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1 INTRODUCTION 

1.1 Background 

Rock joints are one of the most common features of rock masses. They are defined as cracks, 

fractures or discontinuities in rock along which there has been little or no transverse 

displacement (Price, 1966). The behavior of rock joints is crucial in the design of engineering 

structures dealing with rocks. This is because they have a great impact on the structural stability 

and deformability of rock masses. They divide the rock mass into smaller parts and can cause 

different types of failures in the rock. Insufficiently stabilized joints have often caused the 

failure of underground projects as well as irrigation works. Rock joints can either be “filled”, 

which means there exists minerals inside the joints, such as dolomite and calcite. Or they could 

be “unfilled” or “open” in which case they have no minerals inside them. Rock joints can also be 

divided into rough, smooth and slicken-sided joints. In my thesis, I will be dealing with rough 

unfilled rock joints. 

One of the most important attributes of a rock mass is its shear strength. It is the main factor in 

the sliding failure criterion of a rock mass. This is particularly important in the study of 

structures such as concrete dams. In reality, joints control the shear behavior of a given rock 

mass. This is due to the fact that joints provide low energy paths along which shear failure can 

occur. It is therefore critical to have a better understanding of the peak shear strength of rock 

joints. 

In the study of rock mechanics, it has been proven very difficult to reach accurate estimations 

on the peak shear strength of rock joints. This is due to many reasons. One example of these 

reasons is the complexity and uncertainties of the natural properties of rock joints. Each joint is 

very different in its geometrical and shear properties. Another reason is the many different 

parameters that have a direct or indirect effect on the shear strength. Examples of these are 

the surface roughness (JRC), wall compressive strength (JCS) and the existence of water. It has 

also been discovered that scale and the degree of matedness of the joint have a significant 

effect on the shear strength. A third reason is the insufficient shear test results with respect to 

the different parameters. This is why more research is needed in the area of shear strength of 

rock joints. 
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1.2 Objective 

To get a better understanding of peak shear strength of unfilled rock joints, many conceptual 

models have been proposed. They are designed to represent the mechanical behavior of the 

joints with respect to the universal laws of physics. Their function is also to reduce the number 

of uncertainties that are associated with shear strength. They should suggest explanations for 

unexplained phenomena and, most important, provide a simple and straightforward equation 

to calculate the peak shear strength. The difficulty, of course, is to propose a model that 

provides accurate equations. Most of the models available today have some kind of drawback 

or uncertainty. 

As a result, it is of extreme importance to have a verification process. This process is used to 

check the legitimacy of a proposed model. The verification will make sure the results 

analytically obtained from the model are to a degree consistent with results acquired through 

other methods, for example lab tests. This will therefore give a sense of how accurate the 

model captures the true mechanisms behind shear strength of rock joints. 

In my thesis, I will be attempting to verify a model which was proposed by Johansson (2009) to 

calculate peak shear strength of rock joints. The model was partly verified by Johansson(2009). 

However, the parameter of matedness was not taken into account. Matedness and all the other 

parameters will be discussed in detail in the material. This will be the new and unique addition 

about this work, that the accuracy of the model will be verified with shear tests with respect to 

the matedness of the joints. 

The verification process will consist of four steps. The first step involves the measurement of 

the surface properties using optical scanning. The second step will be the use of the model and 

the surface properties to analytically calculate all the different parameters and the peak shear 

strength. The third step will be performing direct shear tests on the samples and acquiring 

results which include shear strength. The fourth and final step will be the verification and 

comparison of the results obtained from the model with those of the shear tests. 

I have started with an Introduction in the first chapter. In the second chapter I have given a 

brief literature study behind the peak shear strength of rock joints. In chapter three, I have 

discussed the model proposed by Johansson(2009). The shear tests and their results are 

discussed in chapter four. Chapter five is about the optical scanning and the results analytically 

obtained via the model. The final chapter will include a comparison between the results and the 

verification of the accuracy.
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2 LITERATURE STUDY 

2.1 Introduction 

As stated earlier, it is very difficult to get an accurate estimation of the peak shear strength of a 

given rock joint. There are many parameters that affect it so these parameters must be studied 

carefully.  These parameters include the type of rock, surface roughness, normal stress and uni-

axial compressive strength of the joint wall surface. 

There have been several methods proposed in the past. Each designed in a particular way, 

some empirically and others more theoretically. These provide a series of available shear 

strength failure criteria that estimate the peak shear strength.  

In this chapter, two basic shear mechanisms of rock joints will be explained; basic friction and 

surface roughness. Afterwards, some examples of past models will be briefly discussed.  

 

2.2 Basic shear mechanisms of rock joints 

2.2.1 Friction & Adhesion theory 

The first and most important mechanism is friction. When two surfaces in contact move relative 

to each other, a sliding resistance is induced. This sliding resistance is called friction. Three 

fundamental laws of friction have been introduced by Amontons and Coulomb. They are as 

follows: 

• Amontons' First Law: The force of friction is directly proportional to the applied load. 

• Amontons' Second Law: The force of friction is independent of the apparent area of 

contact. 

• Coulomb's Law of Friction: Kinetic friction is independent of the sliding velocity. 

 

In practice, the friction process is explained by the so called adhesion theory. It was first stated 

by Terzaghi (1925) and later approved by Bowden and Tabor (1950 and 1964).  

The adhesion theory states the following points: 

• All surfaces are rough on a microscopic level, even if they are smooth on a macroscopic 

level. 
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• Contact points will only be developed when asperities from both surfaces touch each 

other.  The sum of these contact areas is called the true contact area and is denoted ��. 

• The normal stresses at the contact points are so high that the local plastic yield strength 

of the rock material at the asperity scale is reached. Therefore the following equation is 

valid: 

  �� = ���          (2.1)   

Where � is the normal force and 	
 is the stress required to obtain plastic flow at the 

contact points.  

• The true contact area is proportional to the normal load, i.e. it increases with the 

increase of the normal load. This is evident from equation (2.1) 

• Adhesion is responsible for friction. This is because adhesive bonds are formed in the 

areas of contact as a result of the extremely high normal force. 

 

The shear resistance is provided by these adhesive bonds and is given by: 

� = � ∙ ��            (2.2) 

Where � is the sum of the adhesive strengths of the bonds.  

By combining equation (2.1) and (2.2) we get the following equation: 

� = � ∙ ���            (2.3) 

Where 
��� is often referred to as the coefficient of friction or �. It is also known as the tangent of 

the friction angle ∅. Therefore the following equation is reached: 

� = � tan ∅             (2.4) 

It is clear that the shear strength is proportional to the normal force provided the friction angle 

is constant.           

Many different methods have been proposed to prove the adhesion theory and contact 

mechanics. In the end the adhesion theory is generally accepted and seems reasonable. This is 

because that its ideologies have been generally proven in the experiments. An example of this 

is the proportionality of the normal stress and the contact area. In the experiments carried out, 

it has been established that contact area does increase with the increase of the normal load 

(Greenwood  and Williamson (1966) and Logan and Teufel (1986)). 
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2.2.2 Surface roughness 

Another basic mechanism of rock joints is surface roughness. It is a property of the texture of a 

surface. It is quantified by the vertical deviations of the surface from the original smooth one. In 

reality, all surfaces are rough. This was stated earlier from the adhesion theory.  

It is complicated to measure surface roughness. Many methods have been proposed. The most 

common parameter in quantifying the roughness of a given surface was put forth by Barton 

(1973) when he introduced the JRC, or the joint roughness coefficient. Other approaches 

include a compass clinometers and remote controlled scanning.  

Another approach was the use of statistical parameters from analysis of two dimensional 

profiles. This was done using root mean square (RMS) and the center line average (CLA) see 

(Thomas 1982). In other methods, different statistical parameters were used, such as auto-

correlation function, spectral density function, structure function (SF), roughness profile index 

(��) and micro average angle (��) (Papaliangas 1996).  

Later, fractal models were used to describe surface roughness, see for example Mandelbrot 

(1983); Brown and Scholz (1985); and Fardin (2003). This came from the fact that scale had an 

effect on the surface roughness. Scale effect will be discussed in more detail in the next 

chapter. 

It was also concluded that surface roughness can be idealized by superposition of asperities at 

different scales. This can be done using a self-affine fractal model with a power function 

(Maliverno 1990). 

 

2.3 Past proposals for peak shear strength 

The following are examples of some of the past proposed models for shear strength of rock 

joints. 

