Minimum: 0.364 0.365 

Maximum: 0.598 0.534 

Standard deviation: 0.106 0.079 
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6. Interpretation of the first and second phase evaluation 

General considerations valid for all types of rocks 

During the direct shear strength tests, the nominal area constantly decreases with the 

shear displacement. If this area loss is not taken into consideration in the shear 

strength calculations, the values of shear strength are underestimated. The peak shear 

strength values will be slightly smaller than they would be in reality, due to the fact that 

when the peak state is reached, the decrease of nominal area is still small compared 

to the nominal area. Based on the same type of considerations, the values obtained 

for the residual state are on the other hand quite smaller than in reality (nominal area 

quite larger than the reduced area). For the samples of 50 mm side length, this 

reduction reached 10%. 

If no care is taken in the accurate encapsulation of the samples, the shear plane is not 

parallel to the sample surface. If this happens, even a few degrees discrepancy from 

this condition can lead to significant changes in both peak and residual shear strength. 

When the plane of the sample surface is not parallel to the shear plane, in case of 

upslope shear the computed shear strength value will be smaller than the measured. 

For downslope shear this value will be on the other hand higher. Regarding the trend 

according to which the shear strength values change under the influence of the angle 

enclosed by these two planes, linear modelling was found to suit the variation in shear 

strength values for each investigated rock type, for both peak and residual conditions 

(Figure 6-1). According to a linear model, a variation in shear strength of approximately 

4-5 % was observed for a 1 degree tilt, regardless of the rock type considered and 

condition of the sample (peak or residual). If the values obtained for the shear strength 

are corrected by taking this aspect into account, the peak and residual shear strength 

values obtained for the MTOC decreased up to 58% (Table 5-13, Table 5-18).  

The inaccuracy of the encapsulation does not only lead to significant changes in the 

shear strength values, but triggers other problems too, such as the clogging of the 

surfaces and the formation of a new shear plane in the intact rock (which is not the 

purpose of the test - this phenomenon appeared already for an angle of 4.4°). 

 



90 
 

 

Figure 6-1 : The corrected shear strength values of the Mont Terri Opalinus Claystone and 
Bátaapáti Granite samples for downslope and upslope shear (expressed in percentage), as 

obtained after the effect of encapsulation is taken into account. 

Considerations valid for Mont Terri Opalinus Claystones 

From the results regarding surface roughness, two conclusions can be drawn. 

Samples with smooth surfaces are characterised by an average peak shear strength 

value 15 % smaller than the one obtained for moderately rough surfaces. For the 

residual values, this percentage decreases to 11 %.  

Additionally, from the graphs corresponding to the samples with smooth surfaces, a 

small, localised, pointy peak can be observed; those corresponding to samples with 

moderately rough surface, on the contrary, are characterised by a less distinguishable 

unique peak value, the peak area covering a wider interval of shear displacement 

values (Figure 6-2).  

For the MTOC, a value of the angle enclosed by the bedding plane and the shear plane 

within the observed range of -3.4° to 49° causes an increase in shear strength. The 

increase in shear strength is more pronounced for increasing values of the angle, under 

1 MPa constant normal stress (as reported above in Section 5.3.4). 
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Figure 6-2 : Typical shear stress-shear displacement curves for MTOC for smooth and 
moderately rough surfaces 

This effect means a 125 kPa growth in the peak shear strength and 84 kPa for residual, 

based on the slope of the trendlines fitting to the shear strength data (0.14° for peak 

and 0.09° for residual conditions). A variation of 0.5 % per degree was observed for 

peak shear strength values and 0.4 % per degree for residual values. There is no 

distinguishable difference in the trend describing the variation of shear strength in peak 

conditions for the different surface roughness groups. 

For the MTOC, natural shearing both in the direction and against the natural shear 

direction present characteristic features. Where the dipping fault system is SSE 

oriented, the direction of the shear points downwards, thus, in the case of gravity-driven 

shearing, the natural and the gravity triggered shear are in the same direction. On the 

other hand, when the fault system is SW dipping or SSE to S flat-laying, the natural 

shear occurs with a thrusting movement, thus a gravity triggered shear would act 

against the direction of the natural shear. The results indicate that samples sheared 

opposite to their natural shear direction yield higher peak shear strength values (11 %) 

than those sheared in the direction of the natural shearing. For the residual conditions, 

this difference lowers to 8.5 %. Furthermore, for samples sheared opposite to their 
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natural shear direction, a more visible difference can be observed between the peak 

value and the residual value. In fact, for samples sheared in the direction of natural 

shearing, a peak value may even not occur at all. 

Bátaapáti Granites (BG1 and BG2) and Claystones (BC): 

For the BG1 and BC, which were both subjected to the multi-stage direct shear strength 

test, no additional surface detecting measurements were carried out besides the 2D 

surface roughness measurements. Therefore, in the second phase evaluation the 

results could be further analysed based only on the sample grouping defined according 

to the surface roughness. Both types of rocks were classified into three groups and the 

results obtained for both of them were examined with a Coulomb line approach. For 

the Bátaapáti Granites, in the first phase evaluation, the average values of the peak 

friction angles from the individual tests were 19.2° and 19.6° for peak and residual 

conditions, respectively. From the second phase evaluation, the peak and residual 

friction angle for granites with moderately rough surfaces were 17.6° and 18.0° 

degrees, for rough surfaces 19.2° and 16.8° and for calcite covered surfaces 21.8° and 

20.4°. One incongruency of this approach is clearly noticeable when it is used for the 

evaluation of multi-stage direct shear strength tests. Often, the peak friction angle value 

is lower than of the residual. This is caused by the the fact that the surface irregularities 

in peak condition are sheared off. If peak values occur during the first two/three stages 

of the multi-stage direct shear test, and in the last stages the peak values are 

equivalent or close to the residual values, the line fitted over them has a flatter slope 

than the one fitted over the residual values. For the Bátaapáti Claystones, which is a 

soft rock, the peak friction angle both in the first phase and second phase evaluation 

stayed higher than the residual value. The linear assumption moreover fit very well to 

the data. Therefore, it can be concluded that the Coulomb line approach is not 

suggested for hard and semi-hard rocks where the surface roughness is sheared off 

gradually throughout the multi-stage shear strength test, already under lower normal 

stress conditions. Furthermore, as described in the Suggestions of the ISRM (ISRM, 

2015), the use of the method itself (multi-stage shear test) is not advisable in such 

cases either. 

As the Coulomb line approach is not the best fit to the Bátaapáti Granites, their shear 

strength values could be well described by a square root function (Figure 6-3). This 
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assumption fits to the the observations of Barton (2013). The square root functions 

were introduced in the second phase evaluation. In particular, values for two 

predefined normal stresses were selected, at 0.45 MPa and 3.35 MPa. These values 

were the minimum and maximum normal stress values that were within the domain of 

the normal stress interval examined for each surface roughness/lithology group. The 

results of the second phase evaluation show that, for each group, the Coulomb line 

approach underestimates the shear strength at 0.45 MPa, but overestimates it at 

3.35 MPa, in comparison with results of the square root function approach (Section 

5.3.1).  

 

Figure 6-3 : Failure envelopes fitted to peak shear strength results. a) Coulomb line (starting 
from the origin) for Bátaapáti Claystones; b) square root-function curve (starting from the 

origin) for Bátaapáti Granites  

For Bátaapáti Granites, if the different surface properties of the samples are not taken 

into consideration and the shear strength values from the first sampling are evaluated 

together with those of the second, it is clearly seen that the values obtained from the 

single-stage shear test do not define the same tendency as the results from the multi-

stage shear strength test (the respective data points are not aligned on the shear 

strength-normal stress plane). The multi-stage tests underestimate the actual strength 

of the rock, both in terms of peak and residual values (Figure 6-4). 

If from the multi-stage testing only the shear strength values obtained from the first 

stages are taken into consideration (i.e as if also this multi-stage testing was 

considered as a single-stage test, like those from the second sampling), the square 

root-function curve fits well to the data (Figure 6-5). On this basis, it is more likely that 

this approach approximates the real friction angle values of the Bátaapáti Granites 

better than the results obtained from the multi-stage direct shear strength test (Figure 

6-6). 
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Figure 6-4 : Shear strength – Normal stress diagrams of Bátaapáti Granites: the results from 
the multi-stage tests from first sampling are presented together with the results of the single-
stage direct shear strength tests carried out on samples from the second sampling. a) peak 

shear strength values; b) peak shear strength values fitted by a root-function curve; c) residual 
shear strength values; d) residual shear strength values fitted by a root-function curve. 

Following this interpretation, it can be stated that the multi-stage direct shear strength 

tests underestimate the friction angles of the Bátaapáti Granites with almost 50% 

(Table 6-1). Similarly, the values of the apparent cohesion are underestimated as well. 

However, in the domain of 2-15 MPa normal stress, the amount of test results is not 

sufficient, and further single-staged shear strength tests would be needed to support 

this assumption.  

 

Figure 6-5 : Shear strength – Normal stress diagrams of Bátaapáti Granites: only the results of 
the first stage of the multi-stage tests from the first sampling are presented together with the 
results of the single-stage direct shear strength tests carried out on the specimens from the 

second sampling. a) peak shear strength values; b) residual shear strength values 
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Table 6-1 : Friction angle and apparent cohesion values at 0.45 and 3.35 MPa normal stresses, 
computed for Bátaapáti Granites from the first and second sampling. The shear strength 

values are approximated by a square root function curve. 

Samples 

0.45 MPa normal stress 3.35 MPa normal stress 

Peak condition 
Residual 
condition 

Peak condition 
Residual 
condition 

frict. 
angl. 

[°] 

app. 
coh. 

[MPa] 

frict. 
angl. 

[°] 

app. 
coh. 

[MPa] 

frict. 
angl. 

[°] 

app. 
coh. 

[MPa] 

frict. 
angl. 

[°] 

app. 
coh. 

