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Abstract 
This study developed a method to 3D model rough rock joint surfaces using photogram-
metry. In the modelling process, the photos were first converted into point cloud which 
was then meshed with 2D-Delaunay triangulation. This mesh was used to form 3D model 
of a mold including the 3D topography of the rock surface. These 3D printed molds were 
used to cast replica samples of the original surface in concrete. Each replica sample had 
two sides modelling the two surfaces of the real rock joint. Another one was formed using 
original 3D model of the surface and another with negative of the original model. The 
areas in 5 different sizes were selected from the original 3D model and they were then 
downscaled to the same 170 mm x 60 mm size before replicating. The whole rock surface 
area with the size of 1.7 m x 0.6 m formed one sample when the area was downscaled to 
the 1:10 size. Another used areas were downscaled with the downscaling factors 1:7.5, 1:5, 
1:2.5 when one class of samples being in 1:1 scale with the original surface. Each of these 
four other downscaling classes contained four samples with areas cropped from different 
parts of the total 3D rock surface model.  
 
After replicating all concrete replica joints were shear tested. The aim was to determine 
how much shear strength decreases from 1:1 scale to most downscaled 1:10 samples due 
the loss of geometrical surface features during the replicating process. The shear tests 
were performed also for two smooth concrete surfaces to determine the value of shear 
strength friction component. The evaluation of the results is based on the assumption that 
any scale effect of the shear strength shouldn’t exist for the natural rock joints when the 
joint surfaces are perfectly matched against each other. Therefore, all loss of shear 
strength should be induced by the loss of geometrical features during replicating. The re-
sults showed expected behavior when the average values of the both peak and residual 
shear strength decreased as a function of downscaling factor. When the friction compo-
nent has been reduced from the shear strength value, the remaining roughness compo-
nent of the surface decreases to be in 1:10 scale 59 % of the 1:1 value for peak shear 
strength and 56 % for residual shear strength. However, due to large scatter of the results 
and low number of the tested samples further studies are required in the future to deter-
mine the behavior of the shear strength loss with sufficient accuracy. The developed 
method can be later exploited when the scale effect of the possible shear strength is stud-
ied in the cases where surfaces aren’t perfectly matched.  
 
Keywords  rock joint, shear strength, shear box, scale effect, photogrammetry, 3D printing  
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Tiivistelmä 
Työssä kehitettiin menetelmä karkeiden kivipintojen 3D-mallintamiseen fotogrammetri-
sesti. Valokuvista muodostettiin ensin pistepilvi, joka tämän jälkeen kolmioitiin käyttäen 
2D-Delaunay menetelmää. Saatua kolmioverkkoa hyödynnettiin 3D tulostettavien muot-
tien mallinnuksessa siten, että muotti sisältää jäljennöksen mallinnetusta kivipinnasta. 
Näitä muotteja käyttäen valettiin kivipinnasta betonisia jäljennöksiä. Jäljennetyt näytteet 
olivat kaksiosaisia, toinen osa valettu käyttäen osaa alkuperäisestä 3D mallista ja toinen 
peilikuvaa tästä alueesta. Näin näytteitä voitiin käyttää mallintamaan oikeaa kalliorakoa, 
jolla on kaksi toisiaan vastaavaa rakopintaa. 3D-mallista valittiin alueita viidessä eri 
koossa, jotka skaalattiin ennen jäljentämistä kokoon 170 mm x 60 mm. Alkuperäinen 1,7 
m x 0,6 m kivipinta muodosti yhden näytteen skaalattaessa se 1:10 kertaiseksi. Kolme 
seuraavaa pienempää kokoluokkaa edustavat alueet skaalattiin joko 1:7,5, 1:5 tai 1:2,5 ker-
taisiksi. Pienimmät käytetyt alueet olivat 1:1-mittakaavassa jäljennösten kanssa. Jokai-
sesta näistä kokoluokista muodostettiin neljä eri jäljennöstä käyttäen rajattuja alueita eri 
puolilta koko kivipinnan 3D-mallia.  
 
Jäljentämisen jälkeen näytteille suoritettiin rasialeikkauskokeet. Kokeiden tarkoituksena 
oli selvittää, paljonko leikkauslujuus laskee 1:1-mittakaavaisista näytteistä 1:10-mittakaa-
vaiseen näytteeseen, kun skaalauksen ja jäljentämisen yhteydessä alkuperäisen pinnan 
pinnanmuotoja katoaa sitä enemmän, mitä enemmän aluetta pienennetään skaalauk-
sessa. Leikkauskokeet suoritettiin myös kahdelle sileäpintaiselle raolle betonin leikkaus-
lujuuden kitkakomponentin määrittämiseksi. Tulosanalyysi perustuu olettamukseen, 
että kallioraon rakopintojen ollessa asettuneena täydellisesti vastaamaan toisiaan, ei raon 
leikkauslujuudessa pitäisi tällöin esiintyä muutosta eri näytekokojen välillä. Koko leik-
kauslujuuden alennus olisi tällöin seurausta skaalaus- ja jäljennösprosessista. Tulokset 
olivat odotetun kaltaisia, kun sekä huippu- että jäännösleikkauslujuudet laskivat skaa-
lauskertoimen funktiona. Kun kitkakomponentin arvo on vähennetty leikkauslujuudesta, 
jäljelle jääneen karkeuskomponentin keskimääräinen arvo 1:10-mittakaavassa oli huip-
puleikkauslujuudella 59 % ja jäännösleikkauslujuudella 56 % 1:1-mittakaavan arvoista. 
Suoritettujen testien pienen määrän ja tulosten suuren hajonnan vuoksi vaaditaan kui-
tenkin jatkotutkimusta leikkauslujuuden muutoksen tarkkaan määrittämiseen. Tuloksia 
voidaan myöhemmin hyödyntää tutkittaessa kalliorakojen mittakaavaefektiä tilanteissa, 
joissa rakopinnat eivät ole täydellisesti vastakkain.  
 
Avainsanat kalliorako, leikkauslujuus, rasialeikkauskoe, mittakaavaefekti, fotogrammetria, 3D-
tulostus  
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Symbols 
𝐴𝐴 [m] proportionality constant 
𝐴𝐴𝐴𝐴𝐴𝐴  asperity component of shear strength 
𝐴𝐴𝑐𝑐 [m2] contact area between joint surfaces  
𝐴𝐴𝑐𝑐𝑐𝑐  [m2] area of the shear and normal pressure cylinders in shear box  
  device 
𝐴𝐴𝑠𝑠  [m2] shear surface area of sample for perfectly matched joint 
𝐴𝐴𝑠𝑠𝑠𝑠  [m2] real shear surface area of sample when the effect of shear   
  displacement is subtracted 
𝐴𝐴0 total area of the asperity faces orientated against shear direc-

tion or perpendicular to it 
𝐴𝐴 𝜃𝜃∗   total potential contact area with certain dip angle threshold  
  value 
𝐷𝐷  fractal dimension 
𝐻𝐻  Hurst exponent 
𝐽𝐽𝐽𝐽𝐴𝐴 [Pa] joint wall compressive strength  
𝐽𝐽𝐽𝐽𝐴𝐴0 [Pa] joint wall compressive strength in laboratory scale 
𝐽𝐽𝐽𝐽𝐴𝐴𝑛𝑛 [Pa] joint wall compressive strength in-situ scale 
𝐽𝐽𝐽𝐽𝐽𝐽  joint matching coefficient 
𝐽𝐽𝐽𝐽𝐽𝐽  joint roughness coefficient 
𝐽𝐽𝐽𝐽𝐽𝐽0  joint roughness coefficient in laboratory scale 
𝐽𝐽𝐽𝐽𝐽𝐽𝑛𝑛  joint roughness coefficient in in-situ scale  
𝐿𝐿 [m] joint length  
𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎 [m] asperity base length 
𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑔𝑔 [m] asperity base length in grain size scale 
𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑛𝑛 [m] asperity base length in full joint scale  
𝐿𝐿0 [m] joint length in laboratory scale  
𝐿𝐿𝑔𝑔 [m] joint length in grain size scale 
𝐿𝐿𝑛𝑛 [m] joint length in in-situ scale  
𝐿𝐿𝑠𝑠𝑟𝑟𝑟𝑟,𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤 [m] real length of reference measure in photogrammetry  
𝐿𝐿𝑠𝑠𝑟𝑟𝑟𝑟,𝑚𝑚𝑤𝑤𝑤𝑤𝑟𝑟𝑤𝑤  [m] length of reference measure in 3D model 
𝑁𝑁 [N] normal force  
𝐴𝐴𝑛𝑛 [Pa] pressure in normal stress pump 
𝐴𝐴𝑠𝑠 [Pa] pressure in shear stress pump after reduction of spring   
  resistance and start shear stress 
𝐴𝐴  standard deviation 
𝐴𝐴𝑛𝑛 ° [°] asperity failure component of mobilized friction angle  
𝑇𝑇 [N] shear force 
𝑈𝑈𝐽𝐽𝐴𝐴 [N] uniaxial compressive strength 
𝑐𝑐 [Pa] cohesion of joint 
𝑐𝑐𝑖𝑖   [Pa] cohesion of intact rock 
𝑖𝑖  [°] dilatation angle  
𝑖𝑖𝑔𝑔 [°] dilatation in grain size scale 
𝑖𝑖𝑛𝑛 [°] dilatation in full joint scale 
𝑖𝑖𝑎𝑎  [°] dilatation angle 
𝑘𝑘  matedness parameter  
𝑛𝑛  number of joint surface contact points 
𝑛𝑛𝑔𝑔  number of joint surface contact points in grain size scale 
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𝑛𝑛𝑛𝑛  number of joint surface contact points in full joint scale 
𝑤𝑤 [m] window length in roughness – length method 
Ω scaling factor to convert model to correct size at Cloud Com-

pare software 
𝛼𝛼 [°] angle between dip vector projection of the asperity face on  
  the shear plane and the shear direction vector 
𝛿𝛿 [m] shear displacement 
𝛿𝛿𝑎𝑎 [m] peak shear displacement  
𝜃𝜃 [°] dip angle of the asperity face  
𝜃𝜃∗  [°] apparent dip angle 
𝜃𝜃∗ 

𝑐𝑐𝑠𝑠 [°] threshold apparent dip angle  
𝜃𝜃∗ 

𝑚𝑚𝑎𝑎𝑚𝑚 [°] threshold value which corresponds total potential contact  
  value of zero 
𝜎𝜎𝑐𝑐𝑖𝑖 [Pa] uniaxial compressive strength 
𝜎𝜎𝑛𝑛 [Pa] normal stress 
𝜏𝜏   [Pa] shear strength 
𝜑𝜑 [°] friction angle     
𝜑𝜑𝑏𝑏 [°] basic friction angle  
𝜑𝜑𝑖𝑖  [°] internal friction angle of intact rock   
𝜑𝜑𝑠𝑠 [°] residual friction angle   
𝜑𝜑𝑎𝑎 [°] mobilized friction angle   
𝜎𝜎𝑡𝑡 [Pa] tensile stress 
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Abbrevations 
 
ASCII  american standard code for information interchange 
DSLR  digital single-lens reflex  
FFF  fused filament fabrication 
JCS  joint wall compressive strength 
JMC  joint matching coefficient 
JPEG  joint photographic expert group 
JRC  joint roughness coefficient 
PLA  polylactic acid 
PLY  polygon file format 
RLM  roughness – length method 
RMS  root-mean-square 
STL  standard tessellation language 
UCS  uniaxial compressive strength 
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1 Introduction 
 
The rock mass strength is in many cases controlled by the shear strength of rock joints, 
especially in hard rock masses. Failing in the hard rock slopes occurs usually along the 
existing rock joints and other discontinuities. Also possible falling of the blocks from the 
roofs of underground spaces is controlled by the shear strength of joints. The shear 
strength is generally found to be controlled by several parameters, including normal 
stress, the friction angle of rock surface, the geometry and asperity of the joint surface, 
the joint wall compressive strength, the normal stiffness of the joint, the matedness of the 
joint surfaces, weathering and infilling. The effect of these parameters for the joint shear 
strength can be evaluated in laboratory scale. However, the shear strength is additionally 
found by several authors to be scale dependent. Despite numerous studies, uniform un-
derstanding about the scale effect hasn’t been found. Part of the authors propose that the 
shear strength decreases when sample size increases, for example Barton & Choubey 
(1977) and Bandis et al. (1981). However, some studies have offered contradictory results 
that any scale effect don’t exist for the matched joint surfaces, for example Johansson 
(2013), or shear strength even increasing as a function of sample size, for example Kutter 
& Otto (1990).  
 
This thesis is part of the KARMO (Mechanical Properties of Rock Joints) project carried 
out by Aalto University rock engineering laboratory. The aim of the KARMO project is 
to evaluate the effect of scale, geometry and asperity of rock surfaces to the rock joint 
parameters. Results will be used for defining rock joint parameters for numerical model-
ling in design of rock caverns. Defining the design scale values of rock parameters will 
allow more precise numerical modelling and reduce the use of over-conservative values 
for design parameters.  
 
The difficulty of defining the design scale values for the rock joint parameters is the lack 
of easy and relevant testing methods for design scale rock joints. Testing large and heavy 
in-situ samples requires massive and expensive testing and transport equipment. Sec-
ondly, the representativeness of results is questionable when defining the parameters us-
ing laboratory scale tests. This thesis is the first stage of the study to develop a method to 
evaluate the effect of scale on the shear strength of rock joint by way of laboratory tests. 
In this method, rock joint surface is first photogrammetrically 3D modelled. Then, areas 
in 5 different scale are selected from this 3D model. The areas with smallest size remain 
in their original size but all the larger areas are downscaled to the same size as the smallest 
areas. After downscaling all surface areas to the same size, replica concrete samples are 
produced using concrete. Casting of replica concrete samples is performed using 3D 
printed molds which are printed based on the downscaled areas of 3D modelled rock 
surface. Replica samples are tested using portable shear box. The method allows to test 
the same joint surface geometry in different scales. Previously, this type of studies, such 
as Barton & Choubey (1977), have been performed using in-situ shear tests. In this meth-
ods large samples have first been tested. After that, samples have been sawn into smaller 
parts and these parts have been re-tested. Compared to earlier studies, the benefit of this 
method being under development is that samples with different sizes can be tested with 
no abrasion affected by previous shear tests. Also, the replication enables to test same 
size joint surface geometries several times without abrasion. This would decrease the 
amount of scatter in the results and therefore improve accuracy of the testing.  
 
However, the negative side of this method is that it can’t replicate the existing rock sur-
face perfectly. Therefore, this thesis aims to study how much information about the joint 
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surface asperity will be lost during photogrammetry, downscaling, 3D printing and cast-
ing with the used methods. The thesis is based on an assumption that any scale effect 
shouldn’t exist when joint surfaces are completely matched (Johansson 2013). The peak 
shear strength is in this situation controlled by the small asperities of joint surface (Jo-
hansson & Stille 2013, pp. 33 - 38). However, when the surfaces are unmatched there 
might be different factors affecting to the loss of the shear strength. When sample size 
increases in unmatched situation, the relative contact area between joint surfaces will de-
crease (Johansson & Stille 2014, pp. 33 - 38). Additionally, the peak shear strength will 
be controlled by larger and less steeply inclined asperities (Barton & Choubey 1977, pp. 
38 – 42). These factors might lead to appearance of the scale effect. In this study, replica 
samples are tested starting from completely matched state. Based on the assumption that 
scale effect don’t exist in this situation, all the decrease of shear strength should be in-
duced by the loss of joint surface geometry in replicating process. The information about 
the loss of geometrical features will enable the evaluation of possible scale effect for the 
mismatched joints in later research.  
 
Due to the replicating method and the aim of the research, this thesis covers only fresh, 
unweathered and unfilled rock joints. The chapter two introduces how the rock surface 
morphology can be described mathematically with the fractal model. The third chapter 
will present few models from previous studies used to evaluate the shear strength of the 
rock joints and additionally the effect of the scale on these equations. The fourth chapter 
introduces production of the replica samples including photogrammetry, processing 3D 
model, creating molds and casting samples. The fifth chapter presents the shear strength 
testing procedures performed with the portable shear box. In the sixth chapter, the results 
from the shear box tests are analyzed. In the discussion part the problems of the method 
and uncertainties associated with results are studied before the conclusion of the thesis.  
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2 Rock joint surface morphology  
Rock surfaces are considered to be rough in all scales, meaning that the surfaces com-
prises of asperities in infinite different resolutions. This has led to the propotion that the 
rock surface roughness could be explained by superposition of different scale asperities 
and using some kind of fractal model, either self-similar or self-affine. (Johansson & Stille 
2014, pp. 33 – 34) The basic concept of the superposition is illustrated at the Figure 2.1. 
Several studies, for example Brown & Scholz (1985), have proposed that self-affine frac-
tal mode would be suitable for describing how the superposition of different sized asper-
ities occurs at the natural rock surface. According to Mandelbrot (1982), in self-similar 
fractal mode the all geometrical features remain their statistically similar shape although 
they are inspected at the different isotropic magnifications when the self-affine fractal 
remains the similar shape only when it is scaled with different factors in different direc-
tions (Kulatilake et al, 1997, p. 182). Practically this means that in self-similar model the 
larger scale surface is composed of smaller geometrical features which have similar shape 
as larger one but have been only downscaled with factors which are same in every direc-
tion. In self-affine mode the larger surfaces can also be constructed from the smaller ge-
ometrical features but this time the smaller fractals don’t have identical shape compared 
to the larger one. The smaller scale fractals can be downscaled from larger scale when 
they are scaled with different factors in different directions.  These two type of superpo-
sition of the geometrical features are illustrated in Figure 2.2 
 

 
Figure 2.1 Simplified model about formation of rock surface from asperities in different 
scales. (Johansson & Stille, 2014, p. 34)  
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Figure 2.2 Illustration of self-similar and self-affine fractal modes (Kulatilake, 1997, p. 
182). 
 