2.3.1 Coulomb Model 

Considered the most basic form and is used to this day as the fundamental criterion to predict 

shear strength. It was based on the work of Coulomb. It is expressed as: 

� = � ∙  ��            (2.5) 

Where  � is the peak shear strength,  �� is the normal stress acting on the failure plane and  � is 

known as the coefficient of friction and is solely a material property. It is expressed as: 
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� = tan ��           (2.6) 

Where �� is the basic friction angle of the failure plane. This is, according to Coulomb, the 

maximum angle of which the resultant of all forces acting on a block resting on an inclined 

plane remains at rest.  

2.3.2 Patton (1966) 

Patton was the first to make a connection between the shear strength and roughness. He 

represented roughness as a series of triangles or saw-teeth. He then derived an expression for 

peak shear strength at low effective normal stress immediately before shearing as follows: 

� = �� ∙ tan��� + ��          (2.7) 

Where � is the inclination of the saw teeth with respect to the angle of applied stress. It is also 

called the dilation angle. Patton then derived another equation for after shearing. In this case 

the normal stress is somewhat higher and the effect of the saw teeth or asperities has been 

considerably reduced as a result of shearing.  The equation is as follows: 

� = c! + �� ∙ tan��"�              (2.8) 

Where c! is the cohesion when the teeth are sheared off at their base and �" is the residual 

shearing resistance of an initially intact material. 

2.3.3 Ladanyi and Archambault (1970) 

Another solution was proposed by Ladanyi and Archambault (1970) through theoretical and 

experimental methods. They proposed the following equation: 

� = #$∙�%&'(�∙�)*� +,-)*� ∅.�- '(∙/0123%&�%&'(�∙)*�  +,∙)*� ∅.                   (2.9) 

Where: 

�: Peak shear strength of joint ��: Effective normal stress 4�: Area of the asperities that has been sheared �56�7: Shear strength of intact rock ∅8: Basic friction angle  9:: Dilatancy angle at the peak and  9: = arctan �<� =��⁄  
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Where <� and =� is the vertical and horizontal displacement of the average joint plane at the 

peak respectively with respect to the shear direction.  

2.3.4 Barton (1977) and Zhao(1997 a,b) 

An empirical approach was proposed by Barton and Choubey (1977) to predict the peak shear 

strength of rock joints. It uses the roughness of the joint as well as the compressive strength of 

the rock. It is an empirical JRC-JCS model. The equation is as follows: 

� = �? ∙ tan �@�A ∙ log%E FGHI#J K + ∅5�         (2.10) 

Where � is the peak shear strength of joint, �� is the effective normal stress and  ∅5 is the 

residual friction angle.  

JRC is the joint roughness coefficient and it represents a roughness scale varying from 0 to 20, 

where 0 represents a completely smooth surface and 20 represents a completely rough surface. 

JCS is the joint wall compressive strength and is equal to the unconfined compressive strength 

of the intact rock for unweathered joints. 

Zhao (1997 a,b) later suggested a modification of Bartons equation. He added a new coefficient 

named JMC to account for the degree of matedness of the joint. JMC is the joint matching 

coefficient and it ranges from 0 to 1 where 0 is maximal unmated joint and 1 is perfectly mated. 

2.3.5 Maksimovic (1992 and 1996) 

Maksimovic (1996) proposed a hyperbolic function to deduce the angle of shearing resistance 

of rock joints. The equation of the peak shear strength was as follows: 

� = �? ∙ tan �∅8 + ∆∅/�1 + #J�J��        (2.11) 

Where � is the peak shear strength of joint, �� is the effective normal stress and  ∅8 is the basic 

friction angle. The coefficient ∆∅ is the joint roughness angle which is the angle of maximum 

dilatancy. O?is the median angle pressure which is equal to the normal stress when the 

contribution is equal to one half of ∆∅. 

2.3.6 Kulatilake (1995) 

Kulatilake (1995) proposed another equation to estimate the shear strength of rock joints. It is 

based on fractal theory. The equation is as follows: 

� = �? �∅8 + 4�P�Q�� Flog%E F#R# KKS + T�       (2.12) 

Where I is the average inclination of the asperities, �U  is the compressive strength of the joint 

surface. a, c and d are empirical constants which are determined by regression analysis of data 
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from shear tests. SRP is the stationary roughness parameter and is based on fractal parameters 

for quantification of surface roughness.  

2.3.7 Grasselli (2001) 

Grasselli (2001) considered the anisotropy of the shear strength in proposing a shear failure 

criterion. He used detailed surface measurements of joints by taking optical measurements. 

This was done by the use of ATM or Advanced Topometric System.  

The equation Grasselli (2001) proposed was based on experimental results. It is as follows: 

� = �? ∙ tan�∅5V � ∙ �1 + W�         (2.13) 

Where ∅5V  is the residual friction angle and is calculated as follows: 

∅5V = ∅8 + X           (2.14) 

Where X is the effect of roughness on the friction angle and is calculated as follows: 

X = �A ∙ �6%.Z ∙ 9['\∗ ∙ ^1 − �6à b��6� c       (2.15) 

Where d is the angle of schistosity planes in the rock with respect to the normal of the joint. 

The parameter g is a term taking into account the effect of the surface morphology on the peak 

shear strength. It is calculated using the following equation. 

W = e&fghi∗j∙k1∙a∙lJlm            (2.16) 

Where �� is the tensile strength of the intact rock. 

2.3.8  Remarks on past proposals 

In most of the proposed failure criteria, the same construction is to some extent used. The 

failure criterion for the shear strength consists of two parts. The first is the constant part which 

relies on the rock type (Usually named the basic friction angle or the residual shearing 

resistance). The second is the variable part of the equation and it is dependent on many criteria 

such as the normal stress, roughness and matedness. 
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3 CONCEPTUAL MODEL 

3.1 Introduction 

In this chapter, the conceptual model proposed by Johansson (2009) will be discussed. This 

model was designed to estimate the peak shear strength with respect to many factors. These 

factors are: scale effect, contact area, roughness, normal stress and matedness. Each of these 

will be further discussed along with their equations. These equations will lead to the final 

conceptual model which will be verified in the next few chapters. 

 

3.2 Peak friction angle 

The peak friction angle can be assumed to be composed of two parts for a macroscopic rough 

surface, or in hard rock at larger scales. The first part is the basic friction angle ∅8and the 

second is the dilation angle �. So the following equation for the peak friction angle is valid: 

∅� = ∅8 + �            (3.1) 

The concept of the basic friction angle is derived mainly from the adhesion theory (Patton 

(1966)). It states that at the contact points between the asperities there is a very high stress 

that reaches the plastic strength of the material. This high stress causes the surfaces to weld 

together at junctions creating adhesive bonds. The shear resistance is the accumulative sum of 

these adhesive bonds. Friction could then be expressed as the quotient of this adhesive 

strength over the yield stress of the surface. 

For macroscopic rough surfaces, the dilation angle  � is added. First, the asperities form 

elastically. Then they reach the yield strength of the material as the load increases. The smallest 

asperities are first crushed and then the bigger ones. This happens until a critical number of 

asperities are reached. This is when the potential contact area becomes equal to the true 

contact area.  At this point the measured dip angle becomes equal to the dilation angle of the 

joint surface for asperities with inclination lower than approximately 30° for hard rocks.  

Another component was also introduced in relation to the total friction angle and also 

originated from roughness. It was called the asperity failure component and detonated �? 

Ladanyi and Archambult (1970), Barton (1973) and Bandis et al. (1981).  

Patton (1966), Fishman (1990) and Grasseli (2001) all performed tests to identify the different 

failure modes of asperities. In general, it was found that asperities fail either by sliding, shear 
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failure or tensile failure.  The type of failure, they found, was dependant on the asperity 

inclination i.  

According to Johansson (2009), the main cause of failure for asperities with low values of 

inclination, i.e. below 30°, is sliding.  When the inclination increases more than 30° shearing or 

crushing of the asperities begins to take place. Tensile failure occurs when the asperities are 

around 70°.  

The adhesion theory states that the shear strength is a function of the normal load. This is 

evident from the following equation: 

�� = �?V tan ∅�          (3.2) 

Where �� is the shear strength and �?V  is the effective normal stress. 

Combining equations (3.1) and (3.2) we get: 

�� = �?V tan� ∅8 + ��           (3.3) 

 

3.3  Scale relation of aperities 

It is believed that the shear strength of rough unfilled joints is affected by scale. This means that 

two samples of the same rock material, but of different sizes, usually have different peak shear 

strengths. This is why samples of different sizes must be taken into consideration when testing 

is performed. In other words, laboratory testing is not sufficient but in situ shear tests must be 

performed as well, where samples will be considerably longer in scale. 