[MPa] 

first 
sampling 

moderately 
rough 

33.0 0.342 30.6 0.302 15.2 0.932 13.5 0.824 

rough 31.8 0.321 28.2 0.268 14.4 0.876 12.1 0.730 

calcite 
covered 

32.7 0.336 30.6 0.302 14.9 0.916 13.5 0.823 

all 36.7 0.335 33.4 0.297 15.3 0.914 13.6 0.810 

first and 
second 

sampling 

all 56.3 0.676 50.2 0.540 28.8 1.843 23.7 1.472 

only first 
stage from 

first 
sampling, 
all from 
second 

sampling 

60.4 0.791 52.9 0.596 32.8 2.159 25.9 1.626 

 

Figure 6-6 : Shear strength – Normal stress diagrams of BG1 from multi-stage direct shear 
strength tests. Shear strength data are approximated with a square root function curve; a) peak 

shear strength values; b) residual shear strength values 

This research constitutes one of the first attemts at studying the behaviour at failure 

along discontinuities of the rock types investigated (i.e.: Bátaapáti Granites and 

Claystones, Mont Terri Opalinus Claystones). At the same time due to the lack of 

available results on the same rocks or similar, comparisons with results already 

established in literature are at present possible only in a limited number of cases.,Some 

of these are presented in Section 2.2. It can be observed that the peak shear strength 

values of the Bátaapáti Granites fit well to the result obtained for multi-staged tests by 

Muralha (1995). The Bátaapáti Claystones also show a good correlation with the 

results of Ulusay and Yoleri (1993). 

 



96 
 

7. Perspectives for further research 

This research work focused on the analysis of some of the parameters influencing the 

shear strength of two types of rocks (granites and claystones), by means of laboratory 

testing. Laboratory procedures and existing recommandations on how to carry out 

these procedures make the results obtained from laboratory tests an accurate and 

fairly reliable source for the determination of shear strength and friction angle. 

Nevertheless, if new relevant parameters and methods are introduced in the evaluation 

process, the uncertainties in the procedures can be further reduced  and the quality of 

the results improved. 

Regarding the shear strength tests on Mont Terri Opalinus Claystones carried out in 

Switzerland, the procedure for analysing and interpreting the results could be further 

improved as follows. In this research, the joint surfaces were considered fresh and 

perfectly matching. However, from the 3D surface roughness measurements, also the 

top part of the sample surface was modelled before and after the shear tests. Based 

on this modelling, a new sample grouping could be defined, according to the actual 

matching between the top and bottom parts of the samples.  

Furthermore, vertical and horizontal displacements were measured during the direct 

shear strength tests, so that the exact 3D movement of the two halves of the samples 

could be modelled as the movement of the surfaces on top of each other was on-going. 

The effect of the dilatancy during the shear strength test could be therefore calculated. 

On the other hand, as 3D surface detection measurements were taken after the shear 

stregth test, the data obtained from the surface detection would allow for determining 

the exact area loss, as well as the locations of the surface where this loss takes place. 

Based on these measurements, another additional sample grouping could be defined.  

More, the effect of the combination of the investigated parameters influencing shear 

strength could be analysed with more refined statistical techniques so that also the 

order of importance of these parameters in terms of effects on shear strength could be 

determined. As a result, further suggestions could be given on how to carry out 

laboratory tests for determining shear strength from direct shear tests along 

discountinuities, in order to obtain more accurate estimates for the shear strength 

values.  
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For the Mont Terri Opalinus Claystones, also, a more extended analysis should be 

carried out, with additional direct shear strength tests run under higher and lower 

constant normal stresses than the 1 MPa normal stress investigated, to be able to 

determine a suitable failure envelope to describe the behaviour of these rocks along 

natural shear surfaces. 

For each surface roughness group of the Mont Terri Opalinus Claystones samples, the 

intervals of displacements and stresses defining the peak domain of the shear stress-

shear displacements curves were determined based on a geometrical method. Such a 

simple approach could be replaced next by sounder, statistically-based methods, i.e: 

breakpoint analysis, for determining the above-mentioned intervals. 

The multi-stage direct shear strength tests of the Bátaapáti Granites significantly 

underestimated the shear strength along discontinuities of this rock type. The results 

obtained point out that this aspect is a consequence of the limitations affecting this 

type of testing method. It would be advisable to carry out an extended research on 

different rock types, with both the multi- and the single-stage testing methods, in order 

to establish how well multi-stage tests can perform, depending on the rock 

investigated. A field of applicability of this testing method should then be determined 

for each rock type, based on their strength and surface roughness. 
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8. Conclusions 

Conclusion in English language 

In this research, the shear strength properties along discontinuities of potential host rocks for 

radioactive waste disposal sites  were analysed. The samples tested were partly (Bátaapáti 

Granites and Claystones) originated from the Bátaapáti National Radioactive Waste 

Repository (Hungary), and partly (Opalinus Claystones) from the Mont Terri Rock Laboratory 

(Switzerland). Multi-stage direct shear strength tests and single-stage direct shear strength 

tests were carried out on these samples along discontinuities. 

From the results of the direct shear strength tests performed, a two-phase evaluation system 

was presented, aimed at the geotechnical characterisation of the investigated rocks. In the first 

phase evaluation, the interpretation of the test results and the determination of the mechanical 

properties of the rocks were performed according to the current practices adopted in rock 

engineering laboratories. In the second phase evaluation, a more in-depth analysis of the tests 

results was carried out, by introducing additional parameters which highly influence the shear 

strength and pointing out their importance in the interpretation of the results and determination 

of the shear strength. 

The comparison between multi-stage direct shear strength tests and single-stage direct shear 

strength tests proved that the choice of the type of direct shear strength test is the factor 

influencing the most the test results obtained. According to the tests results for the Bátaapáti 

Granites, the multi-stage direct shear strength tests underestimate the friction angle by 50%. 

For both Bátaapáti Granites and Mont Terri Opalinus Claystones, the effect of the inaccurate 

encapsulation of the samples caused significant changes in the test results as well: for a 4° 

angle between the shear plane and sample surface, the change in peak shear strength was 

found to be in the range of ±20%. The surface roughness was another parameter that 

influenced the magnitude of the peak shear strength. For Mont Terri Opalinus Claystones, this 

value was 15 % higher for moderately rough surfaces compared to smooth surfaces. The angle 

between the bedding plane and the shear plane influences the peak shear strength of Mont 

Terri Opalinus Claystones by 0.5 % per degree. The direction of the shear displacements as 

opposed to natural shear direction had conversely a smaller effect on the shear strength. 

Although the investigated rock types were studied having in mind their role as host rocks for 

radioactive waste disposal sites, the results obtained are applicable to any projects involving 

underground space development designed in such rocks. 
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Magyar nyelvű összefoglalás  

A disszertáció radioaktív hulladék befogadására alkalmas kőzetek tagoló felület menti 

nyírószilárdságát ismerteti. A vizsgált minták egy része a magyarországi Bátaapáti 

Nemzeti Radioaktívhulladék-tárolóból, míg a másik része a svájci Mont Terri 

Kőzetlaboratóriumból származott. A kőzetmintákat többlépcsős és egylépcsős 

közvetlen nyírószilárdsági vizsgálatokkal elemeztem. 

A tagoltság menti elmozdulás a leggyakoribb állékonyságvesztési forma, így kiemelt 

fontosságú a vizsgálata. A doktori értekezés a tagoltságok menti közvetlen 

nyírószilárdság meghatározására alkalmas új kétfázisú kiértékelési rendszert ismertet. 

A kiértékelés első fázisa a kőzetmechanikai laboratóriumokban elterjedt közvetlen 

nyírószilárdsági vizsgálatok kiértékelési módszerét és abból származó eredményeiket 

használja. Az itt bevezetett második kiértékelési fázis célja a vizsgált kőzetek 

mechanikai paramétereinek pontosabb meghatározása volt, valamint azon 

nyírószilárdságot módosító paraméterek kiemelése, melyek jelentősen befolyásolják 

az érték intervallumokat.  

A különböző közvetlen nyírószilárdság vizsgálati módszerekből (többlépcsős 

közvetlen nyírószilárdsági mérés vagy egylépcsős nyírószilárdsági vizsgálat) kiértékelt 

eredmények közti különbségek jelentősnek adódtak. A Bátaapáti Gránitok súrlódási 

szögének értékét a többlépcsős teszt közel 50%-kal alábecsüli. Mind a Bátaapáti 

Gránitok, mind a Mont Terri Agyagkövek esetében a minták befogásának 

pontatlansága jelentősen befolyásolta a mérési eredményeket. A nyírósíknak és a 

minta felületi síkjának kapcsolata már 4°-os lejtő esetén is ±20%-kal változtatta a 

maximális nyírószilárdság értékét. A minták felületi érdessége szintén befolyásolta a 

maximális nyírószilárdsági értékeket. Mont Terri Agyagköveknél 15 %-kal 

magasabbak voltak a mérsékelten érdes felülethez tartozó maximális nyírószilárdság 

értékek, mint a sima felületű mintáknál. A kőzet rétegződési síkja és a nyírási sík által 

bezárt szög értéke fokonként fél százalékkal módosítja a maximális nyírószilárdság 

értékét. A nyírási vizsgálat irányának és természetes nyírás irányának kapcsolata 

kevésbé befolyásolja a nyírószilárdsági értékeket. 

A vizsgált kőzetek alkalmasak radioaktív hulladékok befogadására, de a doktori 

értekezésben ismertetett módszerek és bemutatott eredmények alkalmazhatók más 

földalatti műtárgy tervezésénél is. 
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9. Theses 

This section summarises the new scientific findings of the research work performed. 

Thesis 1.  