The self-affine fractal mode can be described using two different factors, fractal dimen-
sion 𝐷𝐷 and proportionality constant 𝐴𝐴. 𝐷𝐷 has a connection to the parameter called Hurst 
exponent which is for 2D profile 𝐷𝐷 = 2 − 𝐻𝐻 and for 3D surface 𝐷𝐷 = 3 − 𝐻𝐻. (Kulatilake 
& Um, 1999, pp. 7 – 8) Hurst exponent describes the ratio between horizontal and vertical 
scaling factors in 2D situation (Kulatilake et al, 1997, p. 187). Therefore, the fractal di-
mension 𝐷𝐷 explains the autocorrelation between the fractals in different scales. 𝐴𝐴 captures 
the amplitude of the roughness profile. (Kulatilake & Um, 1999, p. 7 – 8) For defining 
the values of 𝐷𝐷 and 𝐴𝐴 have been used few different methods such as roughness – length 
method (RLM), for example (Kulatilake & Um, 1999), line scaling method (Kulatilake 
et al, 1997) and variogram (Heping et al, 1997).  
 
This work presents as an example the use of RLM for defining the values of parameters 
𝐷𝐷 and 𝐴𝐴. First of all, the surface profile must be replicated. This can be done for example 
with the mechanical or laser profilometer. The surface profile is then composed of sepa-
rate points which are expressing the position of the surface at that specific location. At 
the RLM method the surface profile is then divided to the windows with constant length 
𝑤𝑤 as presented at the Figure 2.3. Then the linear trend line is fitted to the sample points 
to describe local trend of the points in each window. Next step is then measuring of ver-
tical distance between each data point and linear trend line. This distance is marked as 
residual in Figure 2.3. Consequently, the standard deviation of these residuals at the each 
window can be calculated using root-mean-square (RMS) method. (Kulatilake & Um, 
1999, pp. 7 – 8) The RMS value of the whole profile is the mean of the RMS values of 
windows (Fardin et al, 2001, p. 662). Using this RMS value for whole profile it is now 
possible to form relation between the standard deviation value, fractal dimension and pro-
portionality constant  
 

𝐴𝐴(𝑤𝑤) = 𝐴𝐴𝑤𝑤𝐻𝐻   (1) 
 
where  𝐴𝐴(𝑤𝑤) is standard deviation calculated using window length 𝑤𝑤 
 



13 
 

The fractal dimension can be placed to Equation 1 instead of Hurst exponent using rela-
tions presented earlier in this chapter. To solve the parameters 𝐴𝐴  and 𝐷𝐷 univocally for 
the rock surface, this procedure must however be repeated few times with different win-
dow lengths. After that, the parameters can be finally solved from the ln�𝐴𝐴(𝑤𝑤)� − ln(𝑤𝑤) 
plot where the 𝐴𝐴(𝑤𝑤) values have been plotted with different window sizes. With suitably 
chosen window length values plot should be approximately linear. 𝐴𝐴 is the intercept of 
the plot and ln�𝐴𝐴(𝑤𝑤)� axis and 𝐻𝐻, and thus also 𝐷𝐷 describes the slope of the plot. The 
plot is increasing as a function of the increasing window size. (Kulatilake & Um, 1999, 
pp. 7 – 8) When the window size increases, the trend line can’t represent the profile as 
accurately as with the smaller window sizes and therefore the values of standard deviation 
increases.  

 
Figure 2.3 Determination of residuals for the standard deviation calculation in RLM 
method (Kulatilake & Um, 1999, p. 8) 
 
From the Equation 1 can be seen that the standard deviation increases when the either 𝐻𝐻 
or 𝐴𝐴 increases. When 𝐻𝐻 increases 𝐷𝐷 naturally decreases. These seems logical because 𝐴𝐴 
captures the changes in amplitude on the surface and therefore the increase of 𝐴𝐴 increases 
also roughness of the surface. When 𝐻𝐻 increases, the scaling factor of vertical direction 
increases and approaches the value of the scaling factor in horizontal direction. This also 
increases the roughness and thus the standard deviation.  
 
However, after it has been discovered that these parameters can be used to describe the 
roughness of the rock surface the next interesting question is how they act when the size 
of the surface increases. Fardin et al. (2001) have studied this scale effect using the RLM 
as presented earlier. They performed these calculations for different sized areas of the 
same 1 m x 1 m rock surface. They used 10 different sizes from 100 mm x 100 m to 1000 
mm x 1000 mm for concentric areas. The first stage of the study uses five window lengths 
between the 2 and 10 % of the total sample lengths. When the window sizes are propor-
tions of the total sample areas, the window sizes obviously increase when the sample size 
increases. The calculation is performed similarly as earlier although the trend line is re-
placed with the trend plane at the 3D situation.  The results show that both 𝐷𝐷 and 𝐴𝐴 de-
crease when size increases. However, after this observation it was still questionable if the 
parameter values are decreasing as a function of actual sample size or as a function of 
window size. Therefore, at the later stage of the study the calculations are performed using 
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also the same window sizes for the smaller samples as earlier for the larger samples. When 
the same window size is used both for large and small samples it is possible to compare 
the parameter values in different scales without the effect of changing window size. Alt-
hough there are marginal differences between the results from these two stages, both in-
dicate same kind of behavior of the values. In both stages the values of 𝐷𝐷 and 𝐴𝐴 decrease 
to the sample size of 500 mm x 500 mm and after that the values stay approximately 
constant. This limit sample size is called stationarity threshold. (Fardin et al., 2001, pp. 
662 – 668) The reduction of 𝐷𝐷, and thus increase of 𝐻𝐻, means that when the scale in-
creases the scaling of the fractals in horizontal directions becomes less dominant. To-
gether with the decreasing A value this leads to the conclusion that in larger samples the 
amplitude of the smaller scale roughness is lower than in small samples and the change 
in the shape of the different scale fractals is remoter. These observation about the station-
arity threshold indicates that the roughness of the rock surface doesn’t anymore change 
as a function of scale after the threshold. This is interesting observation because it indi-
cates similar kind of phenomenon with shear strength scale effect studies which have 
observed hints that the scale effect might disappear when the sample size increases 
enough. These studies, for example by Bandis et al. (1981), are later presented in chapter 
3. Even if this phenomenon seems compatible with the results about the scale effect of 
shear strength the value of stationarity threshold can’t probably be directly exploited in 
scale effect studies. There is few different reasons for this. First, the RLM doesn’t take 
into account the larger geometrical features of the surface due to use of local trends in the 
calculation of the standard deviation. However, these larger features are most probably 
affecting to the shear strength of the joint surfaces. Second, the effect of a chosen window 
size can’t still be totally ignored. Other similar methods also have their corresponding 
parameters which affect the results differently. Therefore different methods might offer 
different results. Finally, the roughness of the rock joint surface isn’t only factor affecting 
to the scale effect of the joint shear strength and therefore these two phenomena can’t be 
directly compared. The scale effect of the shear strength is presented more precisely in 
chapter 3.   
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3 The effect of scale on shear strength equations  
 
This chapter introduces the basic definition of the shear strength for rock joints and addi-
tionally few different equations for evaluating shear strength and the effect of scale on 
these equations, including widely used traditional Coulomb’s linear relation, empirical 
relations by Nick Barton, Zhao’s JRC-JMC model and a conceptual model by Fredrik 
Johansson.  

3.1 Definition of shear strength for rock joints 
The shear strength is the resistance stress with which the rock joint resist the movement 
of the joint surfaces relative to each other during the shearing. Shear strength is equal to 
the shear stress value which is needed to increase shear displacement with the constant 
speed (Figure 3.1). When the shearing starts, shear strength begins to increase towards 
the peak shear strength. The displacement which the joint has to be sheared to reach the 
peak shear strength is called peak shear displacement. After the shear strength has reached 
the peak value, the strength usually starts to decrease and finally reaches a constant value 
which is called residual shear strength. In some cases it is also possible that the shear 
strength doesn’t decrease after peak shear strength but stabilizes to value near the peak 
shear strength. The theoretical shear behavior is presented with the shear strength – shear 
displacement curve in the Figure 3.2.  
 

 
Figure 3.1 Stresses affecting to the shear behaviour of the rock joint (Hoek, 2007, p.2) 

 
Figure 3.2 Shear strength - shear displacement curve (Hoek, 2007, p.2) 
  
The shearing is always combination of the different failure modes of the asperities on the 
joint surface. The failure can occur through sliding over asperities or by the shearing, 
crushing or moment induced tensile failure. The failure mode depends on the strength of 
the rock, steepness and base length of the asperities, total contact area between the joint 
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surfaces and thus on stresses in the contact areas. Criteria which can be used to evaluate 
approximately the dominant failure mode is presented at the chapter 3.5.1. At the begin-
ning of the shearing the sliding is probably, depending on the normal stress, the dominant 
failure mode. When the shearing proceeds the total contact area between the small asper-
ities decreases. This leads to the increasing of the stress at the contact areas and finally to 
the failure of the asperities. Failure of the small asperities then transfers the contacts to 
the larger and less steeply inclined asperities. The interesting aspect when considering the 
different failure modes is the relation between the elastic and plastic deformation. When 
the stress increases, first some elastic deformation will occur in the rock which increases 
the amount of contact areas. However, at the some point of shearing the total contact area 
decreases so significantly that contact areas aren’t capable to carry the stresses and rock 
starts to have plastic deformation. (Johansson & Stille, 2014, pp. 32 – 33, 37) Gentier et 
al. (2000, p. 166) have noticed in their studies that major part of the damage on the joint 
surface occurs at the post peak stage of the shearing and only minor part before the reach-
ing of the peak shear strength. From this result an approximate conclusion can be drawn 
that at shearing stage before the peak strength roughly corresponds elastic behavior and 
post peak stage plastic behavior of the rock. This approximation is also done by Johansson 
& Stille (2014, p. 36) It also evidently depends on the normal stress how large asperities 
are failed during the shearing. With small normal stress values only the sharp tops of the 
small asperities are sheared but with higher normal stresses also larger asperities will have 
damages. (Barton 1971, p. 15) However, any failure mode never happens independently. 
When the sliding occurs along the face of the some larger asperity, smaller scale asperities 
at the surface of it are failed by some other failure method. (Bandis et al. 1981, pp. 14 – 
15) Therefore, the peak shear strength is most often affected by the combination of the 
different failure modes and thus different joint properties and stress conditions. When the 
contact proceeds to the larger asperities, they aren’t anymore failed that easily and there-
fore the sliding becomes more dominant failure mode and the effect of the surface friction 
becomes proportionally more significant for the shear strength. Bandis (1980, p. 12) have 
even suggested that the residual shear strength can be approximated by the basic friction 
angle of the rock surface when the roughness of the surface doesn’t anymore affect to the 
shear strength. However, Bandis et al. (1981, pp 7 – 9, 15) have later noticed signs that 
also residual strength would be scale dependent. This indicates that also the residual 
strength still includes some geometrical component. This seems reasonable when the 
crushing of the small scale asperities occurs and sliding along larger scale asperities be-
comes dominant failure mode during the post peak shearing stage. It seems credible that 
these asperities along which the sliding occurs are steeper at the smaller scale samples 
and therefore the residual strength is higher.  

3.2 Coulomb’s linear relation 
Coulomb’s relation is very simple expression about the shear strength when it states that 
strength depends on only three different factors: normal stress affecting on the joint sur-
face (Figure 3.1), basic friction angle and cohesion This equation is originally developed 
for the shear strength of soils but according to Barton (1971, p. 3) the use of this was 
expanded to the rock joints under high normal stresses by Patton (1966a, b) and Goldstein 
et al. (1966). Under the high normal stresses the most of the joint surface asperities are 
sheared and thus the shear strength can be presented using Coulomb’s equation including 
only normal stress and two material properties (1971, p. 3): 

 
𝜏𝜏 = 𝑐𝑐 + 𝜎𝜎𝑛𝑛tan𝜑𝜑𝑏𝑏   (2) 

 
where  c  is cohesion 
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  𝜎𝜎𝑛𝑛 is normal stress  
 𝜑𝜑𝑏𝑏 is basic friction angle 

 
Cohesion can be interpreted as shear strength in a situation when there don’t affect any 
normal stress to the surface. Cohesion is mainly caused by discontinuities of rock joints 
or chemical bond forces on the joint surface. Therefore in most cases rock joints have no 
cohesion. The basic friction angle is parameter which describes the effect of joint surface 
friction on shear strength. It is a property of smooth joint surfaces and is affected by min-
eralogy and micro scale asperity of joint surfaces. (Hencher & Richards 1989, p 25.) 
 
However, the Equation 2 isn’t fully working for especially rough rock joints under low 
normal stresses. Therefore, parameter dilation is defined to describe the effect of joint 
surface roughness on shear strength. Dilatation describes increase in the volume of joint 
aperture during horizontal displacement. The magnitude of dilatation is illustrated by di-
lation angle. The dilation angle is the arctangent from the ratio of vertical and horizontal 
displacement of joint surface (Alejano & Alonso 2005, s. 484). Bandis et al. (1981, p.  8) 
have suggested that the peak dilation angle, occurring simultaneously with the peak shear 
strength, is approximately the inclination of asperities being in contact with another joint 
surface and thus controlling the shearing direction. Using the dilation angle, Coulomb’s 
linear relation have been expanded to the form: 

 
𝜏𝜏 = 𝑐𝑐 + 𝜎𝜎𝑛𝑛tan(𝜑𝜑𝑏𝑏 + 𝑖𝑖)   (3) 

 
where  𝑖𝑖 is dilatation angle 
  
Equation 3 is also first introduced for soils by Newland and Alley (1957) but again Patton 
and Goldstein et al. have suggested also that this can be used for rock joint under low 
normal stresses (1971, p. 2). Because Coulomb’s equation is originally described and 
used mostly for soils and smooth rock surfaces it doesn’t take into account the scale effect. 
As presented in upcoming chapters, the scale effect is mostly related to the roughness of 
the rock joint surface and changes of roughness when the scale changes. On smooth sur-
faces and in the soils with uniformly distributed grains changes in the scale have therefore 
no significant impact on shear strength. Although the values of dilatation angle are later 
shown to be scale dependent, they can’t yet to be predicted with any easy inspection 
method from the joint surface and therefore the Equation 3 isn’t well suitable for predict-
ing the effects of scale changes on shear strength.  