It is believed that surface roughness of the joint surface has an impact on scale effect. Later 

fractal models were used to describe surface roughness. 

There are two types of fractal models, self similar and self-affine. The difference between them 

is that for self-similar fractal models the geometric statistical moments remain constant to all 

scales, while self-affine fractal models only remain the same statistically if they are scaled 

differently in different directions (Mandelbrot 1983). Regarding surface roughness, self-affine 

fractal models are generally more suitable.  

For self-affine fractal models, the general equation between the asperity height and the length 

of the profile is the following: 

 P�n� = �no             (3.4) 
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Where H is the Hurst component and A is the amplitude parameter. The same form of the 

equation could be used for the asperities as follows: 

ℎ'�� = 4 ∙ q'��o            (3.5) 

Where ℎ'�� is the height of the asperity and q'�� is the length of the asperity. The component 4 is an amplitude constant and is based on the asperity base length. This means there is a 

scaling relation between the asperity height and length. When the Hurst component is 1 this 

means the increase of the asperity height is proportional to the increase in the length. 

However, if H is lower than one, which is the case for most natural rocks, the increase in the 

height will be less than the increase in the width. This means that the inclination of the 

asperities decreases as shown in the equation of the dilation (inclination) angle. 

� = 4rs tan�tuh(vwh(v �           (3.6) 

 

3.4 Potential Contact Area 

The potential contact area was set forth by Grasselli (2001). In his proposal, triangulation was 

used to reconstruct the joint surface. He suggested that the shear resistance was only provided 

by the triangles of the reconstructed surface facing the shear direction. The sum of these 

triangles is, according to Grasselli, the total potential contact area ratio  ��,�. To calculate ��,� 

he proposed the following equation based on curve fitting and regression analysis: 

��,� = �6 ∙ �+ghi∗ &+∗+ghi∗ �H          (3.7) 

Where �6is the maximum possible contact area which, according to Grasseli is taken as half the 

total potential area or 0.5�� for the freshly mated joints. C is a roughness parameter.  

 The parameter 9∗ is the apparent dip angle which is the contribution from each triangle 

projection. It is a function of the shear direction as shown in figure 3.1. The parameter 9['\∗  is 

maximum apparent dip angle and is the threshold inclination. Asperities with an angle steeper 

than this maximum apparent dip angle are assumed to be involved in shearing.  
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Figure 3.1 The apparent dip angle 

 

The potential contact area is then calculated by multiplying the potential contact area ratio 

with the area of the sample. 

It must be stated that this is based on scanning data and therefore the scale 

captured with a fixed resolution. Therefore, the scanning resolution was chosen at grain size 

scale. This way it is possible to assume

 

3.5 True contact area 

The true contact area is the actual area in contact between the two surfaces.. Its equation is 

derived from the basic mechanism of the adhesion theory. 

The adhesion theory states that all surfaces are rough on a microscopic level. 

will only be developed when asperities from both surfaces touch each other.  The sum of these 

contact areas is called the true contact area. The normal stresses at the contact points are so 

high that the local plastic yield strength of the rock m

Therefore the following equation is valid:

�� = ���   

Where ��  is the true contact area, 

plastic flow at the contact points. 

Experimental study of the shear strength of unfilled and rough rock joints 

.1 The apparent dip angle 9∗is a function of the shear direction (Grasselli 2006)

The potential contact area is then calculated by multiplying the potential contact area ratio 

 

be stated that this is based on scanning data and therefore the scale 

captured with a fixed resolution. Therefore, the scanning resolution was chosen at grain size 

. This way it is possible to assume the adhesion theory is valid. 

 

The true contact area is the actual area in contact between the two surfaces.. Its equation is 

derived from the basic mechanism of the adhesion theory.  

The adhesion theory states that all surfaces are rough on a microscopic level. 

will only be developed when asperities from both surfaces touch each other.  The sum of these 

contact areas is called the true contact area. The normal stresses at the contact points are so 

high that the local plastic yield strength of the rock material at the asperity scale is reached. 

Therefore the following equation is valid: 

      

is the true contact area, � is the normal force and 	
 is the stress required to obtain 

plastic flow at the contact points.  

 

is a function of the shear direction (Grasselli 2006) 

The potential contact area is then calculated by multiplying the potential contact area ratio 

be stated that this is based on scanning data and therefore the scale behaviour is not 

captured with a fixed resolution. Therefore, the scanning resolution was chosen at grain size 

The true contact area is the actual area in contact between the two surfaces.. Its equation is 

The adhesion theory states that all surfaces are rough on a microscopic level. Contact points 

will only be developed when asperities from both surfaces touch each other.  The sum of these 

contact areas is called the true contact area. The normal stresses at the contact points are so 

aterial at the asperity scale is reached. 

  (3.8)   

is the stress required to obtain 
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The true contact area ratio ��,5 is defined as the true contact area  ��  divided by the nominal 

area of the sample �. Therefore the following equation is valid: 

��,5 = y2y            (3.9) 

Combining equations (3.8) and (3.9) we get: 

��,5 = � yz��            (3.10) 

At the same time the effective normal stress �?V  is defined as: 

�?{V �y               (3.11) 

Combining equations (3.10) and (3.11): 

 ��,5 = #J|��           (3.12) 

The stress 	
 is also called the yielding stress of the joint surface ��}. Finally we get the 

equation for the true contact area ratio: 

��,5 = #J|#2~                                                   (3.13) 

 

3.6 Matedness effect 

Matedness of a joint is essentially the degree to which the two surfaces of the joint can be fixed 

together without having any voids or any shear displacement between the upper and lower 

joint surface.  

A perfectly mated jointed will have no voids and the two surfaced could be connected perfectly. 

It can be assumed that this shear displacement is only half the grain size. It is illustrated in the 

following figure: 

  

Figure 3.2 A perfectly mated joint 



Experimental study of the shear strength of unfilled and rough rock joints 

 

14 

 

A maximal unmated joint will have a high relative shear displacement between the two 

surfaces. It can be assumed that this shear displacement is half the sample length. It is 

illustrated in the following figure: 

L a s p , m a x a s p , m a xL a s p , m a x a s p , m a x

 

Figure 3.3 A maximal unmated joint 

 

In the study of the shear strength of rock joints, and in particular in this conceptual model, the 

matedness effect has a significant effect on how contact points change.  

As stated earlier from the adhesion theory, the following equation is valid: 

y2y = #J|��            (3.14) 

This equation shows that the ratio between the true contact area and the area of the sample is 

independent of the sample size. As a result, the following equation is also valid: 

y2,JyJ = y2,�y�                                                                                           (3.15) 

Where the subscripts n and g stand for full joint size and grain size respectively. The true 

contact area can also be expressed as: 

�� = � ∙ ��,'� = � ∙ q'��t                     (3.16) 

Where  � is the number of contact points, ��,'�  is the average area of the contacts points and q'�� is the average length of the contacting asperities. Here we assume that the asperities have 

a quadratic shape. Combining equation (3.15) and (3.16) we get: 

?J∙wh(v,J�wJ� = ?�∙wh(v,��w��             (3.17) 
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Where L is the length of the sample. This equation shows that the number of contact points will 

control how the length and area of the asperities change with increased scale.  

Johansson (2009) proposed the following relation between the length of the sample, the 

asperity height and matedness : 

q'��,? = q'��,� ∙ (wJw�)7         (3.18) 

Where k is an empirical constant.  

The number of contact points for perfectly mated joints increases proportionally to the area of 

the sample. This would imply that in equation (3.18) the length of the asperity at sample size 

equals that of grain size. In other words, k=0 for perfectly mated joints. 

On the contrary, joints with full scale effect (maximal unmated joints) have a dilation angle that 

depends on scale at constant normal stress. This means that the number of contact points 

remains constant with the area of the sample. This would imply that in equation (3.18) the 

length of the asperity at sample size does not equal that of grain size. In other words, k=1 for 

maximal unmated joints. 

It can therefore be concluded that the constant k describes the degree of matedness for a joint. 

Using the previous equations, it can be calculated using the following formula: 

� = ��� �(,v&��� �(,g~J��� �(,ghi&��� �(,g~J          (3.19) 

Where ��,� is the shear displacement at peak shear strength, ��,[}? is the shear displacement 

for a perfectly mated joint and is assumed to be q� 2⁄  and ��,['\ is the shear displacement for 

a maximal unmated joint and is assumed to be q? 2⁄ . 

 

3.7 Formation of conceptual model 

After discussing the different factors, the conceptual model presented by Johansson (2009) can 

be derived. Below, the six equations needed for the model are presented. 