I found out that lithology is one of the control factors based on which it can be 

established whether a square root-function curve or Coulomb line can be best 

used for describing shear strength from multi-stage direct shear strength tests 

along discontinuities. I proved that under constant normal stresses lower than 

5.7 MPa in each stage, the failure conditions of Bátaapáti Granites are best 

described by a square root-function envelope; conversely, under constant 

normal stresses lower than 2.0 MPa in each stage of the test, the results of 

Bátaapáti Claystones can be best modelled by a Coulomb line 

The lithology of rocks influences the magnitude of the peak and residual shear strength 

along discontinuities. Hard rocks, such as Bátaapáti Granites (14 pairs of samples), 

present well distinguishable peak shear strength values under low constant normal 

stress for multi-stage direct shear strength tests. However, with the increase of normal 

stress at each stage, the difference between the peak and the residual shear strength 

values progressively decreases after each stage. As a consequence of this 

phenomenon, if a Coulomb line is fitted to the test results on the shear strength-normal 

stress plane, the slope of the Coulomb line fitting to the peak shear strength values 

can be lower than the one fitting to the residual values. Thus, this failure criterion is not 

sufficient to describe the behaviour of Bátaapáti Granites properly. On the other hand, 

the peak and residual shear strength values of the tested Bátaapáti Granite samples 

are better described at low normal stress (< 5.7 MPa) by a square root-function. 

Soft rocks, such as Bátaapáti Claystones, present either little or non-distinguishable 

peak shear strength values under low constant normal stress (< 2.0 MPa) for multi-

stage direct shear strength tests along discontinuities. The investigated Bátaapáti 

Claystone samples (15 pairs of samples) present peak values very close or equal to 

the residual shear strength values. By fitting a Coulomb line on the shear strength 

values obtained, the slope of the envelope for the peak values is always higher than 

the one for the residual. Linear relationships could be established, proving that the 
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Coulomb failure criterion appropriately describes the behaviour of this rock type (Figure 

6-3). 

Publications: Buocz, 2010a; Buocz, 2010b. 

Thesis 2.  

I determined that, at low normal stresses (lower than 3.35 MPa), the multi-stage 

direct shear strength test method underestimates the average friction angle and 

apparent cohesion of the tested Bátaapáti Grantites by a factor 2 in comparison 

with the values obtained from single-stage direct shear strength tests along 

discontinuities.  

Friction angles from the multi-stage direct shear strength tests and the single-stage 

direct shear strength tests along discontinuities were compared, for two selected 

normal stress values, i.e. 0.45 and 3.35 MPa. These values define the interval of 

normal stresses within which a friction angle could be determined for each of the three 

investigated sample groups of Bátaapáti Granites from the first sampling, i.e.: samples 

with moderately rough, rough and calcite covered surfaces. The friction angle values 

were analysed in two ways, as follows. First, one common square root function curve 

starting from the origin of the shear stress-normal stress plane was fitted to all the test 

results of all the stages obtained from the multi-stage direct shear strength test (for 

peak and residual shear strength, separately). Then: (i) the results obtained from the 

first stage only of the multi-stage tests were extended by those provided by the single-

stage tests performed on the rock specimens from the second sampling of the 

Bátaapáti Granites; (ii) a square root function curve starting from the origin of the shear 

stress-normal stress plane was fitted to the test results selected. In both analyses, the 

friction angles calculated from the tangent to the square root function curves at 0.45 

and 3.35 MPa normal stresses were compared. For both peak and residual conditions, 

it was observed that the results of the multi-stage direct shear strength tests, under the 

specified normal stress interval, underestimate of approximately 50% the friction 

angles of Bátaapáti Granites when compared to the results obtained from the single-

stage tests (Table 6-1). 

Publications: Buocz, 2010a; Buocz, 2010b; Buocz et al., 2012. 
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Thesis 3 

When analysing the influence on the shear strength of the angle enclosed by the 

shear plane and the plane of the sample surface (discontinuity), I found out that 

when this angle varies within an interval of ± 3°degrees, the discrepancy 

between the calculated and the measured shear strength values of the tested 

Bátaapáti Granites and Mont Terri Opalinus Claystones is ± 4-5 percent per 

degree, for both peak and the residual states. A linear relationship between these 

values was given in the thesis. 

The effect of the upslope and downslope shear in the direction of shear was 

investigated for Bátaapáti Granites and Mont Terri Opalinus Claystones. A linear 

relationship describes best the difference, expressed in percentage, between the 

measured shear strength values and those back-calculated from the equation of Patton 

(Patton, 1966). This statement is proven within the investigated interval of ± 3° tilting 

in the direction of shear for Bátaapáti Granites and Mont Terri Opalinus Claystones 

(Figure 6-1) and is true for both peak and residual conditions (coefficient of 

determination in all cases > 0.98).  

Bátaapáti Granites peak condition: 𝑦 = −4.108𝑥 + 101.1 

Bátaapáti Granites residual condition:  𝑦 = −4.3842𝑥 + 101.37 

Mont Terri Opalinus Claystones peak condition: 𝑦 = −5.0984𝑥 + 100.72 

Mont Terri Opalinus Claystones residual condition: 𝑦 = −5.3308𝑥 + 100.66 

According to this linear trend, for 1 degree tilting the difference between the calculated 

and the measured shear strength is 4-5 %, for both rock types and in both peak and 

residual conditions. 

Publications: Buocz et al., 2015b; Buocz, 2016. 

Thesis 4 

I concluded that the direction of shearing - upslope vs. downslope -significantly 

influences the peak and residual shear strength values of Mont Terri Opalinus 

Claystones obtained from direct shear strength tests along discontinuities. 
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When upslope or downslope shearing is taken into consideration, the obtained shear 

strength values (modAE) are more reliable (Table 9-1). Without taking this factor into 

account (modA), the average peak and residual shear strength values are significantly 

overestimated in case of upslope shear and underestimated in case of downslope 

shear. Both the peak and residual shear strength values which take into consideration 

the effect of the upslope/downslope shear change, varying between 6.8 and 9.4 % for 

the Mont Terri Opalinus Claystones. 

Table 9-1 : Influence of the upslope and downslope shear on the shear strength of Mont Terri 
Opalinus Claystones. For values denoted by modA, the influence of upslope/downslope shear 

is not taken into consideration only the change in the area during the shear test; for values 
denoted by modAE, both area change and the effect of upslope/downslope shear are taken into 

consideration. In the change of the shear strength ‘+’ stands for overestimation, ‘-‘ for 
underestimation. 

 

Upslope shear (7 samples) Downslope shear (6 samples) 

Peak 
shear 

strength 
[MPa] 

(modA) 

Peak 
shear 

strength 
[MPa] 

(modAE) 

Residual 
shear 

strength 
[MPa] 

(modA) 

Residual 
shear 

strength 
[MPa] 

(modAE) 

Peak 
shear 

strength 
[MPa] 

(modA) 

Peak 
shear 

strength 
[MPa] 

(modAE) 

Residual 
shear 

strength 
[MPa] 

(modA) 

Residual 
shear 

strength 
[MPa] 

(modAE) 

Mimimum: 0.412 0.364 0.389 0.363 0.338 0.393 0.321 0.378 

Maximum: 0.550 0.512 0.550 0.533 0.495 0.537 0.416 0.482 

Average: 0.470 0.432 0.469 0.439 0.437 0.482 0.396 0.437 

Change [%] + 8.8 + 6.8 - 9.3 - 9.4 

Publications: Buocz et al., 2015b; Buocz, 2016. 

Thesis 5 

I observed that the Mont Terri Opalinus Claystone specimens with smooth and 

moderately rough surface types are both characterised by specific well-defined 

curves on the shear stress-shear displacement plane. A displacement domain 

can be defined, between the starting point of the pre-peak non-linear part of the 

curve and the starting point of the residual part. For moderately rough surfaces 

this domain is on average 1.0 mm wide and the peak of the curve is constituted 

by a flat section, whose left and right bounds are contained within the 

displacement domain defined. The peak shear strength value is consequently 

found to be associated to an interval of shear displacement values within this 

domain, rather than to one distinct displacement. For smooth surfaces, the 

average width of the displacement domain within which the peak shear strength 

is found is 0.6 mm, and the peak shear strength value corresponds to a unique 

well distinguishable point on the curve. 
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A displacement domain containing the values associated to the peak shear strength 

value was defined on each shear stress-shear displacement curve obtained for the 

Mont Terri Opalinus Claystone specimens. This domain is determined based on 

geometrical criteria: the lower bound is defined by the endpoint of the linear part of the 

curve corresponding to the linear behaviour of the rock sample, while the upper bound 

by the starting point of the residual strength section of the curve (Table 5-19). For 

surfaces which were classified as smooth, the position of the peak value corresponds 

to one unique shear displacement value. The peak is described by a narrow pointy 

section of the curve, associated to a displacement domain of 0.6 mm width on average. 

For samples with moderately rough surfaces, the position of the peak shear strength 

value is not clearly distinguishable, due to the flat shape of the peak area, associated 

to displacement values contained in a displacement domain of 1.0 mm width 

(average). The peak shear strength is therefore defined for an interval of shear 

displacements. This type of curve shape is explained by the effect of the sheared off 

asperities, which stay trapped between the two surfaces of the sample. Because of 

this phenomenon, the sample can reach its residual state only beyond a certain shear 

displacement, which allows this gouge to degrade and results in a wider flatter shape 

for the peak domain (Figure 6-2). The peak values obtained for moderately rough 

surfaces are 15 % higher than those obtained for smooth surfaces.  