3.3 Barton’s empirical relations 
The joint shear strength is generally considered to be dependent on three different com-
ponents: the frictional component, the geometrical component and the asperity failure 
component. Last two together form roughness component of a joint surface. (Cai et al., 
2006) The residual friction component describes the friction properties of the smooth rock 
surface. These friction properties are typical for certain rock types and aren’t dependent 
on geometry of surface. When comparing this model to the Coulomb’s model in Equation 
2, can be seen that both models include friction component from the friction of the smooth 
rock surface. This leads the question, could there be some rock joint properties explaining 
the effect of the geometrical and asperity failure components on shear strength which 
could be included as parameters to the Coulomb’s shear strength equation and thus used 
to predict the shear strength. Therefore, Barton (1973) has suggested two new parameters 
based on his empirical studies to predict the shear strength.  
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The first parameter defined by Barton (1973, pp. 312 – 316), which is affecting to the 
asperity component of the shear strength, is roughness of the joint surface which can be 
described with a dimensionless number joint roughness coefficient (JRC). The value of 
JRC can be back calculated from the shear box test results using Equation 4 presented 
later in this chapter. It is also possible, especially in-situ test situation, to back calculate 
JRC values from the test result of tilt test (Barton & Choubey 1977, p. 21 – 25). Based on 
his shear test results, Barton (1973, pp. 312 – 313) has suggested four different groups of 
rock joints: rough undulating, smooth undulating, smooth nearly planar and completely 
smooth. In this order they correspond JRC values of 20, 10, 5 and 0. Value 0 corresponds 
then the situation where only basic friction affects to the shear strength on a smooth joint 
surface.  As an extension for this, Barton and Choubey (1977, pp. 17 – 20) have presented 
empirical method to estimate values of JRC for joint surfaces. In this method, the joint 
surfaces are categorized to the 10 different groups with different JRC values. These JRC 
values are based on back calculated values from large amount of different rock joints. 
Then, from each group, one surface profile is selected as an example profile to represent 
the group. These profiles are considered as most typical profiles for their groups. Then, 
comparing the roughness of the sample rock joints to roughness in the example profiles, 
it is possible to roughly estimate JRC values of the rock joint surfaces without performing 
shear box tests. These example profiles are presented in the Figure 3.3.  
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Figure 3.3 Example joint surface profiles for different JRC values (Barton & Choubey 
1977, p. 19) 
 
Another important factor for asperity component is joint wall compressive strength (JCS) 
which illustrates strength of rock on a joint surface. If the rock is unweathered, JCS value 
is approximately identical with the uniaxial compressive strength (UCS) of the intact 
rock. If the joint surface is weathered, JCS value is lower than UCS (Barton 1973, p. 306 
– 308). It can be then estimated using Schmidt Hammer method (Barton & Choubey 1977, 
p. 8 – 9). However, if rock is totally weathered to the core the JCS and UCS values might 
be again approximately identical. (Barton 1973, p. 308) 
 
As in the Coulomb’s equation, the friction component is described by the friction angle. 
For unweathered rock joints the model uses same basic friction angle 𝜑𝜑𝑏𝑏 as in Coulomb’s 
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equation. In the case of weathered rock joint, the basic friction angle of the rock is re-
placed by the residual friction angle 𝜑𝜑𝑠𝑠. (Barton & Choubey 1977, p. 4) Combining the 
effects of these two components on shear strength, Barton and Choubey have presented 
equation to describe the peak shear strength of a rock joint 

 
𝜏𝜏 = 𝜎𝜎𝑛𝑛 tan �𝐽𝐽𝐽𝐽𝐽𝐽 log � 𝐽𝐽𝐽𝐽𝐽𝐽

𝜎𝜎𝑛𝑛
�+ 𝜑𝜑�   (4) 

       
 
The friction angle 𝜑𝜑 in the Equation 4 is either basic friction angle 𝜑𝜑𝑏𝑏 or residual friction 
angle 𝜑𝜑𝑠𝑠 depending on is the joint surface weathered or not. (Barton & Choubey 1977, p. 
4) The residual friction angle can be determined from test results of Schmidt Hammer 
test. If a surface isn’t weathered and JCS is equal to UCS, the residual friction angle will 
have a same value as the basic friction angle. (Barton & Choubey 1977, p. 13-15) In 
Equation 4, the part 

 
𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐽𝐽𝐽𝐽𝐽𝐽 log � 𝐽𝐽𝐽𝐽𝐽𝐽

𝜎𝜎𝑛𝑛
�   (5) 

 
is asperity component of the shear strength. Barton and Choubey have noticed that the 
magnitude of the asperity component somehow estimates the magnitude of peak dilation 
angle. Based on their experimental test results, the peak dilation angle for most samples 
is inside the fluctuation range  
 

0.5 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴 < 𝑖𝑖𝑎𝑎 < 2 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴   (6) 
 
where  𝑖𝑖𝑎𝑎 is peak dilation angle (Barton & Choubey 1977, p. 33) 
 
The major difference between the asperity component and the dilation component in 
Equation 3 is that Coulomb’s equation doesn’t take into account the effect of asperity 
breakage. When the breakage of the asperities is in major role in shearing, there might be 
significant shear strengths without significant amount of dilation. The asperity component 
takes the breakage of the asperities into account with JCS parameter which estimates the 
compressive strength of the asperities.  
 

3.3.1 Scale effect studies 
Before Barton & Choubey the scale effect of shear strength hadn’t been studied very 
widely. The scale effect of compressive strength had been studied for example by Pratt et 
al. (1972) and results have shown the reduction in uniaxial compressive strength as a 
function of sample size. This has led to a potential theory that also JCS is scale dependent. 
(Barton & Choubey, 1977, pp. 38) Pratt et al. (1974) have additionally suggested that the 
reduction of shear strength as function of sample size occurs due to the relative decreasing 
of the actual contact area between the joint surfaces and that scale effect wouldn’t occur 
if relative contact areas would be equal between large and small scale samples (Bandis et 
al. 1981, p. 2). However, Barton & Choubey have presented another potential theory to 
explain the scale effect of shear strength.  
 
In the study, they first performed shear testing using three tilt tests for approximately 40 
cm x 45 cm granite joint. After that, the rock slab was sawn into 18 smaller pieces with 
the size of 4.9 cm x 9.8 cm. These samples were tested using shear box and tilt or push 
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test. JRC values were back calculated from these shear test results. The mean of back 
calculated values from three large scale tilt test was 5.5. However, the mean JRC value 
of the back calculated JRC values from small scale shear box tests were 8.7 and from tilt 
and push tests 8.8. Because of relatively low normal pressures and assumable hard gra-
nitic rock the damages on the joint surfaces are minimal. Therefore the possible differ-
ences between JCS values in different scales aren’t capable to explain differences be-
tween shear strength values corresponding these JRC values in different scales. There-
fore, they have made the conclusion that JRC have also scale effect. This scale effect 
generates when the contacts between joint walls in larger scale transfer to the larger and 
less steeply inclined asperities compared to the smaller scale when the joint is sheared 
towards the peak shear strength. However, this doesn’t mean that the scale effect of JCS 
wouldn’t exist. When the contact areas between the joint surfaces transfer to the larger 
asperities, the contact areas themselves also become larger. These larger contact areas 
have also then lower JCS values than the smaller contact areas. (Barton & Choubey, 1977, 
pp. 38 – 41) When considering the theory about the relative reduction in contact area as 
a function of scale by Pratt et al. (1974), also the stresses at the larger contact areas then 
become larger compared to the contact areas in smaller scale samples. Therefore decrease 
in JCS values might especially in weak rocks have significant effect on crushing of the 
rock surface and thus on shear strength.  
 
Bandis et al. (1981) have continued the research of the scale effect using empirical equa-
tions presented by Barton. The research was performed using replica samples. The topog-
raphy of the both joint surfaces of natural joints were first recorded using rubber hot melt 
compound to form molds with recorded surface. After that the samples with the similar 
surface as original rock samples were to be casted using these molds. The casting was 
performed with the mixture containing silver sand (white quartz sand), calcined alumina, 
barytes, plaster and water to form brittle rock like material. Before actual scale effect 
study, uniaxial compressive strength and Brazilian tensile strength tests were performed 
to ensure that replica material can be assumed to have approximately similar strength 
properties than natural rock. The material properties were discovered to fell in the zone 
from medium strength limestone to medium strength sandstone. This of course leads to 
the question whether the strength is high enough to model hard rocks. Totally 11 joint 
surfaces with different roughness, from rough and undulating to smooth and planar, and 
lengths of 36 – 40 cm were selected to be used in study. After these full scale sample 
surfaces were recorded and casted, three more surface replicas of each full scale surface 
were casted using same molds. These replicas were however subdivided to the smaller 
samples with three different sizes. The length groups were 5 – 6 cm, 10 – 12 cm and 18 
– 20 cm. Then, shear tests were performed for all these different scale samples. The tests 
were performed with a few different normal stress values to study also the effect of chang-
ing normal stress on scale effect. The values of normal stress are ranging from 1 kPa to 
100 kPa. (Bandis et al. 1981, pp. 1 – 5) Under this low normal stresses the damaging of 
the surfaces shouldn’t be very significant and therefore the strength properties of the rep-
lica material might be enough to model also shear behavior of hard rock joints.  
 
From the results of the shear tests they have made few significant observations about scale 
dependence of different parameters and how these parameters affect to shear strength of 
the joint. First of all, the Equation 4 seems to have a good fit with the test results in each 
of four scales. The results also showed significant positive scale effect. The values of 
mobilized friction angle, defined as 
 

𝜑𝜑𝑎𝑎 = tan−1( 𝜏𝜏
𝜎𝜎𝑛𝑛

)   (7) 
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showed 8° – 20° reduction when the sample sizes increased from 5 – 6 cm to 36 – 40 cm 
depending on the roughness profile of the joint surfaces. The different joint surfaces were 
roughly classified to four groups with different roughness properties: 1) strongly undu-
lating and rough, 2) strongly undulating and moderately rough, 3) moderately undulating 
and very rough, 4) moderately undulating to almost planar and moderately rough to al-
most smooth. Largest average reduction in mobilized friction angle was observed in the 
group 3, approximately 18.8°. The average reductions for groups 1, 2 and 4 were in this 
order 12.6°, 10.3° and 8.3°. (Bandis et al. 1981, pp. 5 – 6)  These results are reasonable 
when considering the theory of Barton & Choubey about the scale effect presented earlier 
in this chapter. Based on this theory, the asperities controlling the shear strength become 
larger and less steeply inclined when the scale increases. The effect of this can be seen 
from the results. The samples of group 3 have most significant small scale roughness, 
presented as a very rough, but the larger scale roughness is presented as only moderately 
rough. Contact areas of the joint surfaces in the shear move from the very rough small 
scale asperities to these larger scale undulating asperities when the scale increases affect-
ing significant reduction of shear strength. Comparing mobilized friction angle values for 
groups 1 and 3 in smallest scale it is noticed that the shear strength is probably controlled 
by both small and large scale asperities. However, when the scale increases the large scale 
undulating becomes more significant and thus shear strength of group 3 with less steep 
undulation decreases more. The importance of small scale asperities is however indicated 
when comparing the values of group 1 and 2. Both have similar large scale undulation 
but group 1 has higher small scale roughness and thus greater shear strength both in small 
and large scale. The group have smoothest joint surface profile of all groups when con-
sidering both large and small scale asperities. Therefore the mobilized friction angle is 
already low in small scale and therefore the scale effect isn’t as significant for rougher 
joints. Also authors have similarly suggested that the scale effect is insignificant for pla-
nar and smooth joints (Bandis et al. 1981, p. 7). These same observations can be also 
presented through another perspective. The JRC values back calculated from the shear 
test results show that the decrease of the JRC values as a function of the scale is signifi-
cantly greater for samples with the rough surfaces than for the samples with planar sur-
faces (Bandis et al. 1981, p. 10). This effect has been roughly illustrated in Figure 3.4 up 
to the sample sizes which are eight time greater than the smallest scale samples at the 
tests (Bandis et al. 1981, p. 10). Barton and Bandis (1982, p. 750) have also later described 
this scale effect of the JRC values with the equation: 
 

𝐽𝐽𝐽𝐽𝐽𝐽𝑛𝑛 =  𝐽𝐽𝐽𝐽𝐽𝐽0(𝐿𝐿𝑛𝑛
𝐿𝐿0

)−0.02𝐽𝐽𝐽𝐽𝐽𝐽0   (8) 
 
where  𝐿𝐿0 is the length of the original laboratory scale sample 
  𝐿𝐿𝑛𝑛 is length of the larger scale joint surface  
  𝐽𝐽𝐽𝐽𝐽𝐽0 is the laboratory scale value 
  𝐽𝐽𝐽𝐽𝐽𝐽𝑛𝑛 is an estimated large scale value 
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Figure 3.4 Effect of scale on JRC values (Bandis et al. 1981, p. 14) 
 
From the diagram at the Figure 3.4 can be seen that the JRC value curves act somehow 
asymptotically when the size of the joint surface increases. This means that the JRC val-
ues might possibly flatten out to some constant values in some large scale and don’t de-
crease anymore as a function of sample size after that. The essential question is then what 
is this scale where the scale effect possibly disappears. Bandis et al. (1981, p. 14) have 
suggested, based on same empirical data as earlier, that the length corresponding this 
disappearing of scale effect would be approximately 5 meters for undulating joint surfaces 
and 3 meters for less wavy to planar surfaces.   
 
Barton (1981, pp. 178 – 179) has additionally presented another method to estimate the 
scale effect of JRC. The method is based on relation of the joint length and asperity am-
plitude on the joint surface.  The asperity amplitude is the vertical distance between the 
highest and lowest points within the chosen sample surface. Using this sample length and 
the asperity amplitude the JRC value can be estimated from the diagram in the Figure 3.5. 
The benefit of this method is that the amplitude value can be easily measured from open-
ings with appropriate sample length. The measurement can be done for example using 
tensioned wire as a straight edge between some highest asperities and then measuring the 
vertical differences of lower points compared to the level of wire. Although this model 
doesn’t directly answer to the question about the disappearance of the scale effect at least 
it points out that the sample length where the scale effect possibly disappears is strongly 
dependent on asperity height when the asperities are relatively high. With the smaller 
asperities the dependence isn’t as significant for example in the case that asperity height 
doubles.  
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Figure 3.5 Diagram by Barton (1981, p. 179) to estimate the JRC values using the asper-
ity amplitude and length of a rock joint. Figure is redesigned by (Hoek 2015, p. 8) 
 
Bandis et al. (1981) made also few other observations from their test results. The first one 
was the increase of peak shear displacement when scale increases. This evidently occurs 
because the asperities controlling the shearing come larger when scale increases and the 
development of contacts affecting the peak shear strength thus require larger displace-
ment before the peak value. (Bandis et al. 1981, p. 7 - 10) Barton (1971, p. 8) have earlier 
suggested that the peak shear displacement corresponds 1 % of total sample length. How-
ever, the asymptotic behavior of the JRC values leads to the question does the peak shear 
displacement also stop to increasing as a function of the sample size at same sample 
length. Although the asymptotic behavior based on these test results is still questionable 
because the tests are performed only in four different scales and even the largest scale is 
still relatively small to engineering purposes, Barton & Bandis (1982, p. 747) have pre-
sented results about peak shear displacement supporting this theory. These results about 
the behavior of the peak shear displacement are formulated by equation 
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𝛿𝛿𝑎𝑎 = 𝐿𝐿

500
(𝐽𝐽𝐽𝐽𝐽𝐽
𝐿𝐿

)0.33   (9) 
 
where  𝛿𝛿 is the peak shear displacement 
  𝐿𝐿 is the length of the joint  
 
The Equation 9 takes also into account the effect of JRC on the peak shear displacement. 
When surfaces become rougher, the peak shear displacement will increase. This is rea-
sonable observation because in the case of smoother joints the shear strength is controlled 
by smaller asperities of the surface and thus the displacement needed to mobilize the peak 
strength is smaller than for rougher joints with higher and larger asperities. When calcu-
lating the peak shear displacement values for different joint lengths using the Equation 9 
it can be seen that the ratios between the peak displacement and the sample length de-
crease when the sample size grows because the growth of the displacement values slows 
down. This might indicate that in some sample length the peak shear displacement stops 
to increase and even out to some constant value. However, this can’t yet be considered 
anyhow evident.  
 
Another observation of Bandis et al. (1981, p. 7) was an apparent transition from brittle 
to plastic failure mode. This might be affected by the increase of the contact areas between 
joint surfaces become larger and asperities controlling the shear strength less steep. This 
probably decreases the amount of shear and tensile failure of the asperities being in the 
contact with another side of the joint. Therefore, the crushing of the joint surface by the 
compression becomes more probable failure method. When the compressive strength of 
the rock is usually significantly higher than shear or tensile strength, the brittle failure 
becomes more unlike and the contact areas are first prone to plastic failure. 
 
Additionally Bandis et al. have tried to explain the scale effect using the asperity failure 
component 𝐴𝐴𝑛𝑛 describing the effect of asperity shearing for shear strength, presented orig-
inally by Barton (1973, p. 293). Barton has suggested that peak mobilized friction angle 
can be presented as a sum of different components controlling the shear strength: 
 

 
𝜑𝜑𝑎𝑎 =  𝜑𝜑𝑏𝑏  +  𝑖𝑖 +  𝐴𝐴𝑛𝑛 °   (10) 

 
where the 𝜑𝜑𝑏𝑏 , 𝑖𝑖  and 𝐴𝐴𝑛𝑛 ° are the angle components of basic friction, dilatation and asper-
ity failure which are forming the total mobilized friction angle and thus controlling the 
shear strength. Bandis et al. have noticed the asperity failure also having a significant 
scale effect. The fundamental reason for this is how the contact areas between the joint 
surfaces change during the shearing for different sample sizes. For smaller samples the 
number of small contact areas increases when for larger samples occurs some expansion 
of larger individual contact areas. How this induces the reduction of the asperity failure 
component can be explained with the scale effect of JCS.  As already presented earlier, 
the UCS is observed significant scale effect. Based on this JCS is assumed to have scale 
effect as well. This reduces the strength of the contact areas which size increases when 
sample size increases. Thus the larger contact areas are damaged easier than small contact 
areas on smaller scale surfaces and the asperity failure component decreases as a function 
of scale. Therefore, dilation affected by the sliding over asperities becomes relatively 
more dominant although it also decreases when asperities controlling sliding become 
larger and less steep. Again, the reduction in the asperity failure component is larger for 
the rough joints than for planar surfaces for which the asperity failure is averagely lower 
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already in small scale (Bandis et al. 1981, p. 10 – 12) The reason is most probably that 
the contact areas are already relatively larger in small scale for planar surfaces than rough 
ones. The observations of Bandis et al. about the effect of scale on shear behavior and the 
different components controlling shear strength have been illustrated in Figure 3.6.  
 