1- Peak friction angle equation: 

�� = �?V tan( ∅8 + �)           (3.3) 

2- Scale relation of asperities equation: 

ℎ'�� = 4 ∙ q'��o            (3.5) 
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3- Dilation angle equation: 

� = 4rs tan(tuh(vwh(v )           (3.6) 

4- Potential contact area equation: 

��,� = �6 ∙ (+ghi∗ &+∗+ghi∗ �H          (3.7) 

5- True contact area equation: 

��,5 = #J|#2~                                                   (3.13) 

6- Matedness effect equation: 

q'��,? = q'��,� ∙ �wJw��7         (3.18) 

 

The first step in deriving the equations, as made by Johansson(2009), was stating that at 

equilibrium the potential contact area is equal to the true contact area and the apparent dip 

angle 9∗ becomes equal to the dilation angle �. Using this and combining it with equations (3.7) 

and (3.13) we get the following equation: 

� = 9['\∗ − 10��� lJ|l2~���� k1a ∙ ∙ 9['\∗                               (3.20) 

 

Combining the scaling relation (3.5), the dilation angle equation (3.6) and equation (3.20), the 

length of asperities at grain size can be expressed as: 

q'��,� = �0,54&% �tan �9['\∗ − 10���lJ|l2~���� k1a ∙ ∙ 9['\∗ ���
  `��`

                  (3.21) 

Combining equations (3.5), (3.6), (3.18) and (3.21), the dilation angle for full scale joints can be 

expressed as: 
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�? = arctan
���
��24 ∙

�
���0,54&% �tan �9['\∗ − 10��� lJ|l2~���� k1a ∙ ∙ 9['\∗ ���

  `��` ∙ �wJw��7
�
 ¡

o&%

¢�£
�¤

     (3.22) 

Equation (3.22) could be simplified into the following equation: 

�? = �9['\∗ − 10��� lJ|l2~���� k1a ∙ ∙ 9['\∗ � ∙ �wJw��7o&7       (3.23) 

Equation (3.23) is the main relation used in the Johansson(2009) conceptual model. This model 

will be tested against the results from the shear testing in chapter 5.   
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4 SHEAR TESTING 

4.1 Introduction 

In this thesis, it is required to compare the results of peak shear strength using the conceptual 

model set forth by Johansson (2009) with the results of shear tests. These shear tests were 

performed on three different samples. Each sample was tested with a different matedness to 

see how the results would turn out with respect to matedness.  

The tests were performed with a shear box at Luleå University of Technology. The shear box has 

the capacity to perform shear tests of dimensions up to 280 mm by 280 mm according to the 

methods suggested by ISRM (ISRM 1981).  

 

4.2 The samples 

The samples were obtained from VE Sten AB. Each sample was granite with dimensions of 

25x14x14 cm with a weight of approximately 20 kg. In each one, a tensile induced crack was 

created. However, these cracks were made by inserting an instrument inside and using it to 

crack the samples open. This instrument made 4 marks on the each joint surface and it was not 

possible to perform the tests in this condition. As a result, it was necessary to cut off the parts 

with the marks and this made the sample surfaces considerably smaller.  For the sake of 

simplicity, the samples were called sample 1, 2 and 3. After cutting, the samples had the 

dimensions shown in Table 4.1. 

Table 4.1 Dimensions of the samples after cutting. 

Sample Length (cm) Width (cm) 

1 10.40 10.15 

2 12.52 11.51 

3 13.71 12.93 

 

The samples were then casted using fast set concrete with dimensions suitable for the shear 

box. Photos of the samples prior to shearing can be seen in Figure 4.1. 
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Figure 4.1 Photos of the Samples prior to shearing. 
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4.3 Assumptions and predictions 

Before starting the tests, it was necessary to put forth some assumptions and predictions with 

regard to the test variables. It was important to achieve a well defined difference in the results 

regarding the matedness effect. Sample 1 was to be perfectly mated, Sample 2 partially mated 

and Sample 3 maximally unmated.  

 

Figure 4.2 Example of changes in the dilation angle at different degrees of matedness up to a 

scale of 250 mm. (Figure taken from Johansson (2009)). 

 

As previously explained, the factor k corresponds to the degree of matedness. Accordingly, 

suitable k values were required for each sample corresponding to each degree of matedness.  

As shown in Figure 4.2, which represents the conceptual model, from k=0 to k=0.6 corresponds 

to a large range in the dilation angle and from k=0.6 to k=1.0 it corresponds to a much smaller 

range in the dilation angle. Consequently, it was decided to achieve approximately k=0, k=0.4, 

k=0.75 for samples 1, 2 and 3 respectively. This shift can be seen in Figure 4.8.  

Using back calculation in the conceptual model, the predicted dilation angles of i were 

calculated. The basic friction angle ∅8 was assumed to be 35° for granite. Subsequently, the 

total friction angle was calculated as the sum of the basic friction angle and the dilation angle. 
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Afterwards, using the equation of the empirical constant k, the required shear displacement ��,� was predicted. This is the equation that was used: 

� = ��� �(,v&��� �(,g~J��� �(,ghi&��� �(,g~J          (3.19) 

Where ��,[}? = q� 2z  and q� was taken 0.5 mm in the calculation and ��,['\ = q? 2z  and q? 

was taken 120 mm as a rough estimate.  

Table 4.2 includes all the predicted values for the samples as well as the shear displacement to 

be used: 

Table 4.2 Predicted values for the test variables prior to testing. 

Sample Empirical Constant 

“k” 

Dilation angle “i” 

(degrees) 

Total friction angle 

“∅¥” (degrees) 

Initial shear 

displacement 

“¦§,¥” (mm) 

1 0 30 65 0 

2 0.4 22.5 57.5 5 

3 0.75 15 50 30 

 

The initial shear displacement ��,�  was is the initial shift between the upper and lower surfaces 

for the samples prior to shearing. It was calculated using Equation (3.19). For Sample 1, as it 

was a perfectly mated sample, there was no displacement i.e ��,�=0. However, as shown in 

Table 4.2, the shift was 5 mm and 30 mm for Sample 2 and Sample 3 respectively.  

In addition, the appropriate normal stress �?V  was back calculated to be approximately 3 MPa 

for all three samples. It was then agreed to use a shear rate of 0.1 mm/min with a total 

shearing length of 5 mm.  

 

4.4 Test variables 

Directly before the start of the test, the final test variables were calculated. These variables 

included the shear area of each sample and consequently the normal load needed to achieve a 

constant normal stress of 3 MPa as was calculated before.  

The shear area depends on the degree of matedness. For Sample 1, it was perfectly mated and 

so the area of the sample was equal to the shear area. However, this was not the case for 

sample 2 and 3.  
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In Figure 4.3, the samples are shown in a top view. The shear displacements were 0.5 cm and 3 

cm for samples 2 and 3 respectively. The shaded area is the shear area.  

1 0 .4 0

1 0 .1 5

0 .5 0

1 2 .0 2

1 1 .5 1

3 .0 0

1 0 .7 1

1 2 .9 3

S A M P L E  1 S A M P L E  2 S A M P L E  3

 

Figure 4.3 Dimensions of shear area for the three samples (cm). 

 

The normal load was calculated by multiplying the area by the desired stress, which was 3 MPa. 

Table 4.3 shows the results: 

Table 4.3 Dimensions of shear area and corresponding normal load. 

Sample Length (cm) Width (cm) Shear Area (cm
2
) Normal Load (KN) 

1 10.40 10.15 105.56 31.7 

2 12.02 11.51 138.35 41.5 

3 10.71 12.93 138.48 41.5 

 

The following step was made to take into consideration the amount of normal load needed by 

the machine to reach the sample and have an effect on the sample. Also the force in the springs 

was taken into consideration. To identify this value, a graph between the vertical load and the 

vertical displacement was made during the upload part of the test. The upload part is prior to 

the shearing. Figure 4.4 shows the graph for the upload of Sample 1. 
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Figure 4.4 Vertical displacements vs. the normal load in the upload part of the test for sample 1. 

It is evident in the figure that at about a vertical displacement of 21.5 mm the machine reaches 

the sample and afterwards there is a significant increase in the normal load. This is the normal 

load that is required to add to the original one. It was taken 8 kN for samples 1 and 3 and 8.5 kN 

for Sample 2. The final values for the normal loads to be used can be found in Table 4.4. 

Table 4.4 Final normal loads to be used in the tests. 