Publications: Buocz, 2015b. 
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Appendix A 

Location of rock samples already investigated in literature 

 

The origins of the granitic and clayey rock samples on which direct shear strength tests 

were carried out along discontinuities are localised with the help of a world map. The 

test results for defining the rock mechanical parameters of each rock are in Table 2-1 

and Table 2-2. 
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Figure A-1 : Locations of the sites of origin of the granitic and clayey rock samples from which data on the mechanical properties deriving from direct shear strength tests along discontinuities are available (modified 
after: www.free-world-maps.com, last access: 09.09.2016.) 
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Appendix B 

Geology of Mont Terri Rock Laboratory and location of the sampling 
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Figure B-1 : Geology and tectonics of the Mont Terri Rock Laboratory area. Th red rectangle indicates the location of the sampling (modified after: Das Mont Terri Projekt: Mont Terri Project) 
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Appendix C 

Images of sample blocks of Bátaapáti Granites from the second sampling 
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Figure C-1 : Bátaapáti Granite sample blocks from the second sampling. In red: name of the 
samples prepared from the blocks  
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Appendix D 

Flow-chart of the research performed 
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(See file “Flow-chart of the research performed.pdf”) 
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Appendix E 

3D imaging process with the ShapeMetriX3D software 

 

This Appendix describes the 3D image recreation, the referencing procedure and the 

data processing. 
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Figure D-1 : 3D image recreation, step i). a) opening the photos taken from positions P1 and P2 
in the software ShapeMetriX3D; b) rough estimation matching of the two images together, c) 3D 

image recreation by matching the corresponding points of the two images done by the 
software, d) result 

 

Figure D-2 : Referencing, step ii): a) matching of the corresponding reference points with 
known distances; b) standard deviation check 

 

Figure D-3 : Data processing, step iii): a) picture of the referenced 3D image with data exporting 
options, of VRML, DXF, CSV and OBJ format; b) sample with depth contours (red: higher 

surfaces, blue: lower surfaces) 

 

b) a) 

d) c) 

b) a) 

b) a) 
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Appendix F 

Images of sample surfaces, grouping according to surface roughness and 

lithology 

 

Images of sample surfaces before the direct shear strength test, with grouping based 

on the surface roughness and lithology 
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Bátaapáti Granite (first sampling): 

 

Figure F-1 : Sample pair S6 – Bátaapáti Granite from the first sampling, with rough surface 

 

Figure F-2 : Sample pair S11 – Bátaapáti Granite from the first sampling, with moderately rough 
surface 

 

Figure F-3 : Sample pair S13 – Bátaapáti Granite from the first sampling, with moderately rough 
surface 
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Figure F-4 : Sample pair S16 – Bátaapáti Granite from the first sampling, with calcite covered 
surface 

 

Figure F-5 : Sample pair S18 – Bátaapáti Granite from the first sampling, with calcite covered 
surface 



F-4 
 

Bátaapáti Claystone: 

 

Figure F-6 : Sample pair S52 – Bátaapáti Claystone with smooth surface 

 

Figure F-7 : Sample pair S54 – Bátaapáti Claystone with smooth surface 

 

Figure F-8 : Sample pair S56 – Bátaapáti Claystone with moderately rough surface 
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Figure F-9 : Sample pair S61 – Bátaapáti Claystone with moderately rough surface 

 

Figure F-10 : Sample pair S61 – Bátaapáti Claystone with microbrecciated surface 

 

Figure F-11 : Sample pair S66 – Bátaapáti Claystone with microbrecciated surface 
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Bátaapáti Granite (second sampling): 

S101 

 

Figure F-12 : Sample pair S101 – Bátaapáti Granite from the second sampling, with rough 
surface 

 

Figure F-13 : Sample pair S102 – Bátaapáti Granite from the second sampling, with moderately 
rough surface 

 

Figure F-14 : Sample pair S103 – Bátaapáti Granite from the second sampling, with rough 
surface 
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Figure F-15 : Sample pair S104 – Bátaapáti Granite from the second sampling, with moderately 
rough surface 

 

Figure F-16 : Sample pair S105 – Bátaapáti Granite from the second sampling, with rough 
surface 

 

Figure F-17 : Sample pair S106 – Bátaapáti Granite from the second sampling, with moderately 
rough surface 
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Figure F-18 : Sample pair S107 – Bátaapáti Granite from the second sampling, with moderately 
rough surface 

 

Figure F-19 : Sample pair S108 – Bátaapáti Granite from the second sampling, with moderately 
rough surface 
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Mont Terri Opalinus Claystone: 

 

Figure F-20 : Sample pair MT_S1_1 – Mont Terri Opalinus Claystone with smooth surface 

 

Figure F-21 : Sample pair MT_S1_2 – Mont Terri Opalinus Claystone with moderately rough 
surface 

 

Figure F-22 : Sample pair MT_S2_1 – Mont Terri Opalinus Claystone with moderately rough 
surface 
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Figure F-23 : Sample pair MT_S2_2 – Mont Terri Opalinus Claystone with moderately rough 
surface 

 

Figure F-24 : Sample pair MT_S3_2 – Mont Terri Opalinus Claystone with smooth surface 

 

Figure F-25 : Sample pair MT_S3_3 – Mont Terri Opalinus Claystone with moderately rough 
surface 
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Figure F-26 : Sample pair MT_S5_1 – Mont Terri Opalinus Claystone with smooth surface 

 

Figure F-27 : Sample pair MT_S6_1 – Mont Terri Opalinus Claystone with moderately rough 
surface 

 

Figure F-28 : Sample pair MT_S6_2 – Mont Terri Opalinus Claystone with moderately rough 
surface 
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Figure F-29 : Sample pair MT_S7_1 – Mont Terri Opalinus Claystone with smooth surface 

 

Figure F-30 : Sample pair MT_S7_2 – Mont Terri Opalinus Claystone with smooth surface 

 

Figure F-31 : Sample pair MT_S7_3 – Mont Terri Opalinus Claystone with moderately rough 
surface 
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Figure F-32 : Sample pair MT_S8_1 – Mont Terri Opalinus Claystone with smooth surface 

 

Figure F-33 : Sample pair MT_S8_3 – Mont Terri Opalinus Claystone with moderately rough 
surface 

 

Figure F-34 : Sample pair MT_S8_4 – Mont Terri Opalinus Claystone with smooth surface 
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Figure F-35 : Sample pair MT_S8_6 – Mont Terri Opalinus Claystone with smooth surface 

 

Figure F-36 : Sample pair MT_S9_1 – Mont Terri Opalinus Claystone with moderately rough 
surface 

 

Figure F-37 : Sample pair MT_S9_2 – Mont Terri Opalinus Claystone with moderately rough 
surface 
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Appendix G 

Results from the sample groupings, first and second phase evaluation  

 

One table summarising for each test specimen, separately, its sample grouping and 

the value of the rock mechanical parameters calculated in the first and in the second 

phase evaluation. 
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(See file “Results from sample groupings, 1+2 evaluation.pdf”) 
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Appendix H 

Calculation of the linear regression planes with the R software 

 

The list of the packages used is provided, together with the code-listing from which the 

position of the regression planes could be backcalculated. The equations and the 

correlation coefficients for each regression planes are listed as well. 
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Table H-1 : Equations and correlation coefficients of the regression planes calculated for the Mont Terri Opalinus Claystone samples and Bátaapáti 
Granites from the second sampling 

Sample 
Sample 
origin 

Equation of the 
regression plane of the 

sample surface 

Correlation 
coefficient 

(sample surface) 

Equation of the 
regression plane of the 

shear plane 

Correlation 
coefficient 

(shear plane) 

MT_S1_1 Mont Terri z=(-0.01)*x+0.01*y-3.73 0.102 z=0.04*x+0.04*y-7.89 0.949 

MT_S1_2 Mont Terri z=(-0.09)*x+0.05*y-4.06 0.765 z=0.05*x-0.02*y-10.49 0.987 

MT_S2_1 Mont Terri z=0.01*x-0.09*y-2.96 0.718 z=0.03*x-0.09*y-7.92 0.988 

MT_S2_2 Mont Terri z=0.03*x+0.02*y-5.99 0.213 z=(-0.003)*x-0.06*y-7.51 0.976 

MT_S3_2 Mont Terri z=(-0.13)*x+0.02*y-0.75 0.898 z=0.01*x+0.003*y-0.08 0.900 

MT_S3_3 Mont Terri z=0.06*x+0.14*y-10.49 0.803 z=0.002*x-0.001*y-9.03 0.985 

MT_S5_1 Mont Terri z=0.05*x+0.01*y-0.94 0.603 z=0.02*x+0.04*y-8.27 0.912 

MT_S6_1 Mont Terri z=0.02*x-0.07*y+0.13 0.783 z=0.03*x+0.03*y-10.43 0.984 

MT_S6_2 Mont Terri z=0.02*x+0.01*y-1.25 0.198 z=0.03*x+0.10*y-9.98 0.894 

MT_S7_1 Mont Terri z=0.06*x+0.08*y-4.81 0.888 z=0.01*x+0.004*y-6.74 0.817 

MT_S7_2 Mont Terri z=0.01*x-0.10*y+1.45 0.956 z=0.01*x+0.003*y-11.68 0.954 

MT_S7_3 Mont Terri z=0.03*x-0.03*y+0.11 0.562 z=0.03*x+0.06*y-8.59 0.730 

MT_S8_1 Mont Terri z=0.03*x+0.10*y-1.29 0.715 z=(-0.01)*x+0.02*y-9.06 0.918 

MT_S8_3 Mont Terri z=(-0.02)*x+0.04*y-2.74 0.407 z=0.06*x+0.04*y-15.52 0.995 

MT_S8_4 Mont Terri z=0.01*x-0.01*y+0.47 0.492 z=0.01*x+0.02*y-9.00 0.684 

MT_S8_6 Mont Terri z=0.003*x-0.06*y+1.46 0.868 z=0.005*x+0.02*y-9.44 0.911 

MT_S9_1 Mont Terri z=0.0001*x-0.05*y-2.40 0.619 z=0.02*x-0.01*y-6.99 0.979 

MT_S9_2 Mont Terri z=(-0.06)*x-0.14*y+3.65 0.813 z=(-0.02)*x+0.01*y-8.84 0.958 

S101 Bátaapáti no data no data no data no data 

S102 Bátaapáti no data no data no data no data 

S103 Bátaapáti z=(-0.01)*x-0.01*y-3.52 0.017 z=0.03*x+0.02*y-10.33 0.905 

S104 Bátaapáti z=0.07*x-0.01*y-1.39 0.751 z=0.04*x+0.01*y-9.13 0.904 

S105 Bátaapáti z=0.05*x+0.09*y-4.17 0.526 z=0.02*x+0.001*y-9.55 0.858 

S106 Bátaapáti z=(-0.09)*x+0.09*y-3.70 0.777 z=(-0.04)*x-0.01*y-6.55 0.949 

S107 Bátaapáti z=(-0.05)*x+0.03*y-2.24 0.585 z=(-0.09)*x-0.02*y-10.58 0.990 

S108 Bátaapáti z=(-0.08)*x-0.0002*y-2.32 0.717 z=(-0.03)*x+0.003*y-9.16 0.990 
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Packages used for computing in R: 

library("mvtnorm", lib.loc="C:/Program Files/R/R-3.1.3/library") 

library("rgl", lib.loc="C:/Program Files/R/R-3.1.3/library") 

library("scatterplot3d", lib.loc="C:/Program Files/R/R-3.1.3/library") 

library("RColorBrewer", lib.loc="C:/Program Files/R/R-3.1.3/library") 