 
Figure 3.6 Effect of sample size on shear behavior and components controlling shear 
strength (Bandis et al. 1981, p. 15) 
 
This model can also be used to explain the effect of normal stress changes on the scale 
effect of shear strength. Bandis et al. have suggested that the scale effect decreases with 
the increasing normal stress. They have suggested that both dilation induced by the geo-
metrical component and asperity failure component decrease relatively more from the 
smaller scale to the larger when the normal stress is higher. This doesn’t obviously mean 
that increasing normal stress would decrease the shear strength values in the larger scale 
because the increasing normal stress increases the shear strength values in both scales. 
The increasing normal stress however induces that the values of the geometrical and as-
perity failure components don’t increase in smaller scale relatively as much as in larger 
scale when normal stress increases. The dilatation decreases obviously more in small 
scale because the increasing normal stress increases the failure of small and steep asperi-
ties in small scale more than the failure of larger and less steep asperities in larger scale. 
The reduction in the asperity failure component is then again based on suggested scale 
effect of JCS values. The increasing normal stress increases the contact areas between 
joint surfaces. When the contact areas become larger, the scale effect reduces the JCS 
values. However, the reduction in the JCS values is larger when the small contact areas 
start to expand compared to the expansion of initially larger contact areas. Therefore, the 
asperity failure component doesn’t increase that much in smaller scale when locking be-
tween the joint surface decreases due to increased crushing of the asperities. (Bandis et 
al. 1981, p. 15) 
 
The following question is then how the intensity of the JCS scale effect can be estimated. 
Bandis et al. (1981) have presented a diagram (Figure 3.7) based on their empirical results 
which can be used to estimate JCS values of longer joint surface when the JCS value of 
some subsample from the same joint is known. The joint sample length itself doesn’t 
affect to the JCS scale effect because the scale effect appears when the contact area be-
tween joint surfaces increases. The different JRC values in the diagram are therefore de-
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scribing the effect of joint surface roughness to the mobilized contact areas between sur-
faces. (Bandis et al. 1981, pp. 13 – 14) As for the JRC scale effect, Barton & Bandis 
(1982, p. 750) have formulated also this JCS scale effect with an equation 
 

𝐽𝐽𝐽𝐽𝐴𝐴𝑛𝑛 =  𝐽𝐽𝐽𝐽𝐴𝐴0(𝐿𝐿𝑛𝑛
𝐿𝐿0

)−0.03𝐽𝐽𝐽𝐽𝐽𝐽0   (11) 
 
where  𝐽𝐽𝐽𝐽𝐴𝐴0 is the laboratory scale value 
  𝐽𝐽𝐽𝐽𝐴𝐴𝑛𝑛 is estimated large scale value 
 

 
Figure 3.7 Effect of scale on JCS values (Bandis et al. 1981, p. 14) 
 
As the JRC values in the Figure 3.4, the JCS values in the Figure 3.7 also show the as-
ymptotic behavior when the scale increases. The latter result is supported additionally by 
the Pratt et al. (1972) who have found that the scale effect of uniaxial compressive 
strength tends to disappear when sample length grows enough (Barton & Choubey, 1977, 
p. 38). Lama & Gonano (1976) have presented that with the sizes from 0 – 10 dm³ samples 
have UCS scale effect and with the larger values the scale effect tends to disappear. Ban-
dis et al. have estimated that this volume would correspond the asperity contact between 
joint surfaces with the approximate area of 25 x 25 cm². Joints with the lengths of several 
meters might be long enough to reach mobilized contact areas with approximately this 
size.  (Bandis et al. 1981, p. 12) Based on these both results about disappearance of the  
JRC and JCS scale effects by Bandis et al. (1981, pp. 6 – 7, 14) it might be possible that 
the scale effect of the shear strength disappears at the some large joint surface lengths as 
some results about the peak shear displacement scale effect, presented earlier, also indi-
cate.  However, all these results are based on small laboratory scale shear tests which 
necessarily can’t be used reliably to predict values in natural scale. 
 
Additionally all these results in the chapter 3.3 are based on empirical results from the 
shear test results. These results describe different failure modes on joint surfaces only 
qualitatively. Therefore some more conceptual theories are needed to explain what actu-
ally happens on joint surfaces during shearing. Additionally some simplification method 
of the joint surface geometry might be needed to explain how different failure modes 
mathematically affect to the shear strength.  
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3.4 Zhao’s JRC-JMC model 
The model presented by Barton & Choubey was based on shear tests performed for arti-
ficial fresh tensile rock joints. Therefore, when the joints were tested, different sides of 
the joints were presumably matching each other practically perfectly so that there isn’t 
significant aperture between the joint surfaces. However, the situation with natural rock 
joints is generally more complicated. In addition to possible weathering of the joint sur-
faces, infilling and presence of water, the joint might be displaced from the initial position 
by shearing. Also compression on the joint surface might have affected some crushing of 
the asperities. These factors affect that joint surfaces aren’t anymore perfectly matched 
and some aperture exists between joint surfaces.  
 
The mismatching of the joint surfaces decreases the interlocking between them when 
fewer asperities are in contact with each other compared to the initial stage. This most 
probably decreases the shear strength of the joint when only larger and less steeply in-
clined asperities are in contact and therefore dilation, affected by asperities sliding over 
each other, decreases. This might lead to the question does the model suggested by Barton 
& Choubey overestimate the peak shear strength values of the natural rock joints when 
the matedness of the joint surfaces isn’t considered. Therefore, Zhao (1997a) presented 
new parameter joint matching coefficient (JMC) to describe the effect of joint surface 
matedness for shear strength. JMC presents the percentage of the contact area between 
joint surfaces relative to total joint surface area and therefore it can have values from zero 
to one. This proportion doesn’t however express the relation between actual contact areas 
but the matching of the larger scale geometrical shapes between the different sides of the 
joints. JMC is estimated commonly visually and with the help of profile gauges. The value 
one for JMC can be reached in two different cases, for smooth surfaces despite the possi-
ble shear movement and for perfectly matched rough joint surfaces. When rough surfaces 
are mismatched, the JMC value is below one. With very rough surface with high asperities 
JMC value of mismatched joint might be near to zero. Few examples of different cases 
are presented in Figure 3.8. In the third picture from left the joint is matched but surfaces 
aren’t perfectly opposite for each other due to some damages at the surfaces. At the fourth 
picture the joint surfaces are alternatively significantly mismatched.  Generally, the nat-
ural joints have often nearly same roughness than fresh joints have but matching is lower 
than for fresh joint. (Zhao 1997a, pp. 175-176)  
 

 
Figure 3.8 Examples of JMC values for different joint surfaces  
 
To describe a reliable peak shear strength equation also for the mismatched rock joints 
Zhao have proposed an addition of JMC to Barton’s equation 4. The equation would then 
get the form 
 

𝜏𝜏 = 𝜎𝜎𝑛𝑛 tan �𝐽𝐽𝐽𝐽𝐽𝐽 ∗ 𝐽𝐽𝐽𝐽𝐽𝐽 ∗ log � 𝐽𝐽𝐽𝐽𝐽𝐽
𝜎𝜎𝑛𝑛
� + 𝜑𝜑�  (12) 

       
where the friction angle 𝜑𝜑 is either basic friction angle 𝜑𝜑𝑏𝑏 or residual friction angle 𝜑𝜑𝑠𝑠 as 
earlier depending on weathering stage of the joint. The lowest JMC value to be placed in 
to the Equation 12 is 0.3 and all values below that will be rounded up to this value. Zhao 
has presented explanation for this. From experimental test results for both natural and 
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artificial joints with different matedness values he has observed that for joint with the 
JMC value under 0.3 the peak shear strength is approximately 30 % of the peak shear 
strength of perfectly matched joint. Based on the Equation 12, peak shear strength of 
mismatched joint can then be considered to occur at the position with JMC value of ap-
proximately 0.3. This is understandable because it is quite obvious that peak shear 
strength of any joint doesn’t occur at the initial stage but later when the matedness and 
thus interlocking increases. (Zhao 1997b, pp. 181-182) 
 
In experimental tests Zhao has also observed that the test result values from the samples 
assumed to be perfectly matched correspond to the values got from the Equation 12 for 
the JMC values 0.85 – 0.95. Corresponding values for natural joints seems to be 0.5 – 
0.8. The shear strength has also observed to decrease more significantly when perfectly 
matched joint is mismatched slightly compared to the situation where already mismatched 
joint is sheared more. The peak shear strength values of mismatched joints also seem to 
approach the value of the joints residual shear strength when the mismatching is larger at 
the initial stage of the joint. (Zhao 1997b, pp. 182-183) These observations just emphasize 
how important the matedness of the joints is to take into account when considering shear 
strength of the joint in designing when the decreases of the shear strengths can be signif-
icant already for joints with small initial displacements. 
 
Zhao has also presented theory for the effect of scale changes on JMC values for in situ 
rock joints which have initial displacement. As presented earlier, JRC values decrease 
when the scale increases and the asperities being in the contact become larger and less 
steeply inclined – roughness to scale ratio decreases. When the asperities controlling the 
matedness of the surfaces are rather undulating than rough is relatively larger displace-
ment required to mismatch joint significantly. Zhao suggests that this makes larger areas 
of the joint surfaces to be in contact with each other and therefore increase the value of 
JMC.  (Zhao 1997a, p. 177) The theory that JRC decreases and JMC increases when scale 
increases has led Zhao to consider that the contradiction between different test results 
about the scale effect might be result from the complex combined scale effect of JRC and 
JMC (Zhao 1997b, pp. 183-184). However, these studies by Zhao haven’t still described 
very precisely what kind of connection JMC and JRC have and how they interact together 
with the scale to form the shear strength of a rock joint.  

3.5 Johansson’s conceptual model  
Johansson & Stille (2014) have presented a conceptual model to predict the peak shear 
strength of unfilled, fresh and unweathered rock joints. The conceptual model uses a mat-
edness parameter comparable to the JMC by Zhao when it proposes how the compressive 
strength of rock, surface roughness and matedness interact as properties forming the shear 
strength of a joint. Otherwise, the study is based on consideration of different failure types 
for single asperities and describing roughness of a joint surface by fractal theory. The 
model also describes how the matedness and scale affect to asperity contacts between 
opposite surfaces. When the scale and matedness of the joint changes, different asperities 
with different size and steepness will be in contact with each other. This obviously 
changes dilation and thus shear strength of the joint. Model additionally assumes, based 
on adhesion theory, that the normal stress at the contact points is equal to yield stress of 
the rock. In the study of Johansson & Stille the yield strength is approximated with uni-
axial compressive strength. Therefore, it is assumed that when normal stress is added to 
the joint surface, asperity crushing is happening so long that the contact area between 
joint surfaces is large enough to carry the normal forces. In this situation the normal stress 
value equals to the uniaxial compressive strength.  
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3.5.1 Failure modes of single asperity 
The conceptual model considers four different failure modes for single asperities, crush-
ing by compression, sliding over asperities, shearing and tensile failure by shear force 
induced moment. Crushing of the asperities occurs by the combination of normal and 
shear forces, others by the shear force. For sliding, shearing and tensile failures is pre-
sented following criteria. The smallest value got from these equations will define occur-
ring dominant failure mode. The used dimensions of the idealized single asperity and 
forces affecting to it during shearing are presented in Figure 3.9. The shape of the ideal-
ized asperity is a cone with a square shaped base. The normal stress is considered to have 
effect only to the side of the asperity to which the shear force is affecting. The shearing 
is assumed to occur along the parallel plane for asperity base, even though it is possible 
that shearing happens instead along an inclined plane above the asperity base. Addition-
ally, the shearing is probably following the inclination of the larger scale asperity on 
which smaller asperity is located and therefore the shear plane isn’t parallel to the direc-
tion of the joint. The whole derivation of these equations is not presented but it can be 
done relatively simply using Coulomb’s equation, markings in Figure 3.9, natural prop-
erties of the rock, including friction angles and cohesion and simple mechanics. (Johans-
son & Stille, 2014, pp. 32 – 33, 37) 
 

 
Figure 3.9 Dimensions of idealized single asperity and stresses affecting to it during 
shearing (Johansson & Stille, 2014, p. 32) 
 
For sliding, the form of equation is familiar from Coulomb’s linear relation in Equation 
3 when cohesion is considered to be zero for continuous rock joint 
 

𝑇𝑇
𝑁𝑁

= tan(𝜑𝜑𝑏𝑏 + 𝑖𝑖)   (13) 
 
where 𝑇𝑇 is shear force  
 𝑁𝑁 is normal force  
 𝑖𝑖 is inclination of asperity  
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The inclination of the asperity 𝑖𝑖 corresponds obviously also the dilatation of the shearing. 
The criteria equation for shearing of the asperity can also be derived from Coulomb’s 
equation when taking into account cohesion in the intact rock inside of the asperity:   
 

𝑇𝑇
𝑁𝑁

= tan 2𝑐𝑐𝑖𝑖
𝜎𝜎𝑐𝑐𝑖𝑖

 + tan(𝜑𝜑𝑖𝑖)   (14) 
 
 
where 𝜎𝜎𝑐𝑐𝑖𝑖 is uniaxial compressive strength 
 𝑐𝑐𝑖𝑖  is internal cohesion of intact rock 
 𝜑𝜑𝑖𝑖 is internal friction angle of intact rock 
 
The criteria equation for moment induced tensile failure can then be derived using mark-
ings in Figure 3.9 and simple mechanical moment equations: 
 

𝑇𝑇
𝑁𝑁

= 4(𝜎𝜎𝑐𝑐𝑖𝑖+𝜎𝜎𝑡𝑡 −𝜎𝜎𝑐𝑐 )
3𝜎𝜎𝑐𝑐𝑖𝑖 tan(𝑖𝑖)

   (15) 
 
 
where 𝜎𝜎𝑡𝑡 is maximum tensile tress induced by moment 

𝜎𝜎𝑐𝑐 is average compressive stress from normal load at the asperity surface,  
see Figure 3.9 

 
Based on these equations Johansson & Stille have performed example calculations con-
sidering how the change in the inclination of the asperity affects to the failure mode. The 
calculations have been performed for the different fictitious rock types. The properties of 
these two rock types are presented in Table 3.1. Figure 3.10 presents the results of these 
calculations using parameter mobilized friction angle defined in this case as function of 
shear and normal forces:  
 

𝜑𝜑𝑎𝑎 = tan−1(𝑇𝑇
𝑁𝑁

)   (16) 
 
In Figure 3.10, lowest values of mobilized friction angle from the failure criteria equa-
tions have been combined to form one curve for each rock type to present most probable 
failure mechanism as a function of asperity inclination. Sliding over asperities is domi-
nant failure mode up to inclination angle 31° for hard rock and 16° for soft rock. After 
that, the shearing is dominant failure mode to the values 36° and 54°. Finally, when the 
inclination still increases, tensile failure will be dominant. However, this kind of model 
considers only the failure of idealized single asperities and therefore the model doesn’t 
still describe the shear strength of a natural rock joint. The model has to be extended to 
describe how different sized asperities at the joint surface affect to shear strength. 
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Table 3.1 Properties of the two fictitious rock types used for example calculations to de-
scribe dependence of the failure mode on asperity inclination by Johansson & Stille 
(2014, p. 34)  

 Hard rock Soft rock 
Uniaxial compressive strength 150 MPa 6 MPa 
Tensile strength 10 MPa 1 MPa 
Cohesion 20 MPa 2 MPa 
Internal friction angle 60° 25° 
Basic friction angle  32° 32° 

 

 
Figure 3.10 Calculated lowest mobilized friction angle values of two fictitious rock types 
for different asperity inclinations. (Johansson & Stille, 2014, p. 34) 
      

3.5.2 Effect of changing asperity contact to shear strength 
Johansson & Stille (2014) have connected the effects of roughness, compressive strength, 
matedness and scale to their conceptual model for fresh rock joints. The model is based 
on to self-affine fractal mode presented at the chapter 2. In the formulation of the model 
it has additionally been assumed that base length of largest asperities is equal to the length 
of the current sample. Although the assumption isn’t necessarily completely correct, they 
have assumed potential error to be negligible. Based on the study by the Brown & Sholz 
(1985) they have also suggested that the asperity base length which equals to the grain 
size of the rock, 𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑔𝑔, is used as a minimum value for the asperities in fractal mode. 
Height of average asperities in certain scale is suggested to follow the equation which is 
based on the power law relation of the self-affine fractal mode presented in Equation 1. 
The high of the asperities is then stated using the common parameters from in chapter 2 
with the equation  
 

ℎ𝑎𝑎𝑠𝑠𝑎𝑎 = 𝐴𝐴𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎𝐻𝐻   (17) 
 

where  ℎ𝑎𝑎𝑠𝑠𝑎𝑎 is asperity height 
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  𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎 is asperity base length  
  𝐴𝐴 is an amplitude constant 
  𝐻𝐻 is Hurst exponent  
 
From the asperity base length and the asperity height, calculated from Equation 17, it is 
possible to define the inclination angles of different sized asperities. However, it is still 
unclear what kind of asperities are in the asperity contact during the shearing. (Johansson 
& Stille, 2014, p. 33) 
 
The model is based on an assumption that stress at contact areas between joint surfaces 
reaches the yield strength of the material. This roughly means that when the surfaces are 
compressed or sheared against each other crushing of asperities occurs until the total con-
tact areas is large enough to carry the load.  This model however approximates the yield 
strength with uniaxial compressive strength. Therefore, the proportion of total contact 
area and total sample area can be calculated dividing the normal force acting on surface 
divided by uniaxial compressive strength. When normal force is expressed using total 
sample area and normal stress on the surface, the relation between total contact area and 
whole surface area can be stated with an equation  
 

𝐴𝐴𝑐𝑐
𝐴𝐴

= 𝜎𝜎
𝜎𝜎𝑐𝑐𝑖𝑖

    (18) 
 
Horizontal projection of one single contact area between two quadratic asperities is as-
sumed to be, as presented in Figure 3.9, half of the asperity base area. Therefore, the total 
contact area can be expressed with an equation   
  