Sample Normal load (kN) Additional load (kN) Final normal load (kN) 

1 31.7 8 39.7 

2 41.5 8.5 50 

3 41.5 8 49.5 

 

4.5 Test Procedure 

The test machine used is a servo controlled test machine with a capacity of 500 kN for both 

normal and shear forces. A picture of the machine can be seen in Figure 4.5.  
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Figure 4.5 The direct shear machine at Luleå Technical University 

 

The different components of the machine can be seen in Figure 4.6, 

 

 

Figure 4.6 Components of the shear machine (picture taken from Johansson(2009)) (0)Stiff steel 

frame (1) lower box, (2) upper box, (3) specimen holder, (4) hydrostatic bearing, (5) spherical 

bearing, (6) & (7) hydraulic actuators, (8) bucker up (From Saiang et al. 2005) 
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Figure 4.7 LVDT and LVDT holder frames (From Saiang et al. 2005) 

 

The LVDTs or (Linear Variable Differential Transformers) are electronic measuring devices used 

to measure the movement of the sample. There are 4 LVDTs, two on each side of the sample. 

Shearing was performed approximately 5 mm for each sample at a constant shear rate of 0.1 

mm/min. Data was registered during the test at an interval of 0.5 sec which corresponds to a 

shear rate of 0.0017 mm/sec. 

 

The steps of the test procedure were as follows: 

1. Centering the specimen holder so it can take the sample at exactly the correct position. 

2. Placing the sample using a hydraulic lift. 

3. Adjusting the upper and lower box to get the touching between them and the concrete 

casts. This is done by visual inspection and also reading the normal load. 

4. After getting a reasonable normal load (2 or 3 kN), we fix the bolts in the upper and 

lower boxes. 

5. We place the LVDT holder frames using glue. 

6. Adjust correct centered position for shearing. 

7. Apply normal load. 

8. Start shearing. 

The 3 samples inside the specimen holder can be seen in the Figure 4.8. 
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Figure 4.8  Sample 1(upper), Sample 2(middle) and Sample3 (lower) in the specimen holder. The 

shear displacement prior to the shear testing for samples 2 and 3 are visible. 
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4.6 Test Results 

The results of the shear tests are presented in Table 4.5. The table shows normal stress �?, 

peak shear stress ��, shear displacement at peak ��,�, peak friction angle ∅�, dilation angle at 

peak ��, , Non dilation angle ∅?, maximum dilation angle �['\ and shear displacement at 

maximum dilation angle �},['\. 

The normal stress was calculated as the normal load divided by the shear area. The peak shear 

stress is the shear load divided by the shear area. The dilation angle was calculated with 

equation (4.1) 

� = arctan FS?S�K           (4.1) 

Where ¨� is the increment of normal displacement for a given increment of shear 

displacement ¨�. This increment was chosen to be 0.1 mm. The normal displacement was taken 

as the average measurements taken from the four LVDTs. The basic friction angle was 

calculated as the peak friction angle minus the dilation angle. The average basic friction angle ∅8,'�� was calculated from a shear displacement of 0 to 5 mm.  

Table 4.5 shows the shear test results. Graphs are presented from Figure 4.9 to Figure 4.14. In 

Figure 4.15 photos of the samples after the tests are shown. The graphs of the data from the 

LVDTs can be found in Appendix A. 

 

Table 4.5 Results from direct shear tests for samples 1, 2 and 3. 

Sample ©ª 

(MPa) 

«¥ 

(MPa) 

¦§,¥ 

(mm) 

∅¥ 

(°°°°) 

¬¥ 

(°°°°) 

∅ª    
(°°°°) 

¬®¯    
(°°°°) 

¦¬,®¯ 

(mm) 

1 2.28 5.35 0.84 66.88 13.96 39.76 36.82 1.11 

2 2.39 2.60 3.96 47.31 5.0 41.99 13.55 0.54 

3 2.42 3.33 4.63 54.02  0.61 43.64 15.43 4.95 
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Figure 4.9 Stress ratio (friction angle) 

 

Figure 4.10 Shear load and 
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Figure 4.9 Stress ratio (friction angle) – shear displacement diagram for Sample 1.

Figure 4.10 Shear load and normal load vs. shear displacement diagram for Sample 1.
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shear displacement diagram for Sample 1. 

 

normal load vs. shear displacement diagram for Sample 1. 

4 5

Non dilational

Dilation angle

Total friction angle

4 5

Shear Load (kN)

Normal Load (kN)



 

 

Figure 4.11 Stress ratio (friction angle) 

 

Figure 4.12 Shear load and 
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shear displacement diagram for Sample 2. 

 

normal load vs. shear displacement diagram for Sample 2. 
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Figure 4.13 Stress ratio (friction angle) 

 

Figure 4.14 Shear load and
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Figure 4.13 Stress ratio (friction angle) – shear displacement diagram for Sample 3.

and normal load vs. shear displacement diagram for Sample 3.
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shear displacement diagram for Sample 3. 

 

normal load vs. shear displacement diagram for Sample 3. 
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Figure 4.15 Photos of the samples after the shear tests. 
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4.7 Analysis of results 

In the analysis of the results, it is important to point out some notes during the testing process 

that should be taken into account. 

 

4.7.1       Notes on the test procedure 

• It can be seen from the graphs of the normal loads that they were considerably lower 

than the normal loads that were planned to be used. For Sample 1 for example, it was 

expected to use a normal load of 39.7 kN whereas only 24 kN was applied. This was due 

to some misunderstanding between me and the person in charge of using the machine. 

As a result, the normal stresses were between 2.3 and 2.4 MPa for the samples 

compared to the 3 MPa which was the targeted normal stress.  

• For Sample 3, a large shear displacement of 30 mm was used. With this displacement, 

the two of the four LVDTs were too far to take any readings. These LVDTs must have 

been shifted to take readings but this wasn’t the case. As a result, no readings were 

taken for LVDT 2 and 3. This most likely has affected the measured dilation angle for 

sample 3.  

• It is clear from the photos taken after the shear tests that Sample 1 and 3 were partially 

crushed. This may have been due to a high normal load or shear load.  

 

4.7.2      Interpretation of results 

• Table 4.6 and Figure 4.16 show the peak friction angle for all three samples. It is clear 

that for Sample 1 the peak friction angle is the highest, as was expected. 

• The maximum dilation angles for Sample 2 and 3 are almost equal, this may be was due 

to the problem with the LVDTs for Sample 3. 

Table 4.6 Measured peak friction angles and maximum dilation angles. 

 

  

    

Sample Peak Friction Angle ” ∅¥” 

Maximum Dilation 

Angle “ ¬®¯ “ 

1 66.9° 36.8° 

2 47.3° 13.6° 

3 54° 15.4° 
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Figure 4.16 Graph showing the measured peak friction angles. 

 

• Regarding Sample 1, it can be seen from Figure 4.9 that it has a very clear peak friction 

angle. It is worth noting that this angle is the highest of all three samples. This is due to 

the fact that this sample was perfectly mated. It can be also seen that from shear 

deformation of approximatly 0.2 mm to 1 mm there is a considerable increase in the 

dilation angle and decrease in the basic friction angle. This maybe due to interlocking of 

the surfaces. 

• Regarding Sample 2, it can be seen from Figure 4.11 that it has a less clear peak friction 

angle. Also it is much later in the test at around a shear displacment of 4 mm. It is evident 

that there is very high turbulence in the start of the test, with very high and low total 

fricition angles. However, these do not represent the real friction angles as it was in the 

start of the test. The peak friction angle is considerabely smaller for Sample 2  as it was 

not perfectly mated but had a shift of 5 mm in the shear direction. 

• Regarding Sample 3, it can be seen from Figure 4.13 that its peak friction angle is the most 

unclear of all 3 samples. As there was a problem with the LVDTs, the data may not be fully 

reliable. The peak friction angle was expected to be lower than that of Sample 2 but it is 

higher. However the maximum dilation angle is very reasonable.  

• It can be concluded that the more mated a sample is, the more clear and defined its peak 

friction angle becomes.  
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4.8 Estimation of JCS from Schmidt rebound tests 

Schmidt rebound tests were performed to estimate the JCS, or joint wall compressive strength, 

of the samples as suggested by Barton and Choubey (1977). This was performed using a 

Schmidt Rebound hammer as shown in Figure 4.17.  

 

Figure 4.17 the Schmidt Rebound test hammer. 

The hammer was used to hit the surface of the rock while it is directed vertically downward. 

When it rebounds, a measurement is taken. This test was carried out 10 times with ten 

measurements. Of these ten, the five lowest were omitted and the average of the five highest 

was calculated. This method was recommended by Baron and Choubey (1977). This is the 

equation that was used: 

log%E(��}) = 0.00088 ∙ � ∙ ±[ + 1.01            (4.2)                  

      

Where ��} is the unconfined compressive strength or JCS.  � is the Shmidt rebound number and ±[ is the granite density (kN/m
3
), which was assumed to be 27 kN/m

3
. 