Code used for the determination of the linear regression plane fitted to the shear plane: 

attach(plane) 

scatterplot3d(px,py,pz) 

height=pz 

x1=px 

x2=py 

regression=lm(pz~px+py) 

summary(regression) 

s3d=scatterplot3d(plane[1:3],pch=16,highlight.3d=TRUE,main="MT_SX_Y (shear 

plane)",xlab="X [mm]",ylab="Y [mm]",zlab="Z [mm]") 

s3d$plane3d(regression,col="green") 

plot3d(px,py,pz,col="red",type="s",size=0.1,xlab="X",ylab="Y",zlab="Z",main

=" MT_SX_Y (shear plane)") 

Code used for the determination of the linear regression plane fitted to the sample 

surface: 

attach(sample) 

scatterplot3d(X,Y,Z) 

height2=Z 

x12=X 

x22=Y 

regression2=lm(Z~X+Y) 

summary(regression2) 

s3d2=scatterplot3d(sample[1:3],pch=16,highlight.3d=TRUE,main="MT_SX_Y (samp

le surface)",xlab="X [mm]",ylab="Y [mm]",zlab="Z [mm]") 

s3d2$plane3d(regression2,col="green") 

plot3d(X,Y,Z,col="red",type="s",size=0.1,xlab="X",ylab="Y",zlab="Z",main=" 

MT_SX_Y (sample surface)") 
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Appendix I 

3D scatterplots 

 

3D scatterplots of rock surfaces for the generation of the shear plane created in R, 

based on the point cloud extracted from the ShapeMetriX3D image processing, before 

the direct shear strength test 
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Bátaapáti Granite (second sampling): 

         

Figure I-1 : Sample S103 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Bátaapáti Granite from the second sampling 

         

Figure I-2 : Sample S104 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Bátaapáti Granite from the second sampling 
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Figure I-3 : Sample S105 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Bátaapáti Granite from the second sampling 

         

Figure I-4 : Sample S106 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Bátaapáti Granite from the second sampling 
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Figure I-5 : Sample S107 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Bátaapáti Granite from the second sampling 

         

Figure I-6 : Sample S108 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Bátaapáti Granite from the second sampling 
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Mont Terri Opalinus Claystone: 

         

Figure I-7 : Sample MT_S1_1 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

       

Figure I-8 : Sample MT_S1_2 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 
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Figure I-9 : Sample MT_S2_1 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

         

Figure I-10 : Sample MT_S3_2 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 
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Figure I-11 : Sample MT_S2_2 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

         

Figure I-12 : Sample MT_S3_3 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 
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Figure I-13 : Sample MT_S5_1 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

  

Figure I-14 : Sample MT_S6_1 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 
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Figure I-15 : Sample MT_S6_2 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

         

Figure I-16 : Sample MT_S7_1 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 
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Figure I-17 : Sample MT_S7_2 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

         

Figure I-18 : Sample MT_S7_3 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 
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Figure I-19 : Sample MT_S8_1 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

         

Figure I-20 : Sample MT_S8_3 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 



I-12 
 

         

Figure I-21 : Sample MT_S8_4 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

     

Figure I-22 : Sample MT_S8_6 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 
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Figure I-23 : Sample MT_S9_1 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 

         

Figure I-24 : Sample MT_S9_2 positioned in the bottom sample holder box of the direct shear 
strength test machine (left: top surface of a part of the sample older box, right: sample 

surface) – Mont Terri OpalinusClaystone from the second sampling 
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Appendix J 

Frequency diagrams 

 

Frequency diagrams of the average distances computed for each 1x1 mm cell of the 

grid superimposed to the regression plane fitted over the sample surface, for Bátaapáti 

Granites (second sampling) and Mont Terri Opalinus Claystones 
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Bátaapáti Granite (second sampling): 

 

Figure J-1 : Bátaapáti Granite from the second sampling, sample S103 – frequency diagram of the average distances computed for each cell on the 
grid of the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (rough surface). 

 

 

Figure J-2 : Bátaapáti Granite from the second sampling, sample S104 – frequency diagram of the average distances computed for each cell on the 
grid of the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Figure J-3 : Bátaapáti Granite from the second sampling, sample S105 – frequency diagram of the average distances computed for each cell on the 
grid of the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (rough surface). 

 

 

Figure J-4 : Bátaapáti Granite from the second sampling, sample S106 – frequency diagram of the average distances computed for each cell on the 
grid of the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Figure J-5 : Bátaapáti Granite from the second sampling, sample S107 – frequency diagram of the average distances computed for each cell on the 
grid of the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 

 

 

Figure J-6 : Bátaapáti Granite from the second sampling, sample S108 – frequency diagram of the average distances computed for each cell on the 
grid of the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Mont Terri Opalinus Claystone: 

 

Figure J-7 : Mont Terri Opalinus Claystone, sample MT_S1_1 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (smooth surface). 

 

 

Figure J-8 : Mont Terri Opalinus Claystone, sample MT_S1_2 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Figure J-9 : Mont Terri Opalinus Claystone, sample MT_S2_1 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 

 

 

Figure J-10 : Mont Terri Opalinus Claystone, sample MT_S2_2 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Figure J-11 : Mont Terri Opalinus Claystone, sample MT_S3_2 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (smooth surface). 

 

 

Figure J-12 : Mont Terri Opalinus Claystone, sample MT_S3_3 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Figure J-13 : Mont Terri Opalinus Claystone, sample MT_S5_1 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (smooth surface). 

 

 

Figure J-14 : Mont Terri Opalinus Claystone, sample MT_S6_1 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Figure J-15 : Mont Terri Opalinus Claystone, sample MT_S6_2 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 

 

 

Figure J-16 : Mont Terri Opalinus Claystone, sample MT_S7_1 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (smooth surface). 
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Figure J-17 : Mont Terri Opalinus Claystone, sample MT_S7_2 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (smooth surface). 

 

 

Figure J-18 : Mont Terri Opalinus Claystone, sample MT_S7_3 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Figure J-19 : Mont Terri Opalinus Claystone, sample MT_S8_1 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (smooth surface). 

 

 

Figure J-20 : Mont Terri Opalinus Claystone, sample MT_S8_3 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 
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Figure J-21 : Mont Terri Opalinus Claystone, sample MT_S8_4 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (smooth surface). 

 

 

Figure J-22 : Mont Terri Opalinus Claystone, sample MT_S8_6 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (smooth surface). 
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Figure J-23 : Mont Terri Opalinus Claystone, sample MT_S9_1 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 

 

 

Figure J-24 : Mont Terri Opalinus Claystone, sample MT_S9_2 – frequency diagram of the average distances computed for each cell on the grid of 
the regression plane fited over the sample surface. In green: the 90% of the frequency values; in red, the 5th and 95th percentiles of the 

distribution (moderately rough surface). 



K-1 
 

 

 

 

 

Appendix K 

Cumulative frequency diagrams 

 

All the cumulative frequency distributions are presented on one plot for Mont Terri 

Opalinus Claystone samples and Bátaapáti Granites from the second sampling 
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Figure K-1 : Cumulative frequency distributions of Bátaapáti Granites from the second sampling and Mont Terri Opalinus Claystone samples 
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Appendix L 

Shear stress – Shear displacement diagrams 

 

Shear stress – Shear displacement diagrams of Mont Terri Opalinus Claystones and 

Bátaapáti Granites from the second sampling for single-stage direct shear strength 

tests along discontinuities under constant normal load. The diagrams give information 

about the peak and residual (at 4 mm shear displacement) shear strength values and 

the graphical determination of the shear displacement intervals corresponding to the 

peak shear strength domain. The effect on the shear stress caused by the decreasing 

surface area (modA) is represented with a red line on the same graph as the Shear 

stress – Shear displacement curve obtained by considering a surface equal to the 

nominal area throughout the whole test (green line). 

 

 

 



L-2 
 

Bátaapáti Granite (second sampling): 

 

Figure L-1 : Shear stress – Shear displacement diagram of Bátaapáti Granite from the second 
sampling, sample S101 (rough surface), as obtained from single-stage direct shear strength 

test under 10 MPa constant normal stress. 

 

Figure L-2 : Shear stress – Shear displacement diagram of Bátaapáti Granite from the second 
sampling, sample S102 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 10 MPa constant normal stress 



L-3 
 

 

Figure L-3 : Shear stress – Shear displacement diagram of Bátaapáti Granite from the second 
sampling, sample S103 (rough surface), as obtained from single-stage direct shear strength 

test under 10 MPa constant normal stress. 

 

Figure L-4 : Shear stress – Shear displacement diagram of Bátaapáti Granite from the second 
sampling, sample S104 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 10 MPa constant normal stress. 
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Figure L-5 : Shear stress – Shear displacement diagram of Bátaapáti Granite from the second 
sampling, sample S105 (rough surface), as obtained from single-stage direct shear strength 

test under 5 MPa constant normal stress. 

 

Figure L-6 : Shear stress – Shear displacement diagram of Bátaapáti Granite from the second 
sampling, sample S106 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 5 MPa constant normal stress. 
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Figure L-7 : Shear stress – Shear displacement diagram of Bátaapáti Granite from the second 
sampling, sample S107 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 5 MPa constant normal stress. 