𝐴𝐴𝑐𝑐 = 𝑛𝑛 𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎2

2
    (19) 

 
where  𝑛𝑛 is number of the contact points  
  𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎 is the base length of an average asperity being in contact 
 
As can be seen from Equation 18, the ratio of the total contact area and surface area isn’t 
dependent of scale. Therefore, if the normal stress stays constant and sample size de-
creases, also the total contact area decreases and this ratio is the same for different sample 
sizes. When this result is combined with Equation 19 relation between contacting asperi-
ties in full joint scale size and in the grain size can be expressed as 
 

𝑛𝑛𝑛𝑛𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎,𝑛𝑛
2

2𝐿𝐿2
= 𝑛𝑛𝑔𝑔𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎,𝑔𝑔

2

2𝐿𝐿𝑔𝑔2
   (20) 

 
where  𝑛𝑛𝑛𝑛 is a number of the contact points in full joint scale  
  𝐿𝐿 is the length of the full joint scale sample 
  𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑛𝑛  is the asperity base length in full joint scale  
  𝑛𝑛𝑔𝑔 is number of the contact points in grain size scale 
  𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑔𝑔 is the asperity base length is grain size scale 
  𝐿𝐿𝑔𝑔 is the corresponding sample length for grain size 
   
Equation 20 presents that the change of the contact point number which occurs with the 
increase of the scale will control how the asperity size being in the contact will change 
and vice versa. (Johansson & Stille, 2014, p. 34) 
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However, still another explanation is required to describe how the contact point numbers 
change as function of scale and during shearing. This problem can be solved using mat-
edness parameter to explain the relation between these different contact point numbers. 
Instead of the 𝐽𝐽𝐽𝐽𝐽𝐽 value, Johansson & Stille have used matedness parameter 𝑘𝑘. The pa-
rameter gets values from zero to one but unlike the 𝐽𝐽𝐽𝐽𝐽𝐽 value zero represents perfectly 
matched and one perfectly unmatched joint. Therefore, the relation is suggested to be 
dependent on the sample size according to an equation 
 

𝑛𝑛𝑛𝑛
𝑛𝑛𝑔𝑔

= (𝐿𝐿𝑛𝑛
𝐿𝐿𝑔𝑔

)2−2𝑘𝑘   (21) 

 
Equation 21 can be derived from Equation 20. This derivation is presented next. When 
the joint is perfectly unmatched, the contact between the joint surfaces occurs between 
the largest scale asperities when the smaller scale asperities been at the contact have been 
crushed by the normal and shear stresses. At this situation the base length of the asperities 
being in the contact equals to the sample length with both sample sizes. With these as-
sumption Equation 20 can be transformed to the form which shows that ratio between the 
contact point numbers equals to one meaning that the ratio is independent on scale and 
the number of contact points thus don’t change when the scale changes. At the opposite 
situation when the joint is perfectly matched the contact occurs with both sample sizes 
between the smallest grain size scale asperities. When this assumption is used together 
with Equation 20, can be seen that the ratio between the contact point numbers is depend-
ing on the ratio of the quadratic sample areas. This means that when the sample area 
increases, the number of contact points also increases linearly with sample area. Equation 
21 is formulated to combine these two results into the one equation. When the Equations 
20 and 21 are combined, can the base length of the asperities being in the contact in full 
joint scale sample be presented with the equation  
 

𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑛𝑛 = 𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑔𝑔(𝐿𝐿𝑛𝑛
𝐿𝐿𝑔𝑔

)𝑘𝑘   (22) 

 
When the joint is sheared, the matedness of the joint decreases and thus the length of the 
asperities being in the contact increases. Therefore it is reasonable to assume that there is 
direct connection between the shear displacement and 𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑛𝑛 value. In this model the au-
thors have approximated the base length value with the shear displacement value 𝛿𝛿. Thus, 
after replacing 𝐿𝐿𝑎𝑎𝑠𝑠𝑎𝑎,𝑛𝑛 with 𝛿𝛿 and rearranging Equation 22 can be expressed in the form 
 

𝑘𝑘 = log𝛿𝛿 −log𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎,𝑔𝑔

log𝐿𝐿𝑛𝑛−log𝐿𝐿𝑔𝑔
    (23) 

 
Equation 23 seems to describe the matedness reasonably. The matedness parameter value 
increases towards maximum, corresponding perfectly unmatched joint, when the shear 
displacement increases and sample size and the grain size scale asperities decreases. With 
the small sample sizes and asperities the joint becomes unmatched after smaller displace-
ment values than with larger samples and asperities. (Johansson & Stille, 2014, p. 34 – 
35) 
 
The next step is to explain how the contacts between different sized asperities affect the 
dilatation during the shearing. For this the authors have used results observed by Grasselli 
et al. (2002). They have studied the connection between the morphology of the joint sur-
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face and contact areas between the surfaces. The study is based on pretty obvious assump-
tion that during the shearing the contact areas are located on faces of asperities which are 
dipping to the shear direction or are perpendicular to it and the faces dipping to the oppo-
site directions are not in the contact with the asperities of the other joint surface. The 
study suggests that the contacts are located primarily on faces of steepest asperities. Based 
on this information the authors have defined few new parameters to explain the occur-
rence of the contact areas during the shearing. The evaluation of the parameter values 
practically requires 3D modelling of the joint surface (Grasselli et al. 2002, pp. 791 - 794). 
The exact method is described in the article. Before the description of the new parameters, 
two basic angle parameters have to be presented. 𝜃𝜃 represents the dip angle of the asperity 
face compared to the shear plane and 𝛼𝛼 is the angle between dip vector projection on the 
shear plane and the shear direction vector. With these it is possible to introduce new pa-
rameter called apparent dip angle 𝜃𝜃∗ . This parameter is described by 𝛼𝛼 and 𝜃𝜃 with an 
equation 
 

tan  𝜃𝜃∗ = − tan𝜃𝜃 cos𝛼𝛼   (24) 
 
This parameter sort of captures the effect of the asperity face being at the contact on the 
shearing when it is taking into account both the steepness and the dip direction in relation 
to shear direction.  However, it is also possible that the asperity with certain apparent dip 
angle isn’t in asperity contact because either of its steepness or dip direction. Next, the 
authors have suggested a parameter threshold apparent dip angle  𝜃𝜃∗ 

𝑐𝑐𝑠𝑠 to describe which 
asperities actually are at the contact. Using this threshold it is possible to evaluate the 
total contact area from the joint surface model. (Grasselli et al. 2002, pp. 794 - 795) 
 
The sum of the areas which have steeper dip angle than the threshold apparent dip angle 
is called total potential contact area 𝐴𝐴 𝜃𝜃∗ . The parameter describes the proportion of the 
whole joint surface potentially being in the contact.  This contact are is in addition to 
threshold dependent on the normal stress which affects to the degree of joint closure. 
The maximum threshold value with which the total potential contact area reaches the 
value zero is marked as  𝜃𝜃∗ 

𝑚𝑚𝑎𝑎𝑚𝑚 . 𝐴𝐴0 is the total area of the asperity faces which are ori-
entated to direction of the shearing or perpendicular to it so that they could be in the 
contact during the shearing despite their dip angles. The total area of the faces is also 
expressed as a proportion of total joint surface area. Using these parameters the total po-
tential contact area is possible to express with an equation 
 

𝐴𝐴 𝜃𝜃∗ = 𝐴𝐴0( 𝜃𝜃∗ 
𝑚𝑚𝑎𝑎𝑚𝑚− 𝜃𝜃∗ 

 𝜃𝜃∗ 𝑚𝑚𝑎𝑎𝑚𝑚
 )𝐽𝐽     (25) 

 
𝐽𝐽 is called roughness parameter and it can be defined from 𝐴𝐴 𝜃𝜃∗ – 𝜃𝜃∗ plane where the 
𝐴𝐴 𝜃𝜃∗ are plotted as a function of different  𝜃𝜃∗ values. 𝐽𝐽 can be then solved performing the 
best fit of Equation 25 to these result points. The high 𝐽𝐽 values correspond to the low 
degree of roughness and vice versa. Authors have additionally observed significant factor 
for the use of this evaluation of potential contact area in-situ and for engineering purposes. 
They have observed the parameters 𝐴𝐴0, 𝐽𝐽 and  𝜃𝜃∗ 

𝑚𝑚𝑎𝑎𝑚𝑚 to be characteristic for different 
rock types and therefore they can be used in the prediction of the contact areas and there-
fore the shear strength of in-situ joints. (Grasselli et al. 2002, pp. 795 - 796) However, 
Graselli & Egger (2003, pp. 30 – 31) have studied these parameters to be significantly 
anisotropic meaning that the parameter values vary significantly when the shear direction 
is changed.  
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Johansson & Stille have then suggested that the total potential contact area first increases 
when the stress increases at the contact areas and some asperity crushing occurs. How-
ever, the crushing ends when the large enough total contact area is reached as presented 
in Equation 18.  At that moment the total potential contact area reaches the contact area 
value of Equation 18. After that, the authors have suggested that the apparent dip angle 
equals to the value of the dilatation 𝑖𝑖 during the shearing. When Equations 18 and 25 are 
combined with this result, the dilatation in the grain size scale can be expressed with an 
equation  
 

 𝑖𝑖𝑔𝑔 =  𝜃𝜃∗ 
𝑚𝑚𝑎𝑎𝑚𝑚(1 − 10((log(𝜎𝜎 𝜎𝜎𝑐𝑐𝑖𝑖)−log𝐴𝐴0)⁄ 𝐽𝐽⁄ ))     (26) 

 
Additionally, the dilation can be, based on basic geometry of asperity, connected to the 
height and length of the asperity in both grain size and full joint scales using an equation 
 

tan 𝑖𝑖 = ℎ𝑎𝑎𝑎𝑎𝑎𝑎
(𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎 2)⁄    (27) 

   
These result can then be combined with the fractal mode based scaling relation for asper-
ity heights from Equation 17 and the relation between the asperity base lengths in grain 
and full joint scales from Equation 22. From this system of equations can the full joint 
scale dilatation angle be solved to form 
 

𝑖𝑖𝑛𝑛 = tan−1[ (𝐿𝐿𝑛𝑛
𝐿𝐿𝑔𝑔

)𝑘𝑘𝐻𝐻−𝑘𝑘 tan(  𝜃𝜃∗ 
𝑚𝑚𝑎𝑎𝑚𝑚(1 − 10((log(𝜎𝜎 𝜎𝜎𝑐𝑐𝑖𝑖)−log𝐴𝐴0)⁄ 𝐽𝐽⁄ ))]     (28) 

 
Because the effect of the asperity failure is included to the equation of the full joint scale 
dilatation, can the mobilized friction angle be expressed as a sum of only basic friction 
angle and dilation 𝑖𝑖𝑛𝑛. (Johansson & Stille, 2014, p. 35) 
 
The authors have tested the conceptual model comparing the calculated results to the 
shear test results of Grasselli & Egger (2002, pp. 32 - 38). Calculations have been per-
formed using surface parameters of Grasselli & Egger (2002, pp. 35) and the assumptions 
about the Hurst exponent, perfect matedness, grain size associated with plastic behavior 
and maximum asperity base length. The peak shear displacement is then assumed to cor-
respond to the length of the grain size being associated with plastic behavior and the 
maximum asperity base length corresponds sample length. Despite the high number of 
required different assumptions, the model has shown good fit to empirical results. The 
results have additionally shown to follow the change dominant failure mode from sliding 
to shearing when dilatation isn’t increasing significantly anymore after approximately 
value 35°. However, many concerns are still related to the accuracy of the model in addi-
tion to the required assumptions presented earlier. The first is the assumption about the 
plastic behavior of the asperity contact and therefore the model doesn’t take into account 
the elastic behavior at the pre-peak stage of the shearing. Thus the authors have assumed 
linear behavior of the shear strength due to elastic behavior of the asperity contacts. The 
elastic deformation of the asperities would enable larger asperity contact areas and thus 
increase the peak shear strength. The model is working considerably well even with this 
limitation probably because the asperity contact are located mostly just between steepest 
asperities (Grasselli et al. 2002) and therefore the elastic behavior wouldn’t increase the 
contact area significantly. This error would however be higher for the soft rocks. Another 
concern is that the assumed UCS value for asperity strength isn’t possibly corresponding 
the real strength of the small asperities which might be higher due to scale effect of UCS. 
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(Johansson & Stille, 2014, p. 35 – 37.) Even though the shearing of the rock joint is com-
plex process involving different asperity failure modes simultaneously and both elastic 
and plastic deformations, the most uncertain assumption is possibly that the peak shear 
displacement corresponds the value of grain size associated with plastic behavior. The 
values of the peak shear displacement in the shear tests by Grasselli & Egger (2002, pp. 
38) are 0.20 – 0.88 mm when the Johansson & Stille have assumed the value to be 0.30 
mm. This might affect significant errors to the peak shear strength values if the displace-
ment value is assumed inexactly.  
 
However, more interesting question is how this conceptual model explains the scale ef-
fect. As already presented earlier, for the perfectly matched joints the number of contact 
areas increases proportionally to the increasing sample size and thus no scale effect 
shouldn’t occur. At the situation of the perfectly unmatched joint the number of contact 
areas remains constant and therefore the relation between the total contact area and total 
surface area decreases when the surface size increases. This phenomenon most probably 
leads to the occurring of the scale effect.  To verify this assumption based on conceptual 
model Johansson (2013) has continued his research with shear tests performed for two 
different sized rock surfaces in both perfectly matched and unmatched initial situations. 
These study has shown that the peak shear strength value is lower, as expected, when the 
sample has initial displacement compared to the perfectly matched joint. The peak shear 
strength values of the perfectly matched joints in different sizes don’t seem to be differing 
notably as the conceptual model has predicted. However, the differences between initially 
displaced joints with different sizes can’t be reliably estimated due to large scatter of the 
results. (Johansson, 2013, pp. 19 – 24) 
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4 Production of samples 
 
The granitic rock surface (Figure 4.1) used for photogrammetry was delivered from Lou-
hinta Lampi Oy in Myrskylä, Finland. The surface had been produced by splitting larger 
boulder in half. The splitting was performed using approximately 10 cm long wedges on 
the one side of the boulder with 10 - 15 cm spacing. Louhinta Lampi Oy had sawn the 
approximately 3 cm thick plate including the split surface from the side of the boulder to 
produce smooth surface to the rest of the boulder they were planning to use to their own 
purposes. The granitic rock surface had a size of approximately 175 cm x 95 cm. The 
rock had been outside few months between sawing and photographing. It is possible that 
frost might have caused some damages to the surface if this storage period has included 
periods with temperature below 0 °C. However, the storage period can be considered 
regardless relatively short. Therefore, possible damages are presumably very small and 
the surface can be considered fresh.  Only some local minor damages were observed. 
They can be seen as white spots in Figure 4.1. However, these damaged areas are only a 
small portion of the whole surface area and the damages are very superficial. Therefore, 
they aren’t considered to have a significant effect at least on the shear strengths of the 
larger scale samples. In the planning of sampling, the locations of the smallest scale sam-
ples are strived to choose so that these damages don’t locate in the sample areas. The 
sampling is presented more precisely in chapter 4.2. The rock was transported with a van 
from Myrskylä to Aalto University Rock Engineering Laboratory. The rock was bound 
on the wooden pallet with load strap. The pallet was also bound to the floor of the van. 
Thus, the damaging of the rock during the transportation was practically impossible. Dur-
ing the storage period, some dust was stuck to the rock surface. Before photographing, all 
this extra material was removed from the surface grooming it lightly with a broom. Thus, 
the surface to be photographed was clean and as identical as possible with the fresh sur-
face after splitting.  
 

 
Figure 4.1 The rock surface 
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4.1 Photogrammetry 
Originally, the photographing was performed using Canon EOS 600D digital single-lens 
reflex (DSLR) camera and Canon EF 35mm f/2 IS USM objective. The rock was placed 
outdoors to the shady location to exploit natural light during the photographing and to 
prevent bright reflections from the glossy minerals which might affect disturbance to pho-
tos. All photographs were taken using camera stand. Used F stop was 1/10 and exposure 
time 1/30 seconds. Photographs were taken from 3 different height which were approxi-
mately 0.7 m, 1.6 m and 2.3 m. From those heights photographs were taken from 15, 19 
and 12 different angles around the rock surface. Several different camera angles were 
used to get comprehensive model from the whole rock surface. The distance between the 
lens and the center point of the rock surface was in each situation approximately 3 m. The 
photographs from the height 2.3 m were taken placing the camera stand on an approxi-
mately 1 m height trolley. However, later at the 3D modelling process, described precisely 
at the next chapter, it was soon observed that this amount of photos from different angles 
weren’t sufficient to produce the 3D model which would be accurate enough to replicate 
small scale asperities. Therefore, a new photographing was performed with the signifi-
cantly increased number of photos.  
 