The 10 test results are shown in Table 4.7. 

Table 4.7 Results of the ten rebound tests 

Test 1 2 3 4 5 6 7 8 9 10 

Value 40 42 46 38 44 40 44 40 50 45 

 

After eliminating the lowest five values and taking average of the highest five values, the 

Schmidt rebound number was calculated to be 45.8. 

Using equation (4.2), the compressive strength ��} was estimated to be 125 MPa.
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5 OPTICAL SCANNING 

5.1 Introduction 

In order to describe many of the parameters of the friction angle, such as the height, length of 

asperities, potential contact area and the Hurst component, it was necessary to analytically 

compute them. These computations would also be used in the verification process for the 

conceptual model. They were computed through the process of optical scanning. 

The scanning was performed by the company Svensk Verktygsteknik in Luleå with the system 

ATOS III, see Figure 5.1. In order to scan the joint surface completely, several individual 

measurements were performed, where each single measurement generating up to 4 million 

data points. Circular markers were placed on the samples to create a global coordinate system. 

The accuracy was ±50 µm with the point cloud that was used. 

 

Figure 5.1 The measurement system ATOS III (Picture from Svensk Verktygsteknik) 

 

The scanning was performed for the upper and lower surfaces of all three samples together 

before the shearing and was also scanned with the difference in the height of asperities after 

the shearing. This methodology makes it possible to analyze the degree of contact and aperture 

between the upper and lower parts of the sample prior to shearing as well as analyzing the 

degree of damage on the surfaces due to shearing.
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The data was received as a text with thousands of numerical data. The analysis was used us

the program MATLAB (MathWorks 2007). The resolution that was used was 0.5 mm by 0.5 mm.

Figures of the optical scanning of Sample 1 after shearing are shown in Figure 5.2. 

Figure 5.2 Photos of the optical scanning for Sample 1 upper and lower parts

 

5.2 Scale relation constants

In order to calculate the Hurst component “H” and “a” in the scale effect equation, regression 

analysis was performed by calculating the mean asperity heights at different scales. However, it 

was necessary to first calculate the root mean square “Z

in the shear direction. The sampling distances used were from 0.5 mm up to 16 mm. The length 

of asperity “Lasp” was calculate

was calculated as the product of “Z

presented in Table 5.1. The results for Samples 2 and 3 can be found in 
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The data was received as a text with thousands of numerical data. The analysis was used us

the program MATLAB (MathWorks 2007). The resolution that was used was 0.5 mm by 0.5 mm.

Figures of the optical scanning of Sample 1 after shearing are shown in Figure 5.2. 

Figure 5.2 Photos of the optical scanning for Sample 1 upper and lower parts

Scale relation constants 

In order to calculate the Hurst component “H” and “a” in the scale effect equation, regression 

analysis was performed by calculating the mean asperity heights at different scales. However, it 

first calculate the root mean square “Z2” at different sampling distances “

in the shear direction. The sampling distances used were from 0.5 mm up to 16 mm. The length 

” was calculated as two times the sampling distance. The height of 

was calculated as the product of “Z2” and the sampling distance. The results for Sample 1 

presented in Table 5.1. The results for Samples 2 and 3 can be found in Appendix

The data was received as a text with thousands of numerical data. The analysis was used using 

the program MATLAB (MathWorks 2007). The resolution that was used was 0.5 mm by 0.5 mm. 

Figures of the optical scanning of Sample 1 after shearing are shown in Figure 5.2.  

 

Figure 5.2 Photos of the optical scanning for Sample 1 upper and lower parts after shearing. 

In order to calculate the Hurst component “H” and “a” in the scale effect equation, regression 

analysis was performed by calculating the mean asperity heights at different scales. However, it 

” at different sampling distances “Δx” 

in the shear direction. The sampling distances used were from 0.5 mm up to 16 mm. The length 

as two times the sampling distance. The height of the asperities 

” and the sampling distance. The results for Sample 1 are 

Appendix B. 



Chapter 5 Optical scanning 

 

37 

 

Table 5.1 Measured average asperity heights at different asperity base lengths for Sample 1. 

 

Afterwards, regression analysis was performed for each of the three samples. This was done by 

creating a log graph between the asperity base length and the average base height. Then a 

power function was achieved using the graphs and the constants “a” and “H” were calculated. 

Figure 5.3 shows the graph of the regression analysis for Sample 1. The graphs for Samples 2 

and 3 can be found in Appendix C. The results of the scale relation constants are shown in Table 

5.2. 

 

 

Figure 5.3 Mean asperity heights at different asperity base lengths for Sample 1. 
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Z2 
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angle(°°°°) hasp(mm) 

0.5 1 0.380 20.797 0.190 0.380 20.797 0.190 

1 2 0.367 20.168 0.367 0.367 20.163 0.367 

2 4 0.346 19.060 0.691 0.345 19.009 0.689 

4 8 0.323 17.875 1.290 0.323 17.880 1.290 

8 16 0.302 16.799 2.415 0.301 16.762 2.410 

16 32 0.278 15.515 4.442 0.277 15.504 4.438 
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Table 5.2 Scale relation constants between asperity base lengths and asperity heights based on 

regression analysis. 

 

Sample1 Sample2 Sample3 

Upper Lower Upper Lower Upper Lower 

a 0.194 0.194 0.147 0.147 0.152 0.156 

H 0.908 0.908 0.752 0.756 0.780 0.770 ²³ 0.999 0.999 0.994 0.995 0.995 0.995 

 

5.3 Potential contact area parameters 

5.3.1 Calculation of parameters 

Parameters that describe the potential contact areas between the upper and lower surfaces of 

each sample were then calculated.  This was calculated by first generating normal vectors for 

each element ´µ in a 0.5 by 0.5 mm grid. The shear vector was defined as a vector, t. Using 

equation 5.1, the contribution for each element inclination to the measured dip angle 9µ, was 

calculated. 

cos�90 − 9µ� = |�¹∙) ||�¹|∙|)|           (5.1) 

After each angle was calculated, they were sorted in descending order and arranged into a 

vector which was plotted on the x-axis. The cumulative area of the surfaced based on the 0.5 by 

0.5 mm grid was plotted on the y-axis. Using regression analysis, the following parameters were 

calculated; maximum potential contact area ratio �6, maximum measured dip angle 9º*! and 

the concavity of the curve C.  

The maximum potential contact area ratio was calculated by regression analysis and by finding 

the actual highest potential contact area ratio for each surface. A graph for each sample was 

made and are shown below. The direction angle depends on the direction of the shearing. If the 

shear direction was the same as the positive x direction in the optical scanning, the direction 

angle would be given 0°. If, however, it was the opposite direction, the angle would be 180°. 

The results are shown in Table 5.3. 

 

 

 

 



Chapter 5 Optical scanning 

 

39 

 

Table 5.3 Results of potential contact area parameters. 

 

Sample1 Sample2 Sample3 

Upper Lower Upper Lower Upper Lower 

Direction(°) 0 180 0 180 0 180 

Ao (Actual) 0.615 0.617 0.548 0.540 0.476 0.479 

Ao(Regression) 0.663 0.670 0.603 0.612 0.500 0.528 

C 2.765 2.820 3.704 4.206 3.648 5.354 »¼½¾ �°� 58.286 58.553 47.904 52.338 48.918 64.312 À³ 0.987 0.987 0.993 0.995 0.990 0.989 »¼½¾/C 21.080 20.763 12.933 12.444 13.409 12.012 

 

As seen in Table 5.3, the potential contact area ratio from regression deviates by a small margin 

from 0.5. This shows that the samples were to a relatively high degree horizontal. The small 

error might indicate a small inclination angle or an error from the regression. The rt indicates 

that Sample 1 has a considerably poorer fit than Sample 2 and 3. The difference in the actual 

potential contact area ratio and that taken from regression can be seen in Figure 5.4 for Sample 

1 upper part. The graphs for Sample 1 lower part, Sample 2 and Sample 3 can be found in 

Appendix D. 

It is obvious from Figure 5.4 and Table 5.3 that the potential contact area ratio from regression 

is always higher than that of the actual. This could be due to the fact that the regression 

analysis is generated in descending order and its accuracy isn’t very high. 

 

Figure 5.4 The difference between regression analysis and the actual data for the upper surface 

of Sample 1. 
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The measured dip angle with respect to the shear direction is plotted in Figure 5.5 for Sample 1 

upper part. The other samples are also plotted and can be found in Appendix E. 