 

Figure L-8 : Shear stress – Shear displacement diagram of Bátaapáti Granite from the second 
sampling, sample S108 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 5 MPa constant normal stress. 
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Mont Terri Opalinus Claystone: 

 

Figure L-9 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S1_1 (smooth surface), as obtained from single-stage direct shear strength test 

under 1 MPa constant normal stress. Yellow interval: shear displacement corresponding to the 
peak shear strength domain; black dashed lines: geometrical definition of  the peak shear 

strength interval. 

 

Figure L-10 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S1_2 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 1 MPa constant normal stress. 
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Figure L-11 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S2_1 (moderately rough surface), as obtained from single-stage direct shear 
strength test under 1 MPa constant normal stress. Yellow interval: shear displacement 

corresponding to the peak shear strength domain; black dashed lines: geometrical definition of  
the peak shear strength interval. 

 

Figure L-12 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S2_2 (moderately rough surface), as obtained from single-stage direct shear 
strength test under 1 MPa constant normal stress. Yellow interval: shear displacement 

corresponding to the peak shear strength domain; black dashed lines: geometrical definition of  
the peak shear strength interval. 



L-8 
 

 

 

Figure L-13 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S3_2 (smooth surface), as obtained from single-stage direct shear strength test 

under 1 MPa constant normal stress. 

 

Figure L-14 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S3_3 (moderately rough surface), as obtained from single-stage direct shear 
strength test under 1 MPa constant normal stress. Yellow interval: shear displacement 

corresponding to the peak shear strength domain; black dashed lines: geometrical definition of  
the peak shear strength interval. 
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Figure L-15 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S5_1 (smooth surface), as obtained from single-stage direct shear strength test 

under 1 MPa constant normal stress. 

 

Figure L-16 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S6_1 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 1 MPa constant normal stress. 
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Figure L-17 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S6_2 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 1 MPa constant normal stress. 

 

Figure L-18 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S7_1 (smooth surface), as obtained from single-stage direct shear strength test 

under 1 MPa constant normal stress. 
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Figure L-19 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S7_2 (smooth surface), as obtained from single-stage direct shear strength test 

under 1 MPa constant normal stress. 

 

Figure L-20 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S7_3 (moderately rough surface), as obtained from single-stage direct shear 
strength test under 1 MPa constant normal stress. Yellow interval: shear displacement 

corresponding to the peak shear strength domain; black dashed lines: geometrical definition of  
the peak shear strength interval. 
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Figure L-21 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S8_1 (smooth surface), as obtained from single-stage direct shear strength test 

under 1 MPa constant normal stress. Yellow interval: shear displacement corresponding to the 
peak shear strength domain; black dashed lines: geometrical definition of  the peak shear 

strength interval. 

 

Figure L-22 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S8_3 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 1 MPa constant normal stress. 



L-13 
 

 

Figure L-23 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S8_4 (smooth surface), as obtained from single-stage direct shear strength test 

under 1 MPa constant normal stress. Yellow interval: shear displacement corresponding to the 
peak shear strength domain; black dashed lines: geometrical definition of  the peak shear 

strength interval. 

 

Figure L-24 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S8_6 (smooth surface), as obtained from single-stage direct shear strength test 

under 1 MPa constant normal stress. Yellow interval: shear displacement corresponding to the 
peak shear strength domain; black dashed lines: geometrical definition of  the peak shear 

strength interval. 
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Figure L-25 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S9_1 (moderately rough surface), as obtained from single-stage direct shear 

strength test under 1 MPa constant normal stress. 

 

Figure L-26 : Shear stress – Shear displacement diagram of Mont Terri Opalinus Claystone, 
sample MT_S9_2 (moderately rough surface), as obtained from single-stage direct shear 
strength test under 1 MPa constant normal stress. Yellow interval: shear displacement 

corresponding to the peak shear strength domain; black dashed lines: geometrical definition of  
the peak shear strength interval. 
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Appendix M 

Shear strength and Normal stress values obtained from the multi-stage direct 

shear strength tests 

 

The shear strength and corresponding normal stress values are given. The 

corresponding data points are presented all together on a Shear strength – Normal 

stress diagram and a Coulomb line is fitted over them; the angle of friction and apparent 

cohesion are calculated for both peak and residual conditions. 
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Bátaapáti Granite from the first sampling: 

Table M-1 : Peak shear strength-normal stress values for each sample at each stage during the 
multi-stage direct shear strength test. Calculated peak internal angle of friction, apparent 

cohesion and corresponding R2 value. 

Surface Sample 
Stage 

1 2 3 4 5 

m
o

d
e
ra

te
ly

 r
o

u
g

h
 

S10 
Peak shear strength [MPa] 0.93 1.07 - - - 

Normal stress [MPa] 0.44 1.04 - - - 

S11 
Peak shear strength [MPa] 0.91 1.54 1.99 - - 

Normal stress [MPa] 0.50 1.53 3.30 - - 

S12 
Peak shear strength [MPa] 1.09 1.19 1.26 1.51 1.63 

Normal stress [MPa] 0.35 0.69 0.87 1.21 1.39 

S13 
Peak shear strength [MPa] 0.63 0.67 0.65 0.88 1.03 

Normal stress [MPa] 0.28 0.55 0.83 1.10 1.38 

S14 
Peak shear strength [MPa] 0.69 1.07  1.76 1.88 

Normal stress [MPa] 0.44 1.33  3.54 4.42 

S15 
Peak shear strength [MPa] 0.70 1.22 1.64 - - 

Normal stress [MPa] 0.47 1.42 2.36 - - 

Average peak shear strength [MPa]: 0.83 1.13 1.39 1.38 1.51 

Average normal shear stress [MPa]: 0.41 1.09 1.84 1.95 2.40 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 17.6 

Apparent cohesion [MPa]: 0.75 

R2: 0.705 

 

 

Table M-2 : Residual shear strength-normal stress values for each sample at each stage during 
the multi-stage direct shear strength test. Calculated residual internal angle of friction, 

apparent cohesion and corresponding R2 value. 

Surface Sample 
Stage 

1 2 3 4 5 

m
o

d
e
ra

te
ly

 r
o

u
g

h
 

S10 
Residual shear stress [MPa] 0.30 0.38 - - - 

Normal stress [MPa] 0.44 1.04 - - - 

S11 
Residual shear stress [MPa] 0.53 1.12 - - - 

Normal stress [MPa] 0.50 1.53 - - - 

S12 
Residual shear stress [MPa] 1.02 1.14 1.12 1.46 1.61 

Normal stress [MPa] 0.35 0.69 0.87 1.21 1.39 

S13 
Residual shear stress [MPa] 0.54 0.56 0.56 0.75 0.89 

Normal stress [MPa] 0.28 0.55 0.83 1.10 1.38 

S14 
Residual shear stress [MPa] 0.44 0.91 - 1.70 1.78 

Normal stress [MPa] 0.44 1.33 - 3.54 4.42 

S15 
Residual shear stress [MPa] 0.62 1.12 1.29 - - 

Normal stress [MPa] 0.47 1.42 2.36 - - 

Average residual shear strength [MPa]: 0.58 0.87 0.99 1.30 1.43 

Average normal shear stress [MPa]: 0.41 1.09 1.35 1.95 2.40 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 18.0 

Apparent cohesion [MPa]: 0.54 

R2: 0.58 
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Table M-3 : Peak shear strength-normal stress values for each sample at each stage during the 
multi-stage direct shear strength test. Calculated peak internal angle of friction, apparent 

cohesion and corresponding R2 value. 

 

 

Table M-4 : Residual shear strength-normal stress values for each sample at each stage during 
the multi-stage direct shear strength test. Calculated residual internal angle of friction, 

apparent cohesion and corresponding R2 value. 

 

  

Surface Sample 
Stage 

1 2 3 4 5 

ro
u

g
h

 

S4 
Peak shear strength [MPa] 1.81 - - - - 

Normal stress [MPa] 1.23 - - - - 

S6 
Peak shear strength [MPa] 0.72 1.16 1.36 1.70 - 

Normal stress [MPa] 0.47 1.15 2.05 3.39 - 

S9 
Peak shear strength [MPa] 0.35 0.61 1.26 1.57 - 

Normal stress [MPa] 0.41 1.24 2.07 2.90 - 

Average peak shear strength [MPa]: 0.96 0.89 1.31 1.64 - 

Average normal shear stress [MPa]: 0.71 1.20 2.06 3.15 - 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 19.2 

Apparent cohesion [MPa]: 0.60 

R2: 0.53 

Surface Sample 
Stage 

1 2 3 4 5 

ro
u

g
h

 

S4 
Residual shear stress [MPa] 1.70 - - - - 

Normal stress [MPa] 1.23 - - - - 

S6 
Residual shear stress [MPa] 0.53 0.59 0.87 1.63 - 

Normal stress [MPa] 0.47 1.15 2.05 3.39 - 

S9 
Residual shear stress [MPa] 0.31 0.44 - 1.09 - 

Normal stress [MPa] 0.41 1.24 - 2.90 - 

Average residual shear strength [MPa]: 0.85 0.52 0.87 1.36 - 

Average normal shear stress [MPa]: 0.71 1.20 2.05 3.15 - 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 16.78 

Apparent cohesion [MPa]: 0.43 

R2: 0.41 
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Table M-5 : Peak shear strength-normal stress values for each sample at each stage during the 
multi-stage direct shear strength test. Calculated peak internal angle of friction, apparent 

cohesion and corresponding R2 value. 

 

 

Table M-6 : Residual shear strength-normal stress values for each sample at each stage during 
the multi-stage direct shear strength test. Calculated residual internal angle of friction, 

apparent cohesion and corresponding R2 value. 