The same combination of camera and objective was used during the second photo-
graphing. The rock was also again placed similarly to the shady location outside.  This 
time, F stop value was 1/11, exposure time 1/60 seconds and ISO value 100. Photos were 
saved in JPEG format. A folding rule was placed near to the edge of the rock as a reference 
measure before photographing to indicate the real measures of the rock. Totally 414 pho-
tos were taken from different angles and distances (Figures 4.2 – 4.3). Major difference 
compared to the first photographing was that the camera stand wasn’t used. This was 
reasonable because so large number of the photos was required from different positions 
and from different camera angles, as presented later in this chapter,that the use of camera 
stand would have been extremely time consuming. Most of the photos were taken from 
the long edges of the rock plate.  First, 8 photos were taken from the distance 5 – 6 meters. 
The whole rock plate was in view in these photos. Then, photos were taken from 10 dif-
ferent distances from the longer edge of the rock. In these photos, only part of the rock 
surface was in view. The farthest location of these photos was approximately 4 meters 
from the edge of the rock. The nearest location was on the top of the rock. From the 
farthest location the photos were taken from approximately 30 degrees vertical angle and 
from the nearest location from almost 90 degrees vertical angle. Other photos at the loca-
tions between these two were therefore taken from the angles between 30 and 90 degrees. 
From each distance, 10 – 15 different photos were taken from different horizontal posi-
tions moving the camera parallel to the longer edge. When camera was all the time tar-
geted approximately to the center of the rock, this can be also expressed so that camera 
was moving horizontally from angle - 45 degrees to angle 45 degrees compared to line 
being parallel to the surface and perpendicular to the longer edges of the rock. Because 
the translations between horizontal positions of the camera were short, large parts of the 
adjacent photos were overlapping each other. This is important when forming combined 
point cloud from all the photos. This process is presented at the start of the chapter 4.2. 
From the shorter edge of the rock, only few photos were taken. These photos were taken 
from maximum 1 meter distance from the edge of the rock and the vertical angle of these 
photos was minimum 60 degrees. In addition, over 100 photos were taken above the rock 
surface. These photos were taken all over the rock surface from approximately 90 degrees 
vertical angle and 0.8 – 1 m vertical distance. In each of these photos, only small area of 
the rock surface was in view. At each of these locations the camera angles were also 
changed rolling the camera from 0 to 40 degrees around the axel of the objective to reduce 
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sensor bias. After photographing, the JPEG photos were used without any kind of correc-
tion for processing even though the barrel distortion affected by the objective is -0.755 % 
(Photozone web page, 2015). However, VisualSFM program, presented in the next chap-
ter, performs single parameter radial distortion correction during the processing of the 
photos (Wu, 2015).  
 
 

 
Figure 4.2 Camera angles in the photographing presented in Visual SFM program 
 

 
Figure 4.3 Camera positions in the photographing from above presented in Visual SFM 
program 

4.2 3D model processing  
The data processing starts with creating a point cloud of the joint surface from the photo-
graphs. VisualSFM 0.5.25 program was used to this creation of the point cloud. First, the 
photographs are opened in the program using Open Multi Images function. Then, match-
ing same points in different pictures is performed using Compute Missing Matches func-
tion. After that, Compute 3D reconstruction function will calculate 3D positions of those 
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point matches in a relative coordinate system. This function will form just sparse recon-
struction which is preliminary stage for actual dense reconstruction. The dense recon-
struction is formed using Run Dense Reconstruction. The formed point cloud in Visu-
alSFM program is presented in Figures 4.2 – 4.3. After finished calculation, the point 
cloud is saved in PLY (Polygon file format).  
 
The Cloud Compare 2.5.5.2 software is used to remove useless parts of the point cloud to 
speed up the calculation at the following stages. The removal can be performed using 
Segment In and Segment Out tools. The point cloud in Cloud Compare software is pre-
sented in Figures 4.4 and 4.5 before and after the removal. In addition to the points outside 
of the rock, some purposeless parts of the rock are removed. These parts of the rock in-
clude wedge hole grooves and cracks and undulation affected by the splitting process. 
These are left out to achieve the rock surface which can be considered to model natural 
rock joint surface. The problem with Visual SFM program is that it can’t recognize the 
real measures of the rock from the photos and the point cloud forms probably in wrong 
size. Therefore, the information about the reference measure was used to scale the point 
cloud to the right size so that the measures at the model correspond to the real dimensions 
of the rock. The length of the reference measure in the model can be read from the coor-
dinates of the points which can be selected using Point Picking tool. The cloud is scaled 
multiplying the axes of the Cloud Compare workspace with a scaling factor by using 
Multiply/Scale tool. The scaling factor was  
    

Ω = 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟,𝑤𝑤𝑤𝑤𝑟𝑟𝑤𝑤𝑤𝑤

𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑤𝑤𝑤𝑤𝑟𝑟𝑤𝑤
   (29) 

 
where 𝐿𝐿𝑠𝑠𝑟𝑟𝑟𝑟,𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤 is the real length of the reference measure. 
 𝐿𝐿𝑠𝑠𝑟𝑟𝑟𝑟,𝑚𝑚𝑤𝑤𝑤𝑤𝑟𝑟𝑤𝑤 is length of the reference measure in the model before scaling 
 

 
Figure 4.4 Entire point cloud in Cloud Compare software 
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Figure 4.5 Point cloud after removal of useless parts in Cloud Compare software 
 
After the removal of useless parts and scaling, the size of the cloud is 1.7 m x 0.6 m and 
it includes 16548045 points. This means that the accuracy of the cloud is approximately 
16.2 points/mm2.  Then, the cloud is rotated and translated (Girardeau-Montaut, 2012a) 
to x-y –plane with principal component analysis procedure (Dimitrov 2008) by selecting 
Bounding Box P. C. A. fit tool. Before construction of the mesh, the cropping have to be 
performed for the point cloud to get the parts of the point cloud which will be used to 
modelling of the molds. The cropping is performed with the Crop tool selecting either 
one of the corners or the center point and the width and length of the area which will be 
cropped. The size of the sample to be tested is 170 mm x 60 mm. Different sized areas 
will be cropped from the surface and then scaled to this sample size. The sizes and 
amounts of different cropped sample areas, downscaling factors and later used identifiers 
for each sample class are presented in Table 4.1. For example, there is 4 different 85 cm 
x 30 cm sized areas which will be scaled to the sample size 170 mm x 60 mm. The largest 
used are, 170 cm x 60 cm, is of course used only once because it covers whole used point 
cloud. The size of the smallest areas is already same as sample size so those areas will 
not be scaled. The sizes and locations of the cropped areas are illustrated in Figure 4.6. 
The second largest samples with the natural area sizes of 127.5 cm x 45 cm will be 
cropped starting from the every corner of the whole point cloud. This causes overlapping 
of these areas at the central region of the point cloud and therefore weights the effect of 
geometry in central region on the shear strength results compared to the regions which 
aren’t presented in each of these samples. In the each three smallest scale sample sets the 
four samples are selected so that the center point of each sample is the center point of one 
quarter of the whole surface area.  The samples with the natural size of 85 cm x 30 cm, 
which is actually a quarter of the surface area, therefore cover whole rock surface evenly 
and thus they don’t affect any overlapping. Two set of smaller samples don’t obviously 
affect any overlapping either but they don’t on the other hand cover the whole rock sur-
face geometry. This might affect problems in representativeness when some regions of 
the rock surface aren’t tested in that particular scale.  
 
Table 4.1 Sizes, amounts and downscaling factors of the different cropped areas 

Identifiers Size of the area Number of samples Downscaling factor 
10x1 170 cm x 60 cm 1 1/10 
7.5x2-5 127.5 cm x 45 cm 4 1/7.5 
5x6-9 85 cm x 30 cm 4 1/5 
2.5x10-13 42.5 x cm x 15 cm 4 1/2.5   
1x14-17 17 cm x 6 cm  4 1 

 



43 
 

 
Figure 4.6 Illustration of the cropping pattern.   
 
After the right area is cropped from the point cloud the area can be processed to mesh. To 
form the mesh, 2D–Delaunay triangulation (Delaunay 1934) is calculated for the projec-
tion on the x – y -plane with Delaunay 2D (best LS plane) (Girardeau-Montaut, 2012b). 
The generated 3D–mesh is saved to a file using the STL (Standard Tessellation Language) 
ASCII text format.  
 
The original plan to model the surface after meshing was to model the molds for the 
casting in AutoCad software. The modelling was tried using two different methods. In 
the first method, the mesh was first expanded to a solid. The first step of this process was 
to create triangular prisms whose bottoms are the triangles of the mesh. This was done by 
Extrude function.  After all triangles to be extruded are selected, the next step is to select 
the direction of the extrusion. Using Direction mode of Extrude command all the selected 
triangles can be expanded to same direction. This is performed specifying the start and 
end points of the line which will define the direction of the expansion. In this case, the 
start point was one crossing point of the mesh. Because the mesh was placed to X-Z plane, 
the expansion had to be performed in Y direction. Therefore, the end point was selected 
just increasing the Y coordinate of the start point. Thus, the line was parallel with the Y 
axis and the triangles were extruded in the Y direction. The length of the line also defines 
the height of the prisms. After extruding, all the prisms were combined using Union com-
mand. After this, one rectangular box is created with Box tool. This box is used for to cut 
off the useless parts of the prism combination solid with Subtract tool. After this, the 
mold could be created combining this solid to the other solids, for example some boxes, 
to get wanted shape for the mold. In the second method, the mesh would be converted to 
the surface with the Convtosurface tool. After that, the solid including the surface would 
be formed cutting some rectangular box with this surface. Therefore, the other part of the 
cut box would include the surface and the other part would include mirror image of the 
surface. Then these boxes could be combined with some other solids to get right shape 
for the mold. After that the file would be exported to STL format using stlout command 
with binary setting.  
 
However, during this process the speed of calculation was noticed to be too low for this 
purpose with the available computers in the Rock Engineering Laboratory when these 
stages of the modelling have to be repeated several times. Therefore, Python 2.7.5 custom 
script was created in Rock Engineering Laboratory by Ari Hartikainen. The steps per-
formed by the script are shown in Figure 4.7. The script first reads the STL ASCII format 
mesh and then creates a solid by finding the convex hull, perimeter of the Delaunay tri-
angulated mesh. The script creates a collar for the mesh plane by expanding convex hull 
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points 5 mm outwards and additionally slightly downwards to form collar frame which is 
surrounding convex hull but is on lower level at the direction of the surface normal. This 
forms variable angles from 0° to 90° between collar frame and convex hull points when 
the highest points of the convex hull have biggest angles and vice versa. The trapezoids 
formed from two points in the collar frame and two points at the convex hull are triangu-
lated with two triangles excluding trapezoids containing corner points of the frame and 
the convex hull. The corners are triangulated with three triangles which all include the 
corner point. After that, the collar frame is copied at the direction of the surface normal 
to the assigned depth to form bottom plain for the solid. The sides between bottom plain 
and collar frame are triangulated as earlier with two triangles for every trapezoid. The 
bottom plane is then also triangulated with a 2D–Delaunay mesh. Therefore, plate kind 
of solid with the rock surface 3D model on the top is formed from these different meshed 
areas. The model for opposite side of the sample with the mirror image surface is created 
by inserting a negative depth value for the collar and bottom frame, which reverses the 
direction. The script creates a new STL ASCII–format file, which contains the generated 
solid. After this, the STL file can be opened in the Cura software for the 3D printing. The 
different prototypes for the mold are presented in chapter 5. The two versions of the 
printed mold, printed with different devices, based on this presented method are shown 
in Figure 4.17 and Figure 4.19.  
 



45 
 

 
Figure 4.7 Steps performed in the custom Python 2.7.5 script 

4.3 Creating molds 
One entire mold defines just either upper or lower part of the sample to be tested in the 
portable shear box. Originally, a plan was to 3D print these molds entirely, one mold in 
two parts. Another side of the mold would have included the modelled topography of the 
rock surface and thus defined the shear surface of the sample. The other part would have 
instead defined the base part of the sample half which would be placed into the other of 
the shear boxes in portable shear box machine (Figure 4.8). To create a naturalistic joint, 
which is simulating a real rock joint, the other half of the sample is casted with the similar 
mold including the mirror image of the topography used in another mold. To ensure good 
result in the casting and whole process, three different kind of pilot molds were first cre-
ated to observe possible problems in the process and to find solutions for these problems.  

4.3.1 Pilot 1 
The aim of the pilot 1 was to test casting technic with an entirely 3D printed plastic mold. 
The model of the mold was created using Sketch Up Make software due to ease of use. 
At this stage the shear surface was also casted using just a synthetic mold surface created 
using Sketch Up (Figures 4.8 and 4.9) because the aim was just to test can the completely 



46 
 

3D printed mold to be used for casting. The mold parts were attached to each other with 
rabbet joint so that the part defining the shear surface was at the bottom and another part 
was placed on the top of it so that casting would be possible to perform through the hole 
in the roof of it. The mold parts were printed using Aalto University Rock Engineering 
Laboratory’s Ultimaker Original v3 2013 3D printer (Figure 4.10), which uses fused fil-
ament fabrication (FFF) technique, and Cura 14.07 software. Additionally, the printer 
was upgraded with aluminum Heated Bed Kit. The used filament material was polylactic 
acid (PLA) which has a diameter of 2.85 mm.  Following settings were used for printing: 
print speed 80 mm/s, printing temperature 240 °C, bed temperature 70°C layer height 0.2 
mm, shell thickness 0.8 mm fill density 20 %, bottom and top thickness 0.6 mm, initial 
layer thickness 0.3 mm and bottom layer speed 40 mm /s.  
 

 
Figure 4.8 Pilot 1 mold part with the same shape as shear box 
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Figure 4.9 Part of the pilot 1 mold defining the topography of the shear surface 
 
 
 

 
Figure 4.10 Ultimaker Original 3D printer 
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When printing the pilot 1 molds, there was evidently under extrusion problems in the 
printer. This means that filament material isn’t flowing quickly enough out from the 
printer nozzle and therefore there will be parts with too little plastic in a mold. This causes 
unnecessary empty space to the structure of the mold and makes the structure of the sur-
faces brittle or in some cases the whole structure too flexible. The under extrusion prob-
lems can be solved using slower printing speed. However, decreasing printing speed in-
creases printing time. This would be problematic when printing high number of large 
objects.  
 
Before casting, the slightly rough plastic surfaces of the pilot 1 mold were lacquered and 
greased to make surface more even and prevent too tight bond between concrete and the 
mold. This was planned to prevent the mold from collapsing when removing the sample 
from the mold. This would have been important since the molds could then be reused 
which would have decreased the amount of time and filament material used for printing. 
The details of the casting aren’t presented because at this stage of the process they aren’t 
yet very significant. However, the outcome of the casing was that even the lacquered parts 
of the prototype mold stuck very tightly to the concrete and releasing the sample from the 
mold without breaking the mold was impossible. Some parts of the mold even stuck inside 
the concrete (Figure 4.11). Although this is mostly the result of the under extrusion prob-
lems, the bond between concrete and the mold might have been too tight even with good 
quality plastic surfaces. Especially the problem would be that these large plastic surfaces 
would surround the casting from every direction and therefore the detachment of the sam-
ple would be difficult. Additionally, to print mold with strong enough walls, which 
wouldn’t damage at the detachment and could be used again, would require very large 
amounts of filament material and long printing times.    Based on this pilot 1 casting and 
another alike concurrent project in Aalto University Rock Engineering Laboratory, the 
decision was made to throw aside the idea to print the molds entirely. Due to the simple 
artificial shear surface, there wasn’t any reason to continue this pilot 1 process longer to 
the shear box testing.  
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Figure 4.11 Pilot 1 casting 

4.3.2 Pilot 2  
An alternative plan was to print only the part of the mold which defines the shear surface. 
These parts were used together with the old shear box molds of the Aalto University Rock 
Engineering Laboratory. These molds include the aluminum base part, which has the 
same shape as the shear boxes in the portable shear box machine, and two plexiglass 
plates, which are connected to the both sides of the mold (Figure 4.12). When using those 
molds traditionally during casting, the shear surfaces of the core samples are upwards and 
the aluminum mold is at the bottom (Figure 4.13). In this project, the part of the mold 
which defines the topography of the shear surface is placed to the bottom and the alumi-
num mold is on the top of it upside down. The aim of this method is to prevent the air 
bubbles in the concrete from sticking to the surface defining the topography. The air is 
obviously flowing up in the wet concrete and therefore the bottom is the best possible 
place for the surface. Due to this method, the aluminum mold had to be modified so that 
casting would be possible when the aluminum mold is upside down. Therefore, approxi-
mately 5 cm x 2.5 cm hole was drilled to the bottom of the aluminum mold to enable 
casting through it (Figure 4.14).  
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Figure 4.12 Aluminum mold with the plexiglass plates 
 

 
Figure 4.13 Mold at the casting of a drill core sample 
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Figure 4.14 The aluminum mold with the drilled hole in the bottom 
 
The next problem was how to connect the printed part of the mold to the aluminum part. 
The problem was that the distance between protrusions at the both ends of the aluminum 
mold part (Figure 4.14) was so long that it would have been impossible to print long 
enough piece which would have stayed still between the protrusions. The solution was to 
create a plywood collar with outside measures of 218 mm x 138 mm, around the printed 
mold part. The collar fits exactly between the protrusions and restrains the printed part in 
the right position.  
 