 

Figure 5.5 Measured dip angle in degrees against the shear direction for the upper part of 

Sample 1 (Negative dip angles against shear direction) 

 

5.3.2 Correction of parameters 

It can be seen from Table 5.3 that the maximum potential contact area ratio deviates from the 

anticipated value 0.5. This was mainly due to an average inclination of the samples (they were 

not horizontal). However, it is clear that Sample 1 has a higher inclination as its maximum 

potential contact area ratio is the furthest from 0.5. According to the analysis, the average 

angles of inclination for each sample are shown in Table 5.4. The negative angle indicates an 

inclination against the shear direction and vice versa. 

Table 5.4 The average angles of inclination for the upper and lower parts of the three samples. 

 

Sample 1 Sample 2 Sample 3 

Upper (°) 5.3 1.3 -0.7 

Lower (°) -5.3 -1.3 0.7 

 

Shear direction 
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To avoid errors due to this inclination, the parameters were calculated again but with the 

average inclinations taken into account. The results are presented in Table 5.5. As expected, the 

maximum potential contact area ratio is much closer to 0.5. It can also be noticed that the 

results for samples 2 and 3 are very similar to the original results; this is due to the fact that the 

average angles of inclination for these two samples were very small to begin with and therefore 

can be dismissed. 

 

Table 5.5 Results of potential contact area parameters with angles of inclination taken into 

account. 

 

Sample1 Sample2 Sample3 

Upper Lower Upper Lower Upper Lower 

Direction(°) 0 180 0 180 0 180 
Ao (Actual) 0.502 0.502 0.508 0.502 0.496 0.497 

Ao(Regression) 0.523 0.530 0.551 0.562 0.524 0.553 
C 2.647 2.705 3.692 4.193 3.663 5.408 »¼½¾ �°� 49.240 49.467 45.935 50.274 50.004 65.867 À³ 0.987 0.987 0.993 0.996 0.991 0.989 »¼½¾/C 18.602 18.287 12.442 11.990 13.651 12.179 

 

To see the effect even clearer, the graph between the potential contact area ratio and the 

measured dip angle for the corrected data for the upper part of Sample 1 was plotted. It is 

shown in Figure 5.6.  

 

Figure 5.6 The difference between regression analysis and the actual data for the upper surface 

of Sample 1 after correction. 
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Figure 5.7 shows the difference in the measured dip angles for the upper part of Sample 1 

before and after correction. The corrected figure is on the right. The two figures appear similar 

but in fact they have some differences. The corrected figure has larger values for its angles by 

5°, which is the average inclination for the upper surface.  

 

Figure 5.7 Measured dip angle in degrees against the shear direction for the corrected (right) 

and uncorrected (left) upper part of Sample 1  (Negative dip angles against shear direction). 
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6 VERIFICATION ANALYSIS  

6.1 Introduction 

The verification analysis will comprise of four parts. The first part will be comparing the 

numerical results of the peak shear strength obtained from the conceptual model with those of 

the shear test. The second part will be comparing the graphical results of the shear test with 

that of the conceptual model. The third part will be comparing the potential contact areas of 

the surfaces with the actual contact areas after shearing. The fourth and final part will be a final 

conclusion about the conceptual model and some final remarks. 

6.2 Analysis of numerical results 

The parameters obtained from the optical scanning such as the potential contact area ratio, 

roughness parameter, maximum apparent dip angle and the Hurst component were used in the 

calculation of the dilation angle using the conceptual model. 

In order to calculate the dilation angle using the conceptual model, Equation 6.1 was used for 

unmated joints, i.e. samples 2 and 3.  

�? = �9['\∗ − 10��� lJ|l2~���� k1a ∙ ∙ 9['\∗ � ∙ Á�wJw��Â7o&7
       (6.1) 

Since k=0 for a perfectly mated joint, Equation 6.2 was used for Sample 1. 

�? = �9['\∗ − 10��� lJ|l2~���� k1a ∙ ∙ 9['\∗ �       (6.2) 

Afterwards, an assumed basic friction angle of 35° for granite was added to the dilation angle �? 

to get the peak friction angle. This was preformed taking into account the inclination of the 

surface (corrected) as well as without taking it into consideration (uncorrected). It was also 

performed for the upper and lower surface of each sample and the average was also calculated. 

All of these were used to compare against the results from the shear test. The values of all peak 

friction angles are presented in Table 6.1. 
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Table 6.1 Values of peak friction angles from the conceptual model in comparison to that from 

the shear test. All values are in degrees. 

 
Shear Test 

Uncorrected Corrected 

 

Upper Lower Average Upper Lower Average 

Sample 1 66.88 66.43 66.00 66.22 69.32 68.95 69.14 

Sample 2 47.31 52.31 50.07 51.19 52.51 50.34 51.43 

Sample 3 54.02 60.44 55.87 58.16 61.57 55.57 58.57 

 

Studying Table 6.1, the following conclusions can be made: 

• For Samples 2 and 3, the results for the corrected and uncorrected peak shear angles 

are almost the same, and this is because the average angles of inclination were small 

(1.3° and 0.7° respectively) and had small effect on the results. This is not the case for 

Sample 1 as it had a significantly higher average angle of inclination of 5.3°. 

• For Samples 2 and 3, the average values for the uncorrected and the corrected are 

almost the same. This implies that the inclination does not affect the sample when it is 

taken as a whole (with both surfaces), only if the average inclination is very small. This 

makes the average values seem like dependable values for a sample as a whole. Sample 

1 has a higher variation, as expected, as it had a relatively high average angle of 

inclination.  

The shear test was performed with this average inclination; as a result, it is logical that the 

comparison be made between the results of the shear test with the results of the average 

values of the uncorrected test results. The data is shown in Table 6.2. 

Table 6.2 Final comparison between the peak shear angles for the conceptual model with those 

from the shear tests. The values are all in degrees. 

  

 

 

It can be observed from Table 6.2 that the results from the conceptual model are very close to 

the results from the shear tests. Sample 1 is almost exactly the same, and this suggests that the 

model is more accurate for samples with high matedness. Sample 2 and Sample 3are not as 

accurate but still are very close to the shear tests and can give a very good idea without actually 

performing the test. It can also be deducted that the model illustrates to a good extent the 

effect of the matedness for all three samples. Figure 6.1 further shows the difference in the 

results. 

 

Shear Test Conceptual Model 

Sample 1 66.9 66.2 

Sample 2 47.3 51.2 

Sample 3 54.0 58.2 
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Figure 6.1 Difference in results of peak friction angle between conceptual model and shear test. 

 

6.3 Analysis of the relation between the shear deformation and the peak 

friction angle 

In this section, the relation between the shear deformation and the peak friction angle was 

graphed for each sample for both the conceptual model and the shear test. In order to draw 

the graph for the conceptual model, the parameter k was varied from k=0 to k=1 (i.e. from 

perfectly mated to maximal unmated) using equation (3.9), where ��,[}? for a perfectly mated 

joint was assumed to be q� 2⁄  and ��,['\ for a maximal unmated joint was assumed to be q? 2⁄ . Each sample will be analysed separately. It should be noted that these were all 

performed for the upper surfaces only.  

 

 

6.3.1 Results of Sample 1 

Figure 6.2 shows the graph for Sample 1. The peak friction angle from the shear test is 66.88° at 

a shear displacement of 0.84 mm. The peak friction angle from the conceptual model is 66.43° 

at a shear displacement of 0.5 mm. It is clear from Figure 6.2 that the two graphs are very 

similar. The shear displacement at peak is very close as well. This may be due to the fact that 

the sample is perfectly mated and the model produces a more realistic shear displacement at 

peak for joints with high matedness. 
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Figure 6.2 Graphical analysis of the conceptual model and shear test for Sample 1.  

 

6.3.2 Results of Sample 2 

Figure 6.3 shows the graph for Sample 2. The peak friction angle from the shear test is 47.31° at 

a shear displacement of 3.96 mm. However, using the conceptual model; it was difficult to 

predict the shear displacement at peak as the graph became almost linear after a shear 

displacement of around 2mm. As a result, the theory of Bandis (1982) was used where he 

stated that the peak friction angle can be taken at 0.01L, where L is the length of the sample. 

This was calculated as 1.2 mm. So the graph was shifted to take the peak friction angle at 1.2 

mm and the rest of the graph was continued normally. 

At the end, the results from the conceptual model are a peak friction angle of 51.17° at a shear 

displacement of 1.2 mm. Regarding the peak friction angle, it can be stated that they are close 

to each other. However, the shear deformations at peak are not close. This may be due to the 

fact that the matedness was lower than that of Sample 1.  
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Figure 6.3 Graphical analysis of the conceptual model and shear test for Sample 2. 