 

  

Surface Sample 
Stage 

1 2 3 4 5 

c
a
lc

it
e

 c
o

v
e
re

d
 

S16 
Peak shear strength [MPa] 0.44 0.34 0.40 0.42 0.51 

Normal stress [MPa] 0.14 0.29 0.43 0.57 0.86 

S17 
Peak shear strength [MPa] 0.22 0.26 0.51 0.59 0.74 

Normal stress [MPa] 0.23 0.45 0.90 1.13 1.36 

S18 
Peak shear strength [MPa] 0.49 0.72 0.91 0.92 0.93 

Normal stress [MPa] 0.24 0.49 0.97 1.46 1.95 

S19 
Peak shear strength [MPa] 0.78 1.24 - 1.79 2.35 

Normal stress [MPa] 0.63 1.89 - 4.40 5.66 

S20 
Peak shear strength [MPa] 1.21 1.56 1.87 2.04 2.32 

Normal stress [MPa] 0.44 1.33 2.21 3.10 3.98 

Average peak shear strength [MPa]: 0.63 0.82 0.92 1.15 1.37 

Average normal shear stress [MPa]: 0.34 0.89 1.13 2.13 2.76 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 21.8 

Apparent cohesion [MPa]: 0.40 

R2: 0.78 

   

Surface Sample 
Stage 

1 2 3 4 5 

c
a
lc

it
e

 c
o

v
e
re

d
 

S16 
Residual shear stress [MPa] - 0.19 0.32 0.34 0.48 

Normal stress [MPa] - 0.29 0.43 0.57 0.86 

S17 
Residual shear stress [MPa] 0.20 0.26 0.40 0.57 0.58 

Normal stress [MPa] 0.23 0.45 0.90 1.13 1.36 

S18 
Residual shear stress [MPa] 0.38 0.37 0.74 0.78 0.83 

Normal stress [MPa] 0.24 0.49 0.97 1.46 1.95 

S19 
Residual shear stress [MPa] 0.68 1.16 - 1.58 2.11 

Normal stress [MPa] 0.63 1.89 - 4.40 5.66 

S20 
Residual shear stress [MPa] 1.07 1.42 1.72 1.85 2.11 

Normal stress [MPa] 0.44 1.33 2.21 3.10 3.98 

Average residual shear strength [MPa]: 0.58 0.68 0.79 1.02 1.22 

Average normal shear stress [MPa]: 0.39 0.89 1.13 2.13 2.76 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 20.4 

Apparent cohesion [MPa]: 0.31 

R2: 0.77 
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Bátaapáti Granite Claystone: 

Table M-7 : Peak shear strength-normal stress values for each sample at each stage during the 
multi-stage direct shear strength test. Calculated peak internal angle of friction, apparent 

cohesion and corresponding R2 value. 

Surface Sample 
Stage 

1 2 3 4 5 

s
m

o
o

th
 

S51 
Peak shear strength [MPa] 0.020 0.080 0.120 0.190 0.330 

Normal stress [MPa] 0.291 0.777 0.971 1.165 1.359 

S52 
Peak shear strength [MPa] 0.006 0.033 - - - 

Normal stress [MPa] 0.290 0.483 - - - 

S53 
Peak shear strength [MPa] 0.063 0.100 0.133 0.161 - 

Normal stress [MPa] 0.304 0.456 0.608 0.760 - 

S55 
Peak shear strength [MPa] 0.060 0.107 0.120 - - 

Normal stress [MPa] 0.140 0.280 0.420 - - 

Average peak shear strength [MPa]: 0.037 0.080 0.124 0.176 0.330 

Average normal shear stress [MPa]: 0.256 0.499 0.666 0.962 1.359 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 10.4 

Apparent cohesion [MPa]: 0 

R2: 0.68 

 

 

Table M-8 : Residual shear strength-normal stress values for each sample at each stage during 
the multi-stage direct shear strength test. Calculated residual internal angle of friction, 

apparent cohesion and corresponding R2 value. 

Surface Sample 
Stage 

1 2 3 4 5 

s
m

o
o

th
 

S51 
Residual shear strength [MPa] 0.010 0.060 0.090 0.090 0.300 

Normal stress [MPa] 0.291 0.777 0.971 1.165 1.359 

S52 
Residual shear strength [MPa] 0.006 0.033 - - - 

Normal stress [MPa] 0.290 0.483 - - - 

S53 
Residual shear strength [MPa] 0.044 0.077 0.119 0.144 - 

Normal stress [MPa] 0.304 0.456 0.608 0.760 - 

S55 
Residual shear strength [MPa] 0.058 0.105 0.116 - - 

Normal stress [MPa] 0.140 0.280 0.420 - - 

Average residual shear strength [MPa]: 0.029 0.069 0.108 0.117 0.300 

Average normal shear stress [MPa]: 0.256 0.499 0.666 0.962 1.359 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 8.4 

Apparent cohesion [MPa]: 0 

R2: 0.47 
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Table M-9 : Peak shear strength-normal stress values for each sample at each stage during the 
multi-stage direct shear strength test. Calculated peak internal angle of friction, apparent 

cohesion and corresponding R2 value. 

 

Table M-10 : Residual shear strength-normal stress values for each sample at each stage 
during the multi-stage direct shear strength test. Calculated residual internal angle of friction, 

apparent cohesion and corresponding R2 value. 

 

Surface Sample 
Stage 

1 2 3 4 5 

ro
u

g
h

 

S56 
Peak shear strength [MPa] 0.013 0.060 0.090 0.184 - 

Normal stress [MPa] 0.109 0.218 0.436 0.654 - 

S57 
Peak shear strength [MPa] 0.030 0.034 0.049 - - 

Normal stress [MPa] 0.132 0.185 0.265 - - 

S58 
Peak shear strength [MPa] 0.055 0.107 0.145 0.244 - 

Normal stress [MPa] 0.274 0.548 0.685 0.822 - 

S59 
Peak shear strength [MPa] 0.180 0.220 0.510 0.560 - 

Normal stress [MPa] 0.562 0.843 1.685 1.966 - 

S60 
Peak shear strength [MPa] 0.094 0.165 0.215 - - 

Normal stress [MPa] 0.272 0.545 0.817 - - 

S61 
Peak shear strength [MPa] 0.020 0.028 0.063 0.111 0.154 

Normal stress [MPa] 0.100 0.201 0.301 0.402 0.502 

S62 
Peak shear strength [MPa] 0.004 0.048 0.090 0.110 0.144 

Normal stress [MPa] 0.088 0.176 0.264 0.351 0.439 

Average peak shear strength [MPa]: 0.057 0.095 0.166 0.242 0.149 

Average normal shear stress [MPa]: 0.220 0.388 0.636 0.839 0.471 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 15.7 

Apparent cohesion [MPa]: 0 

R2: 0.97 

Surface Sample 
Stage 

1 2 3 4 5 

ro
u

g
h

 

S56 
Residual shear strength [MPa] 0.012 0.037 0.063 0.180 - 

Normal stress [MPa] 0.109 0.218 0.436 0.654 - 

S57 
Residual shear strength [MPa] 0.028 0.032 0.049 - - 

Normal stress [MPa] 0.132 0.185 0.265 - - 

S58 
Peak shear strength [MPa] 0.036 0.099 0.132 0.231 - 

Normal stress [MPa] 0.274 0.548 0.685 0.822 - 

S59 
Residual shear strength [MPa] 0.170 0.210 0.490 0.520 - 

Normal stress [MPa] 0.562 0.843 1.685 1.966 - 

S60 
Residual shear strength [MPa] 0.075 0.130 0.194 - - 

Normal stress [MPa] 0.272 0.545 0.817 - - 

S61 
Residual shear strength [MPa] 0.012 - - 0.102 0.148 

Normal stress [MPa] 0.100 - - 0.402 0.502 

S62 
Residual shear strength [MPa] 0.004 0.048 0.090 0.110 0.144 

Normal stress [MPa] 0.088 0.176 0.264 0.351 0.439 

Average residual shear strength [MPa]: 0.048 0.093 0.170 0.229 0.146 

Average normal shear stress [MPa]: 0.220 0.419 0.692 0.839 0.471 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 14.8 

Apparent cohesion [MPa]: 0 

R2: 0.96 
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Table M-11 : Peak shear strength-normal stress values for each sample at each stage during 
the multi-stage direct shear strength test. Calculated peak internal angle of friction, apparent 

cohesion and corresponding R2 value. 

 

 

Table M-12 : Residual shear strength-normal stress values for each sample at each stage 
during the multi-stage direct shear strength test. Calculated residual internal angle of friction, 

apparent cohesion and corresponding R2 value. 

 

 

 

 

 

Surface Sample 
Stage 

1 2 3 4 5 

m
ic

ro
b

re
c
c
ia

te
d

 

S63 
Peak shear strength [MPa] 0.051 0.137 0.228 0.338 0.432 

Normal stress [MPa] 0.256 0.513 0.769 1.026 1.282 

S64 
Peak shear strength [MPa] 0.026 0.070 0.091 0.132 0.197 

Normal stress [MPa] 0.157 0.313 0.470 0.627 0.784 

S65 
Peak shear strength [MPa] 0.048 0.059 0.084 0.087 - 

Normal stress [MPa] 0.116 0.232 0.348 0.464 - 

S66 
Peak shear strength [MPa] 0.085 0.121 0.183 0.267 0.319 

Normal stress [MPa] 0.213 0.426 0.638 0.851 1.064 

Average peak shear strength [MPa]: 0.053 0.097 0.147 0.206 0.316 

Average normal shear stress [MPa]: 0.185 0.371 0.556 0.742 1.043 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 16.4 

Apparent cohesion [MPa]: 0 

R2: 0.93 

Surface Sample 
Stage 

1 2 3 4 5 

m
ic

ro
b

re
c
c
ia

te
d

 

S63 
Residual shear strength [MPa] 0.008 0.086 0.185 0.306 0.401 

Normal stress [MPa] 0.256 0.513 0.769 1.026 1.282 

S64 
Peak shear strength [MPa] 0.007 0.038 0.048 0.127 0.190 

Normal stress [MPa] 0.157 0.313 0.470 0.627 0.784 

S65 
Peak shear strength [MPa] - 0.059 0.069 - - 

Normal stress [MPa] - 0.232 0.348 - - 

S66 
Peak shear strength [MPa] 0.068 0.108 0.166 0.248 0.218 

Normal stress [MPa] 0.213 0.426 0.638 0.851 1.064 

Average residual shear strength [MPa]: 0.028 0.073 0.117 0.227 0.270 

Average normal shear stress [MPa]: 0.209 0.371 0.556 0.835 1.043 

Values 
determined 

from the 
Coulomb line 

Internal angle of friction [deg]: 14.2 

Apparent cohesion [MPa]: 0 

R2: 0.86 
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Annex 1 

Glossary of statistics 

 

Glossary for statistical terms and methodologies used in the research work 
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The statistical terms and methods used in the research are based on the glossary and 

definitions of the Organisation for Economic Co-operation and Development (OECD), 

the glossary of Philip B. Stark and the glossary of Stat Trek (Stat Trek, 2016). The 

definitions are quoted from these glossaries (Stark, 2014; OECD, 2016; Stat Trek, 

2016).  