First, two collars were built for pilot 2 samples. Those pilot samples were used to test the 
casting method. The casting process is introduced in chapter 4.4. The models formed us-
ing AutoCAD were used to print plastic parts for these molds. The modelling process of 
these surfaces was already introduced in chapter 4.2. These 125 mm x 115 mm surfaces 
(Figure 4.15) were downscaled using the ratio 1:5 and they were printed with the layer 
height of 0.1mm. The model was based on preliminary photogrammetry and therefore the 
surface don’t contain all necessary asperities. The collars were created using 20 mm thick 
plywood. It is important that the collar is thick enough, since the thickness of the collar 
defines together with the thickness of the printed plastic plate, how high the shear surface 
will be from the base part of the casted sample. Base parts of the sample halves will be 
placed to the shear box parts in the test machine. Therefore, the difference between the 
heights of the plastic part and the collar will define, how much empty space will remain 
between the base parts of the different sample sides when it is placed to the testing ma-
chine. These is significant when placing the sample to their right positions. The distance 
between the shear surface and the surface of the samples base part should be at least 6 
mm. When placing both halves of the samples one on the other, the gap between the base 
parts should be height enough so that it is possible to put fingers between the parts and 
move upper part of the sample, as presented in chapter 5.2. To form one collar, two 218 
mm x 11.5 mm x 20 mm and two 115 mm x 46.5 mm x 20 mm sized plywood pieces 
were first sliced off using a buzz saw. Then those pieces were clued together using epoxy 
rapid clue. When clueing, plywood parts were placed around one printed plastic part and 
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then plywood parts were clued to each other. Therefore, the collar was formed with rec-
tangular hole sized 125mm x 115 mm in the middle of it (Figure 4.16). Thus, all plastic 
parts which have a same size would fit into the same collar. The plastic parts also have 
kind of base (Figure 4.15) which was wider than the part otherwise. This wider base set-
tled against the surface of the collar and thus prevented plastic part to move in the hole of 
the collar. During the casting, presented later, the base of the plastic part would be placed 
to be the bottom part of the entire mold when collar and thus also the aluminum part 
would be on it.  
 

 
Figure 4.15 Printed plastic surface of pilot sample 2  
 

 
Figure 4.16 Pilot 2 printed plastic surfaces inside the plywood collars.  

4.3.3 Pilot 3  
However, after the pilot 2 molds, the pilot 3 sample was decided to be in size 170 mm x 
60 mm and in 1:1 scale to the natural size. The plastic parts were printed with the inclined 
collar frame as presented in chapter 4.2. The whole cross section area of the printed part 
is then 180 mm x 70 mm. One example of the used plastic parts having this size is pre-
sented in Figure 4.17. Due to changed surface size, new collar with the 180 mm x 70 mm 
hole was required (Figure 4.18). To improve the speed and accuracy of the cutting pro-
cess, new parts for the collars were cut using laser cutting machine in Aalto University 
Digital Design Laboratory. Since the 20 mm thick plywood is too thick to be cut using 
laser cutting, material was changed to 6.5 mm thick plywood. To get thick enough collars 
three similar parts are clued one on the other after cutting. The total height of the collar 
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is then 19.5 mm. The uneven cut edges very additionally smoothened with the file and 
the collars were finally lacquered. The printed parts didn’t this time have same kind of 
larger base as in the case of pilot 2 samples. Therefore, they were clued to the piece of 
plywood which settled against the surface of the collar. The pilot 3 plastic mold parts 
were printed again with Ultimaker Original v3 2013. The settings used in the Cura 14.07 
for printing are presented in the Table 4.2. The layer height of 0.050 mm can be roughly 
said to mean that in 1/10 downscaling the original asperities with the height under 0.5 
mm might disappear in the replicas due to the printing. For 1/7.5, 1/5 and 1/2.5 downscal-
ings the same heights are 0.375 mm, 0.25 mm and 0.125 mm. After printing the quality 
of surfaces was checked and any flaws were removed if possible without damaging the 
surface. Especially there was some problems with printer feeding the plastic from the 
nozzle during the transition stages of the printing when it normally shouldn’t feed any 
plastic. However, the thin hair like sticks affected by this purposeless feed were easy to 
remove with small sharp knife without changing or damaging the surface.  
 
Table 4.2 Printing setting in the production of pilot 3 molds 

Parameter  Value  
Layer height 0.050 mm 
Shell thickness 1.000 mm 
Bottom/top thickness 1.000 mm 
Fill density 20 % 
Print speed 50 mm/s 
Nozzle temperature 215 °C 
Bed temperature 70 °C 
Adhesion type Brim 
Stitching Keep open faces 

 

 
Figure 4.17 Pilot 3 plastic surface 
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Figure 4.18 Collar for the pilot 3 and the final samples 

4.3.4 Final molds 
This method presented for the creation of the pilot 3 plastic molds was considered to be 
suitable for the production of the final samples. However, after few failed printings of the 
final samples the method was considered to be too slow and unreliable for the printing of 
large number of molds. Ultimaker Original printer was capable to print only two plastic 
mold parts at a time. Therefore, there was need for the printer which would be capable to 
print more mold parts favorably in shorter time. Thus, the decision was made to use Ob-
jet30 scholar device in Aalto University Digital Design Laboratory for printing of the 
final molds. This device was capable to print four parts at a time. The layer height of the 
device is 0.028 mm. The resolution in horizontal directions is reported to be 600 dots per 
inch which corresponds to 0.04 mm x 0.04 mm pixel size. The used filament materials 
were VeroBlack Opaque and VeroWhitePlus Opaque. In addition to model materials, the 
printing required FullCure®705 support material. (Stratasys, 2013, p. 4) This support ma-
terial was layered to the surfaces of the printed model during the printing. The flexible 
and soft support material had to be washed away with a pressure cleaning before the use 
of the printed parts. However, after the pressure cleaning the printed surface on which the 
support material had been glued still remained sticky. The rest of the support material 
was removed by rubbing the surface with bare finger and old toothbrush. When the plastic 
surfaces were cleaned, the mold creation process continued as presented earlier for the 
pilot 3 sample. Example of plastic surfaces used for the final samples is presented in the 
Figure 4.19. In addition to the rock surface replicas, two smooth surfaces were printed to 
create two samples with smooth surfaces for evaluation the effect of the smooth concrete 
surface friction on the shear strength.  
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Figure 4.19 Object30 scholar printed plastic 1:1 scale surface used for the casting of 
final samples  

4.4 Casting samples 
As mentioned already earlier, the casting of the pilot 1 sample was performed only to test 
the suitability of the entirely 3D printed mold for casting and therefore the casting of the 
pilot 1 sample is significant only for the mold production and not for the development of 
the casting method. For this reason the casting of the pilot 1 sample isn’t presented in this 
chapter and the chapter therefore focuses only to the pilot castings 2 and 3 in addition to 
the casting of final samples. 

4.4.1 Pilot 2  
The aim of the pilot 2 casting was to investigate are the air bubbles of concrete mass going 
to stick to the plastic bottom of the mold and therefore make holes to the shear surface of 
the sample. The secondary aim was also to test are the aluminum mold, plexiglass plates, 
collar and printed part going to match and work together properly during the casting. 
Important factor to figure out was also what kind of substance should be used for greasing 
mold to decrease sticking between the mold and concrete without increase in the amount 
of air bubbles.  
 
First, the plexiglass plates were attached to the aluminum mold. The joints of the plates 
and the aluminum mold were sealed with Vaseline to prevent the leaking of concrete. 
Then the combination was greased with mold oil. After that, the printed surface was also 
greased with the mold oil and it was placed inside the collar. The greasing was also done 
for the surface of the collar which will be in touch with concrete. The collar was placed 
to its right position on the top of the aluminum mold so that the plastic surface defining 
the shear surface is towards the aluminum mold part. The collar stayed still well between 
the plexiglass plates and the protrusions of the aluminum part. After that, whole mold had 
to be turned upside down for casting. Due to height of the plexiglass plates, the mold 
cannot be placed to lie only on the printed part and the collar. Therefore, a brick and a 
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plywood plate were placed between the plexiglass plates and under the printed part and 
the collar (Figure 4.20). The long plywood plate was very useful also when carrying the 
mold from place to place after casting.  
 
 
 

 
Figure 4.20 Entire mold before casting on the vibration table 
 
The first pilot castings were performed with weber.vetonit JB 600/3 grouting mortar 
which has a strength class of C50/60-4. The 28 days compressive strength is thus approx-
imately 70 MPa and the 7 days strength 60 MPa (Weber Saint-Gobain webpage, 
13.2.2015). The maximum grain size is 4 mm. The recommended water – cement mass 
ratio was 10 – 11 %. When casting pilot 2 samples, an own portion of concrete was mixed 
for every mold using a small portable concrete mixer. Mixing a bigger portion of the 
concrete would have been reasonable to achieve similar strength properties for both sides 
of the sample. However, in this stage of the process this type of mixing method was used 
due to its ease and rate. The volume of one portion was approximately 1.1 liters and it 
included 2.5 kg mortar. This means that the recommended amount of water was 0.250 – 
0.275 liters. However, one mold was casted with the water amount of 0.275 liters and 
potential problems for the casting trough the small hole in the mold were noticed due the 
poor flexibility of the mass. The three other sample halves were casted using water 
amount approximately 0.3 liters, corresponding 12 %. With this water content, the mass 
was flexible and flew through the hole without problems.  
 
During the casting the mass inside the mold was vibrated few times using a vibration 
table. First time mass was vibrated after it had covered the hole of the collar, which has 
the plastic surface on the bottom of it. The first vibration took 30 seconds and the aim of 
that was to get all air bubbles out from the bottom plastic surface. After that, the mass 
was vibrated 8 – 10 times, 2 – 3 seconds at the time, to spread it evenly over the mold. At 
the end of the casting, one more 30 second vibration was done to release air bubbles from 
the mass. After casting, the samples were placed inside of a large plastic bag. The bag 
was tightly sealed to prevent escape of humidity from the vicinity of concrete. After 24 
hours storing, samples were released from the molds using a sharp spatula. The removing 
revealed that the shear surface of the sample halve with 11 % water content included 
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many holes caused by the air bubbles (Figure 4.21). Other three had very smooth surfaces 
with no significant amount of air bubble holes. Only the edges of the shear surface in-
cluded few holes which are likely affected by the corner between plastic surface and the 
edge of the wooden collar (Figure 4.22). Due to the total area and the location of these 
holes for the samples casted with higher water content, the effect of the holes for shear 
test results can however be assumed insignificant. Therefore, the conclusion could be 
drawn that when using this JB 600/3 grouting mortar, water content 11 % is too low for 
this purpose when 12 % appears to be suitable. The removing additionally revealed that 
there was not significant sticking between concrete and the molds. The removal was done 
easily and the molds didn’t suffer any damage. Therefore also the plastic surfaces could 
be used again. After removing the samples from molds, they were placed to a water con-
tainer. One sample was stored in water four days and another sample seven days before 
shear box testing. After four days water storage, and thus at the age of five days, the 
strength of the concrete is approximately 73 % of 28 days compressive strength which 
equals to 51 MPa (Suomen Betoniyhdistys ry, 2013, pp. 37 – 38). The strength of the 
concrete after seven day water storage can be approximated with the given seven day 
strength.  
 

 
Figure 4.21 Pilot 2 sample with the air bubble holes 
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Figure 4.22 Pilot 2 sample with only few air bubble holes at the edges 

4.4.2 Pilot 3  
After these samples, pilot sample 3 was casted with the right surface size 170 mm x 60 
mm. The goal was to investigate does, compared to the pilot 2 sample, rougher plastic 
surface affect any problems with sticking of air bubbles or any other unpredictable prob-
lems. This time, weber.vetonit JB 1000/3 grouting mortar was selected. This mortar con-
tains CEM II A 42.5 R rapid-hardening Portland cement binder. The strength class of the 
mortar is C60/75-4 and 28 days compressive strength thus approximately 90 MPa (Weber 
Saint-Gobain webpage, 12.2.2015). The maximum grain size is 4 mm. The uniaxial com-
pressive strength of the concrete at the age of seven days is reported by the manufacturer 
to be approximately 70 MPa when the hardening has developed in the temperature of 
20°C (Weber Saint-Gobain webpage, 12.2.2015). The length of the water storage was 
now decided to be six days so that the final strength of the samples would correspond as 
accurately as possible this given seven days strength. The used water – mortar mass ratio 
was chosen to be 12.4 %. The casting was otherwise performed similarly as for the pilot 
2 samples. Compared to the pilot 2 samples, observation was done about increased 
amount of air bubbles to have been stuck to the plastic surface of the mold. However, the 
holes induced by bubbles are only small separate holes and their total area is considered 
to be insignificant compared to the total area of the surface. Therefore, they shouldn’t 
induce significant local increase of the normal stress on the joint surface because the ef-
fect to the contact area is slight.  The diameter of the bubbles was generally observed to 
be under 1 mm. Only few individual holes among the all surfaces had diameters of 1 – 
1.5 mm. No major differences were observed between the air bubble amounts in differ-
ently downscaled samples. The bubble amounts seemed to be randomly distributed be-
tween differently downscaled samples and thus the sticking isn’t probably dependent on 
the roughness of the mold but the casting process. Therefore, the air bubbles shouldn’t 
have significant effect on the reduction of the shear strength between differently 
downscaled samples. Unarguably, bubbles with this size have some effects on the shear 
strength as well as the asperities with similar size evidently have. The effect of the bubble 
holes however depend on the location of the bubbles. In some unfortunate situations the 
effect of bubbles might be even notable if the holes are located in the critical contact areas 
and thus decreasing strength of the asperities. Nevertheless, total area of the holes is so 
low in relation to the total surface areas that this is considered unlike. The effect of the 
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increased strength of the concrete between pilot 2 and pilot 3 is discussed more precisely 
later in chapter 5.2.2. However, the concrete with the strength class of C60/75-4 was 
considered suitable for this sampling and testing method. Therefore, after this casting and 
testing of the pilot 3 sample the procedure was considered to produce good enough quality 
samples and thus the casting of the final sample could be performed with similar method 
only with small differences presented at the next chapter 4.4.3. The improvement of the 
concrete mixture and the casting technique will be additionally studied in the later re-
search projects to improve surface quality through the decreasing of the air bubbles.  

4.4.3 Final casting 
Main difference between the casting method of the pilot samples and final samples was 
that for final samples the two sides of the sample, bottom and top, were casted from the 
same mix portion. This portion was mixed with the similar type but larger portable con-
crete mixer as previously (Figure 4.23). The aim of this was to produce identical strength 
properties for both sides of the samples and thus ensure that possibly different properties 
wouldn’t affect any errors to the shear strength results. The portion was mixed adding 
first the mortar to the mixing bowl and then water in small doses during the first three 
minutes of mixing. The mixing took totally 4 minutes. After mixing, 20 minutes waiting 
time was used before casting the first half of the sample to reduce swelling effect of the 
mixture. When the first side of the sample was casted, casting of another sample side was 
started typically after 30 minutes waiting time. One new method in mold assembly was 
that the joints between the plywood collars, aluminum mold parts and the plexiglass plates 
were sealed from backside with the silicone to avoid leaking of the concrete during the 
vibrating. The vibrating, detachment and water storing were performed similarly as pre-
sented previously for the pilot sample 3. Temperature of the water during the six days 
storage was approximately the interior temperature, 18 – 22 °C. One example of the 
casted 1:1 scale samples is presented in Figure 4.24 After the casting of the final samples, 
also the casting of the smooth surface samples was performed similarly to achieve same 
strength properties for the smooth surfaces as the replicated surfaces have. One example 
of sample with smooth surface is presented in Figure 4.25.  
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Figure 4.23 Concrete mixer used in production of final samples 
 

 
Figure 4.24 Final 1:1 scale samples 
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Figure 4.25 Sample with smooth concrete surface 
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5 Shear testing procedure 

5.1 Equipment 
Shear box tests were performed using the portable shear box machine of the Aalto Uni-
versity Rock Engineering Laboratory (Figure 5.1). The equipment includes two alumi-
num halves of the shear box, a large powered constant pressure pump for generating nor-
mal stress and a manual pump for generating shear force. In addition, a clock and 1 – 2 
dial gauges are used. To convey the pressure from the pump to a shear surface, the ma-
chine includes cylinders with the diameter of 38 mm.  There are similar cylinders to gen-
erate both normal and shear forces. The cylinder which generates normal force is fastened 
to the upper part of the shear box. The two cylinders which are generating shear forces to 
opposite directions are fastened to the lower part of the shear box. Only one of those shear 
cylinders is used at a time. The pressure is conveyed from the pumps to cylinders using 
oil inside hydraulic hoses. The hydraulic hose from the normal stress pump to the normal 
force cylinder is especially thick, stiff and heavy. Therefore, the shear box should be 
placed carefully with relation to the pump to avoid the hydraulic hose affecting any un-
wanted movement to the upper part of the shear box while placing samples to the ma-
chine.  The forces are conveyed to the shear surface with steel cables. At the ends of the 
cable loops are aluminum holder parts. The heads of the cylinders are placed against these 
holders. The other ends of the cable loops are fastened to the opposite parts of the shear 
box. The head of the normal force cylinder is against the cable loop whose other ends are 
fastened to the lower part of the shear box and vice versa. The cable loops are slightly 
flexible allowing natural leaning of the shear surfaces upper part during the shear test. 
This also enables measuring of dilatation (Ross-Brown & Walton 1975, s. 133).   
 