 

6.3.3 Results of Sample 3 

Figure 6.4 shows the graph for Sample 3. The peak friction angle from the shear test is 54.02° at 

a shear displacement of 4.63 mm. Using the conceptual model, the same problem as Sample 2 

was evident. So the same technique was used with the shifting of the graph. 

Regarding the conceptual model, the peak friction angle is 53.13° at a shear displacement of 1.3 

mm. As Sample 2, the peak friction angles are very close and reliable. However, the shear 

displacements at peak are not close either. This could also be due to the matedness; as Sample 

3 had a low matedness ratio (k=1). 
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Figure 6.4 Graphical analysis of the conceptual model and shear test for Sample 3. 

 

Table 6.3 shows the final results of the comparison for all three samples. For Sample 1, the 

values are somewhat reasonable. However for Samples 2 and 3 the conceptual model does not 

produce an accurate deformation. This is because the graph becomes almost linear and is very 

difficult to predict the correct value. 

 

Table 6.3 Final comparison between the shear deformations of the test and the model using the 

same peak friction angle 

 

Peak friction 

angle 

from test (°) 

Peak friction 

angle 

from model (°) 

Deformation 

from 

       test  (mm) 

Deformation 

from 

model (mm) 

Sample 1 66.88 66.43 0.84 0.5 

Sample 2 47.31 51.17 3.96 1.2 

Sample 3 54.02 53.13 4.63 1.3 
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6.4 Analysis of contact area 

 In the conceptual model, it was assumed that the dilation angle originates from the asperities 

with largest inclination. It has also been observed that the contact areas for a macroscopic 

rough surface for fresh and mated joints are located in the steepest zones facing the shear 

direction (Grasselli and Egger 2000; Kimura and Esaki 1995).  

Taking this information into consideration, the potential contact area was plotted graphically 

for the lower surface of each of the samples. It was assumed that the areas with asperities 

having angles greater than the dilation angle have the potential to be in contact during shear. It 

was then compared to the actual damaged surfaces after shearing.  These are shown as black 

areas in the drawings. 

 

Table 6.4 Dilation angles for the three samples obtained from the conceptual model. All values 

are in degrees. 

 

Upper part Lower part 

Sample 1 31.4 31.0 

Sample 2 16.2 15.1 

Sample 3 26.1 20.9 

 

Figure 6.5 to 6.7 are the scans for the potential contact area of each lower surface (angles 

higher than the dilation angle) in comparison to the sheared surface. Looking at the figures, the 

following conclusion can be made: 

• Sample 1 has the best agreement between the potential contact area and the damaged 

zones although it is not quite shown as the dilation angle for this sample is the highest. 

• Sample 2 has reasonable agreement although a perfect match does not exist. 

• Sample 3 has poor to no agreement between the potential contact area and the 

damaged zones.  

• It is clear from the three samples that the consistency decreases with the matedness. 

For the perfectly mated sample, the potential contact areas were in the same areas as 

the damaged zones. For the maximal unmated sample, the potential contact areas were 

located in completely different areas. This is because the contact areas for this sample 

were simply where the asperities had the highest elevation against each other. The 

assumption was that the dilation angle originates from the steepest inclined asperities. 

However from the results, it can be stated that this is mostly the case when the joint is 

has a higher degree of matedness.  
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Figure 6.5 Comparison between potential contact area and damaged parts for lower surface of 

Sample 1. 

 

 

Figure 6.6 Comparison between potential contact area and damaged parts for lower surface of 

Sample 2. 
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Figure 6.7 Comparison between potential contact area and damaged parts for lower surface of 

Sample 3. 
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7 CONCLUSIONS  

The following is a summary of the verification analysis and some important conclusions 

regarding the conceptual model. 

 

• The numerical results obtained from the conceptual model are very close to those 

obtained from the shear test. This was the case for all three samples, which each had a 

different degree of matedness. This shows that the model is reliable in giving a very 

reasonable assumption to the joint surfaces dilation angle and in turn the peak friction 

angle in any degree of matedness. 

• The analysis of the relation between the shear deformation and the peak friction angle 

was performed to predict the shear deformation using the conceptual model. This 

however wasn’t very accurate and it was difficult to calculate a reasonable deformation. 

This was due to the fact that, for unmated joints, the graph becomes almost linear after 

the first part. Therefore an assumption was made that the peak friction angle occurs at 

1% of the length of the sample (Bandis 1982) but this is not always the case as was 

shown earlier 

• The potential contact area was calculated as the area with a shear angle higher than 

that of the dilation angle. In comparison to the actual damaged areas, it can be stated 

that the consistency for this statement decreases with the degree of matedness. For the 

perfectly mated sample, the agreement was good. However, for the most unmated 

sample, poor to no agreement was observed.  
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APPENDIX A, RESULTS FROM LVDTs DURING SHEAR TESTS 

 

 

Figure A.1 Input data taken from the 4 LVDTs during the shear test for Sample 1. 

 

Figure A.2 Input data taken from the 4 LVDTs during the shear test for Sample 2. 
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Figure A.3 Input data taken from the 4 LVDTs during the shear test for Sample 3. 
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APPENDIX B, TABLES OF ASPERITY HEIGHTS AT DIFFERENT ASPERITY BASE 

LENGTHS 

 

Table B.1 Measured average asperity heights at different asperity base lengths for Sample 2. 

Δx(mm) Lasp(mm) 

Sample 2 

Upper Lower 

Z2 Dip Angle(°°°°) hasp(mm) Z2 Dip Angle(°°°°) hasp(mm) 

0.5 1 0.269 15.051 0.134 0.269 15.040 0.134 

1 2 0.253 14.187 0.253 0.253 14.203 0.253 

2 4 0.224 12.604 0.447 0.224 12.642 0.449 

4 8 0.189 10.692 0.755 0.189 10.725 0.758 

8 16 0.151 8.576 1.206 0.151 8.598 1.210 

16 32 0.114 6.492 1.821 0.116 6.600 1.851 

 

Table B.2 Measured average asperity heights at different asperity base lengths for Sample 3. 

Δx(mm) Lasp(mm) 

Sample 3 

Upper Lower 

Z2 Dip Angle(°°°°) hasp(mm) Z2 Dip Angle(°°°°) hasp(mm) 

0.5 1 0.280 15.642 0.140 0.286 15.982 0.143 

1 2 0.266 14.880 0.266 0.269 15.072 0.269 

2 4 0.240 13.490 0.480 0.241 13.561 0.482 

4 8 0.206 11.613 0.822 0.206 11.651 0.825 

8 16 0.170 9.637 1.358 0.169 9.603 1.354 

16 32 0.130 7.401 2.078 0.128 7.294 2.048 
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APPENDIX C, GRAPHS OF ASPERITY HEIGHTS AT DIFFERENT ASPERITY BASE 

LENGTHS 

 

 

Figure C.1 Mean asperity heights at different asperity base lengths for Sample 2. 

 

 

Figure C.2 Mean asperity heights at different asperity base lengths for Sample 3. 
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APPENDIX D, GRAPHS OF POTENTIAL CONTACT AREA RATIO AGAINST 

MEASURED DIP ANGLES 

 

 

Figure D.1 The difference between regression analysis and the actual data for the lower surface 

of Sample 1. 

 

 

Figure D.2 The difference between regression analysis and the actual data for the upper surface 

of Sample 2. 
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Figure D.3 The difference between regression analysis and the actual data for the lower surface 

of Sample 2. 

 

Figure D.4 The difference between regression analysis and the actual data for the upper surface 

of Sample 3. 
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Figure D.5 The difference between regression analysis and the actual data for the lower surface 

of Sample 3. 
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APPENDIX E, FIGURES OF MEASURED DIP ANGLES AGAINST SHEAR DIRECTION 

 
Figure E.1 Measured dip angle in degrees against the shear direction for the lower part of 

Sample 1 (Negative dip angles against shear direction) 

 

 

Figure E.2 Measured dip angle in degrees against the shear direction for the upper part of 

Sample 2 (Negative dip angles against shear direction). 
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Figure E.3 Measured dip angle in degrees against the shear direction for the lower part of 

Sample 2 (Negative dip angles against shear direction). 

 

Figure E.4 Measured dip angle in degrees against the shear direction for the upper part of 

Sample 3 (Negative dip angles against shear direction). 
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Figure E.5 Measured dip angle in degrees against the shear direction for the lower part of 

Sample 3 (Negative dip angles against shear direction). 
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