Class Interval – (Stark, 2014): 

‘In plotting a histogram, one starts by dividing the range of values into a set of non-

overlapping intervals, called class intervals, in such a way that every datum is 

contained in some class interval.’ 

Coefficient of determination – (Stat Trek, 2016)  

‘The coefficient of determination (R2) for a linear regression model with one 

independent variable is: 

R2 = { ( 1 / N ) * Σ [ (xi - x) * (yi - y) ] / (σx * σy ) }2 

where N is the number of observations used to fit the model, Σ is the summation 

symbol, xi is the x value for observation i, x is the mean x value, yi is the y value for 

observation i, y is the mean y value, σx is the standard deviation of x, and σy is the 

standard deviation of y.’ 

Cumulative frequency – (Stat Trek, 2016): 

‘In a data set, the cumulative frequency for a value x is the total number of scores that 

are less than or equal to x.’ 

Frequency – (OECD, 2016): 

‘The rate at which something happens or is repeated.’ 

Histogram – (OECD, 2016): 

‘A univariate frequency diagram in which rectangles proportional in area to the class 

frequencies are erected on sections of the horizontal axis, the width of each section 

representing the corresponding class interval of the variate.’ 

 

http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#histogram


a1-3 
 

Linear regression – (Stark, 2014): 

Linear regression fits a line to a scatterplot in such a way as to minimize the sum of 

the squares of the residuals. The resulting regression line, together with the standard 

deviations of the two variables or their correlation coefficient, can be a reasonable 

summary of a scatterplot if the scatterplot is roughly football-shaped. In other cases, it 

is a poor summary. If we are regressing the variable Y on the variable X, and if Y is 

plotted on the vertical axis and X is plotted on the horizontal axis, the regression line 

passes through the point of averages, and has slope equal to the correlation coefficient 

times the SD of Y divided by the SD of X. 

Residual: In linear regression of a variable plotted on the vertical axis onto a 

variable plotted on the horizontal axis, a residual is the "vertical" 

distance from a datum to the line. Residuals can be positive (if the 

datum is above the line) or negative (if the datum is below the line). 

Mean (average, arithmetic mean) – (Stark, 2014): 

‘The sum of a list of numbers, divided by the number of numbers.’ 

Multiple linear regression – (OECD, 2016): 

‘The general purpose of multiple regression (the term was first used by Pearson, 1908) 

is to analyze the relationship between several independent or predictor variables and 

a dependent or criterion variable. 

The computational problem that needs to be solved in multiple regression analysis is 

to fit a straight line (or plane in an n-dimensional space, where n is the number of 

independent variables) to a number of points. In the simplest case - one dependent 

and one independent variable - we can visualize this in a scatterplot (scatterplots are 

two-dimensional plots of the scores on a pair of variables). It is used as either a 

hypothesis testing or exploratory method.’ 

 

 

 

http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#scatterplot
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#residual
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#sd
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#sd
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#correlation_coef
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#point_of_averages
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#correlation_coef
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#sd
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#sd
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#lin
http://www.statsoft.com/textbook/statistics-glossary/i.aspx?#Independent%20vs.%20Dependent%20Variables
http://www.statsoft.com/textbook/statistics-glossary/i.aspx?#Independent%20vs.%20Dependent%20Variables
http://www.statsoft.com/textbook/statistics-glossary/i.aspx?#Independent%20vs.%20Dependent%20Variables
http://www.statsoft.com/textbook/statistics-glossary/i.aspx?#Independent%20vs.%20Dependent%20Variables
http://www.statsoft.com/textbook/statistics-glossary/i.aspx?#Independent%20vs.%20Dependent%20Variables
http://www.statsoft.com/textbook/statistics-glossary/s.aspx?#Scatterplot,%202D%20-%20Regular
http://www.statsoft.com/textbook/data-mining-techniques/#eda
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Percentile – (Stark, 2014): 

‘The pth percentile of a list is the smallest number such that at least p% of the numbers 

in the list are no larger than it. The pth percentile of a random variable is the smallest 

number such that the chance that the random variable is no larger than it is at least 

p%.’ 

Scatterplot – (Stark, 0214):  

‘A scatterplot is a way to visualize bivariate data. A scatterplot is a plot of pairs of 

measurements on a collection of "individuals" (which need not be people). For 

example, suppose we record the heights and weights of a group of 100 people. The 

scatterplot of those data would be 100 points. Each point represents one person's 

height and weight. In a scatterplot of weight against height, the x-coordinate of each 

point would be height of one person, the y-coordinate of that point would be the weight 

of the same person. In a scatterplot of height against weight, the x-coordinates would 

be the weights and the y-coordinates would be the heights.’  

Standard deviation – (Stark, 2014): 

‘The standard deviation of a set of numbers is the RMS of the set of deviations between 

each element of the set and the mean of the set.  

RMS: The RMS of a list is the square-root of the mean of the squares of the 

elements in the list. It is a measure of the average "size" of the elements 

of the list. To compute the RMS of a list, you square all the entries, 

average the numbers you get, and take the square-root of that average. 

deviation: A deviation is the difference between a datum and some reference value, 

typically the mean of the data. In computing the standard deviation, one finds the RMS 

of the deviations from the mean, the differences between the individual data and the 

mean of the data.’  

 

 

http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#random_variable
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#bivariate
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#deviation
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#mean
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#mean
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#mean
http://www.stat.berkeley.edu/~stark/SticiGui/Text/gloss.htm#mean
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Annex 2 

Formulas used in the first phase evaluation 

 

For calculating the rock mechanical parameters from raw direct shear strength test 

results, the equations featured in the Suggestions of the ISRM were used (ISRM, 1974 

and 2015).  

 

 



a2-2 
 

The following equations and relationships were used in the first phase evaluation: 

- determination of apparent normal stress: 

𝜎𝑛 =
𝑁𝑛

𝐴
 , (A2.1) 

where 𝜎𝑛 is the apparent normal stress, 𝑁𝑛 is the normal load and 𝐴 is the nominal 

area of the sample. 

- determination of peak shear strength: 

𝜏𝑝𝑒𝑎𝑘 =
𝑇𝑝𝑒𝑎𝑘

𝐴
 , (A2.3) 

where 𝜏𝑝𝑒𝑎𝑘 is the peak shear strength, 𝑇𝑝𝑒𝑎𝑘 is the peak shear load. The nominal area 

of the sample is reduced during the shear test due to the shear displacement; this 

effect is usually taken into consideration when the peak shear strength is calculated. 

- determination of residual shear strength: 

𝜏𝑟𝑒𝑠 =
𝑇𝑟𝑒𝑠

𝐴
 , (A2.4) 

where 𝜏𝑟𝑒𝑠 is the residual shear strength, 𝑇𝑟𝑒𝑠 is the residual shear load and 𝐴 is the 

nominal area of the sample.  

The nominal area of the sample is reduced during the shear test due to the shear 

displacement; this effect is usually taken into consideration when the peak and residual 

shear strengths are calculated. 

- determination of peak friction angle: 

The peak friction angle can be calculated in different ways. If it is taken as the slope of 

a Coulomb line, the following equation can be used (Eq. A2.5): 

𝜑𝑝𝑒𝑎𝑘 = tan−1 𝜏𝑝𝑒𝑎𝑘

𝜎𝑛
= tan−1 𝑇𝑝𝑒𝑎𝑘

𝑁𝑛
 ,       (A2.5) 

where 𝜑𝑝𝑒𝑎𝑘 is the peak friction angle and  𝑁𝑛 is the normal load corresponding to the 

peak shear load. 
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In case the existence of the apparent cohesion is considered, the corresponding term 

has to be included in Eq. A2.5. If the failure envelope is given by a parabola or a square 

root-function curve, the value is calculated from the slope of its tangent. 

- determination of residual friction angle: 

Similarly to the peak friction angle, the same approaches hold for calculating also the 

residual friction angle (Eq. A2.6). 

𝜑𝑟𝑒𝑠 = tan−1 𝜏𝑟𝑒𝑠

𝜎𝑛
= tan−1 𝑇𝑟𝑒𝑠

𝑁𝑛
 , (A2.6) 

where 𝜑𝑟𝑒𝑠 is the residual friction angle 𝑁𝑛 is the normal load corresponding to the 

residaul shear load.  

- determination of peak friction coefficient: 

𝜇𝑝𝑒𝑎𝑘 =
τpeak

σn
=

𝑇𝑝𝑒𝑎𝑘

𝑁𝑛
 , (A2.7) 

where 𝜇𝑝𝑒𝑎𝑘 is the peak friction coefficient and 𝑁𝑛 is the normal load corresponding to 

the peak shear load.  

- determination of residual friction coefficient: 

𝜇𝑟𝑒𝑠 =
τres

σn
=

𝑇𝑟𝑒𝑠

𝑁𝑛
 , (A2.8) 

where 𝜇𝑟𝑒𝑠 is the residual friction coefficient and 𝑁𝑛 is the normal load corresponding 

to the residual shear load.  

The effect of the area change in the sample throughout the shear test does not play a 

role in the calculation of the peak and the residual friction coefficients. 
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