The displacements are measured with the dial gauges. The dial gauge has a magnet at the 
end of atelescopic rod and a gauge which measures displacement of the magnet head. In 
addition to magnet head, the telescopic rod includes a spring which ensures that the mag-
netic head stays at the right position. The magnet head is placed against the vertical flat 
wall in the upper part of the shear box. The head should be placed vertically as near the 
shear surface as possible. This minimizes errors in the test results affected by dilatation 
and locking between the shear surfaces of the sample when upper part of the shear box is 
leaning to some direction. In the horizontal direction perpendicular to the shear direction, 
the magnet head should be placed to the middle of the vertical wall. This minimizes errors 
if the upper part of the sample is rotating around the normal of the shear surface. Addi-
tionally, the telescopic rod shouldn’t lean to any direction but be parallel to the normal of 
the vertical wall. Therefore, the direction of the dial gauge is as parallel to the shear di-
rection as possible. Measuring vertical displacements enables to evaluate values of dila-
tation. Since the normal pressure cylinder prevents the measuring on the top of the upper 
shear box part, the measuring is easiest to perform positioning the magnet heads of the 
dial gauges on small flat surfaces on the fixing points of the steel cables. The use of four 
dial gauges, one to the each side of the shear box, would enable to evaluate occurring of 
the rotation between the joint surfaces during the shearing. This would enable the more 
relevant evaluation of vertical movements. However, in this study only one dial gauge 
was used to estimate vertical displacement. The aim of the this measuring was more to 
evaluate if the sample behaves as expected during the shearing from perfectly matched 
initial position rather than to study the vertical displacement itself and therefore the use 
of one dial gauge was considered to be sufficient. 
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Figure 5.1 Shear box machine and other needed equipment  

5.2 Testing 
The testing procedure starts with placing the sample to the shear box. The lower part have 
to be first placed to its own position inside the lower part of the shear box and the upper 
part will be placed on the top of the lower sample part. After that, the upper part of the 
shear box is placed on the top of the upper sample part. The upper part of the sample is 
not anyhow fixed to the upper part of the shear box. Therefore, tuning of upper parts 
position have to be made by lifting the upper part up and moving it. Because of this, it’s 
important that it’s possible to place fingers between the sample halves. The matedness 
can be checked using flashlight from the different edges around the sample. Drawing 
lines, which cross the shear surface, from samples upper part to the lower part in the 
perfectly matched situation before placing sample to the shear box, would also help plac-
ing the sample to right position. After that, the holder of the vertical steel cable is placed 
against the head of the normal force cylinder. Then, pressure of the normal stress pump 
is specified. This is done closing first a stop valve, which is on left side of the pump, and 
then increasing the pressure with the controller on the front wall of the pump. The pres-
sure which is added to the normal stress pump can be calculated from normal stress 
wanted to be affecting at the joint surface using equation 
 

𝐴𝐴𝑛𝑛 = 𝐴𝐴𝑎𝑎 
𝐴𝐴𝑐𝑐𝑐𝑐

𝜎𝜎𝑛𝑛    (30) 

 
where 𝐴𝐴𝑛𝑛 is pressure to be set to normal stress pump  
 𝐴𝐴𝑐𝑐𝑐𝑐 is the area of the cylinder inducing normal stress to the surface 

𝐴𝐴𝑠𝑠  is the area of the sample surface  
 𝜎𝜎𝑛𝑛 is the normal stress on the sample surface 
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 After this, the shear force cylinder is placed against the holder of the horizontal steel 
cable. This is done by adding a start pressure to the shear pressure pump. This pressure 
should be high enough to form contact between the cylinder and the holder, but at the 
same time it shouldn’t induce any horizontal displacements on the shear plane. In the 
testing, shearing speed was 0.1 mm / min. The values of the shear pressure were logged 
by hand at the beginning at points 0.025 mm, 0.05 mm, 0.075 mm and 1.0 mm. After this, 
the values were logged after each 0.1 mm displacement. The pilot samples were sheared 
to the displacement value of 4 mm and final samples to 5 mm as will be presented later. 
The values of the shear cylinder pressure are read from the dial of the shear pressure pump 
where they are presented in bar unit. The accuracy of the logged shear cylinder pressures 
with this logging method can be considered approximately 0.1 bar, which equals to 0.01 
MPa. However, during the testing this logging accuracy might be difficult to reach when 
the shear pressure is constantly increasing. Movement of the joint is usually also irregular, 
which means that the pressure is fluctuating during the testing. When one person is per-
forming testing where many aspects have to be controlled simultaneously, the accuracy 
can be considered approximately 0.5 bar.  

5.2.1 Preparatory measurements and data processing 
First, few tests were performed to find out constants needed at the processing of test re-
sults. The first one is resistant force in the shear force cylinder affected by a back-moving 
spring of the cylinder head. When the head of the cylinder is going outwards, the spring 
stretches and it affects increasing resistant force to the cylinder head. In the first test, the 
increasing of the shear pressure affected by the spring was measured adding pressure to 
the pump when the head of cylinder is free. The displacement of the cylinder head was 
measured placing the magnetic head of the dial gauge against the cylinder head. The dial 
gauge was placed so that the telescopic rod is parallel to the cylinders direction of move-
ment. The values of the shear pressures were logged after each 1 mm displacement. The 
starting point of the measuring is the same position were the cylinder head would be 
touching the holder of the steel cable but not affecting any displacement for the joint. This 
distance was measured with a ruler when the cylinder head was placed against the holder 
and again when the free cylinder head was placed to the starting position before measur-
ing. In these measuring, the stiffness of the spring was assumed to be constant. Therefore, 
the slope of the displacement – spring force curve should be same everywhere and the 
starting point of the measuring shouldn’t however even affect to the increasing of the 
resistant force. When measuring the displacement of the free cylinder head, the shear 
pressure should be increasing evenly. Therefore, it is possible to reach the accuracy of 
0.1 bars in this situation. This measuring was performed four times from the start position 
to the displacement value of 20 mm. The results of these four measuring are gathered to 
Table 5.1 below. The displacement – shear pressure graphs of these measuring are pre-
sented in Figure 5.2. 
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Table 5.1 Data from testing to determine the resistant force of the spring inside the shear 
force cylinder 

 Shear pressures (bars) 
Displacement (mm) Measuring 1 Measuring 2 Measuring 3 Measuring 4 
0 2.7 2.7 2.7 2.7 
1 2.7 2.8 2.7 2.8 
2 2.8 2.8 2.8 2.8 
3 2.9 2.9 2.9 2.9 
4 3.0 3.0 2.9 2.9 
5 3.1 3.1 3.0 3.0 
6 3.2 3.1 3.1 3.1 
7 3.2 3.2 3.1 3.1 
8 3.3 3.2 3.2 3.2 
9 3.3 3.3 3.2 3.2 
10 3.4 3.3 3.3 3.3 
11 3.4 3.4 3.3 3.3 
12 3.5 3.4 3.4 3.4 
13 3.5 3.5 3.5 3.4 
14 3.6 3.6 3.5 3.5 
15 3.6 3.6 3.6 3.5 
16 3.7 3.6 3.6 3.6 
17 3.7 3.7 3.7 3.7 
18 3.8 3.8 3.8 3.7 
19 3.8 3.8 3.8 3.8 
20 3.9 3.9 3.9 3.9 

 

 
Figure 5.2 Displacement – shear cylinder pressure graphs of the free cylinder head in 
the testing  
 
According to these test results, the average increase of the shear pressure affected by the 
spring is then: 
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k= 3.9  bar -2.7  bar

20 mm
= 0.06 bar

mm
= 0.006 MPa

mm
  (31) 
 

This change of the shear pressure was taken into account in result processing although 
the value of it is smaller than the accuracy of test results with the used logging method.   
 
Another constant which needed to be solved was the value of the start shear pressure. 
This value was determined adding shear pressure and groping by hand trying when the 
cylinder head is tightened against the holder of the steel cable. The value of the shear 
pressure was logged when the holder stopped moving around the cylinder head and the 
friction between the parts was high enough to tighten the steel cable. This test was per-
formed few times similarly and the start pressure was found out to be 2.7 bars correspond-
ing 0.27 MPa. Due to the practical determining method and the inaccuracies of the meas-
uring and logging, the accuracy of the result can be considered 0.1 bars. With these two 
constant the results of the shear tests can be processed. 
 
First, the resistance of the spring and the start shear pressure have to be reduced from the 
logged shear stress values at the each displacement value. The resistance of the spring 
increases during the shearing as presented earlier. Processing then continues by calculat-
ing the real area of the shear surface for the each moment during the shearing. When 
sample is sheared, the actual shear surface area decreases as a function of the shear dis-
placement. The reduction compared to the initial situation is the shear displacement times 
width of the sample. Due to the decrease of the shear surface area, also the real normal 
stress at the surface increases during the shearing from initial value of 0.5 MPa as can be 
seen from Equation 30 when pressure in the normal stress pump remains constant. Using 
this real shear surface area, the real shear stress affecting at the shear surface at each 
moment during the shearing can be calculated using equation  
 

𝜏𝜏 = 𝐴𝐴𝑐𝑐𝑐𝑐 

𝐴𝐴𝑎𝑎𝑟𝑟
𝐴𝐴𝑠𝑠    (32) 

 
where 𝐴𝐴𝑠𝑠 is pressure of the shear stress pump after reduction of the spring re-

sistance and start shear pressure in MPa  
 𝐴𝐴𝑠𝑠𝑠𝑠 is real shear surface area between the joint surfaces 
 𝐴𝐴𝑐𝑐𝑐𝑐 is the area of the shear stress cylinder 
 
Finally, shear stress – shear displacement curves can be formed from these shear stress 
values calculated for each shear displacement values. Earlier the accuracy of the shear 
pressure logging method was estimated to be 0.5 bar. Using Equation 32, 0.5 bar error in 
the logging can be calculated to correspond maximum 0.006 MPa error in the final shear 
stress results. Error with this magnitude can be considered insignificant due the much 
larger possible error sources during the whole process. 

5.2.2 Pilot samples 
As presented earlier, the pilot 1 sample wasn’t shear tested because the shear test results 
of the artificial shear surface wasn’t considered to offer any reasonable information for 
the later stages of the project. The pilot 2 samples were first tested to find out is the con-
crete strength sufficient to simulate natural rock joints. The tests were performed with 
normal pressure value of 0.5 MPa. These tests revealed that even the C50/60-4 concrete 
was strong enough and no significant abrasion of the surface occurred during the shearing. 
Only some breakage occurred at shearing direction, in front edge of the bottom shear 
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surface. Especially the rectangular corners of the shear surface were broken due to tension 
failure which was occurred approximately in 60 degree angle downwards from the shear 
plane. Therefore, more gently inclined side walls were modelled for the pilot 3 sample to 
support the shear surface better. Modelling of this more gently inclined collar is already 
presented at the chapter 4.2. The other significant observation from the test of the pilot 2 
sample was the shape of the shear displacement – shear stress curve (Figure 5.3). The 
curve hadn’t any clear peak strength point and the increasing part of the curve at the pre 
peak stage was find out to be relatively gentle. This is supposed to be resulting from the 
lack of small scale asperities on the surfaces. 
 
When testing the second pilot 2 sample, different behavior of shear pressure and displace-
ment was occurred. When increasing pressure, the sample moved rapidly approximately 
0.1 mm forward and pressure decreased also rapidly during that sudden movement. This 
repeated constantly during the testing. This made logging of shear pressure values diffi-
cult. Clear explanation for this behavior wasn’t found. One possible explanation could be 
that some very small scale asperities of the surface are sheared more easily on the concrete 
surface than asperities of real rock surface. Even though this theory looked unlike because 
inspection of the surfaces doesn’t revealed any notable damage except broken edges of 
the shear surface, the used concrete was changed for the pilot 3 sample to correspond 
better strength of rock. Weber.vetonit JB 600/3 grouting mortar was therefore replaced 
with stronger weber.vetonit JB 1000/3. 
 

 
Figure 5.3 Shear stress – shear displacement curve of the first pilot 2 sample 
 
The pilot 3 sample was casted using this weber.vetonit JB 1000/3 with the strength class 
of C60/75-4 as presented earlier at the chapter 4.4. The major aim of this testing was to 
study if the smaller and steeper asperities of the 1:1 scaled sample will be damaged more 
during the shear testing compared to the smoother geometry of the pilot 2 samples. No 
significantly increased degree of surface damages occurred likely partly due to increased 
strength class of the concrete. The secondary aim of this testing was figure out if the 
narrow width of the surface is affecting some unpredictable problems during the shearing 
like leaning of the samples upper part in perpendicular direction to the shearing direction. 
No notable problems were found. Only observed problem was again the impulse like be-
havior of the shearing around and after peak shear strength. The asperities controlling the 
shearing were in this case steeper and smaller than in the case of pilot 2 samples. This 
could indicate that the reason for this behavior could still be the shearing or crushing of 
the asperities in such small scale that the damages at the surface don’t yet appear to be 
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remarkable in the visual inspection. One fact arguing the crushing is that the used normal 
stress is very low and it wasn’t expected to affect very much asperity damage on the 
surface. This can also be roughly estimated from the normal pressure used in the test and 
the strength of the concrete. To reach the uniaxial compressive strength 70 MPa of the 
concrete in contact areas between the joints the total contact area compared to the total 
sample area should be approximately 0.7 % which seems relatively small compared for 
example to the study about the post shear test contact areas between joint surfaces by 
Bandis et al. (1981, pp. 11 – 12). However it is still possible that some small asperities 
would be sheared or crushed in some situations. Another possibility is that the impulse 
like shear behavior might be resulting from natural behavior of the joint when the upper 
part of the joint climbs over the asperities of the lower part and falls down after the climb-
ing. Nevertheless, even with the impulse behavior of the shearing it was possible to ob-
serve shear stress – shear displacement curve quite clearly. The curve is presented in Fig-
ure 5.4. Additionally, the aim of this entire study is to detect what is the effect of changing 
geometry to the shear strength when scale of the samples changes. When all samples are 
produced similarly from the same material, differences at the failure of the asperities are 
also induced by the geometry. If comparing these test results to natural rock surfaces the 
results have to still be in any case scaled to correspond strength of rock because producing 
samples with same strength properties as common hard rocks would be difficult.  There-
fore, the study was continued using the described sampling and testing methods and the 
impulse shear behavior possibly induced by the asperity failure was considered to be ac-
ceptable as a natural phenomenon during shearing. When comparing the results of the 
pilot 2 and pilot 3 samples the main observation is that the pilot 3 have higher peak shear 
strength than the pilot 2. This is reasonable due to increased small scale roughness of the 
joint surface. The shear strength also decreases notably after the peak value towards re-
sidual value when for the pilot 2 sample this kind of behavior wasn’t observed when the 
shear stress – shear displacement curve stays approximately flat after peak value. This is 
also familiar phenomenon from earlier studies, for example by Bandis et al. (1981, p. 4), 
when roughness increases. The pilot 3 sample additionally seems to have smaller value 
of the displacement corresponding to the peak shear strength value as can be expected 
when the surfaces of the pilot 3 have smaller scale roughness than the pilot 2.  
 

 
Figure 5.4 Shear stress – displacement curve of the pilot 3 sample 
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5.2.3 Final samples 
 
The testing of the final samples and samples with smooth surfaces were performed almost 
similarly as presented earlier for the pilot samples. The ISRM Suggested Methods for 
shear strength testing proposes that it is possible to establish residual shear strength value 
when at least four consecutive logged strength values have no more than 5 % variation 
over the shear displacement of 1 mm. (Brown, 1981, p. 136) If few deviating shear 
strength values, occurred due to impulse like shear behavior after peak shear strength are 
ignored, pilot 3 sample already approximately shows required behavior to establish the 
residual value. However, to ensure establishing of residual shear strength, the maximum 
shear displacement was decided to be increased to the value of 5 mm. The second major 
difference compared to the testing of the pilot samples was the use of vertical displace-
ment measuring. The measuring was performed as already presented earlier in chapter 
5.1. The aim of the measurement was to check if vertical displacement behaves like ex-
pected during the shearing. When the shearing starts from perfectly matched initial stage, 
vertical displacement should start to increase or stay constant depending on weather 
shearing occurs by sliding over asperities or shearing of them. In addition to these two 
changes during the final testing situations the shear tests were also video recorded which 
enables review of the result loggings if there was a doubt that some errors have occurred.  
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6 Evaluation of test results 

6.1 JRC value determination  
The JRC value determination was performed with one method for replica samples and 
with two different method for the rock surface. The determination for replica samples was 
performed with manual profilometer along three lines in shear direction and along three 
lines perpendicular to it. The lines divided the surface to four areas with same size. In 
shear direction the interval of the lines was 15 mm and in direction perpendicular to it 
42.5 mm. The profiles from the profilometers were then compared to the suggested 
example profiles (Figure 3.3) by Barton & Choubey (1977, p. 19). Additionally maximum 
amplitudes of profiles were measured with the slide gauge. The JRC values were marked 
with natural numbers and the values varied from 1 to 13. Therefore, the samples in the 
same example profile category but with different roughness were separated to have 
different JRC values. The aim of this was to consider differences between the samples 
with same downscaling because the most of JRC values were near each other and 
therefore often belonged to the same profile category. However, this method based on 
visual comparison can't be considered in every situation accurate enough to separate 
surfaces to have different JRC values when the difference of the JRC values is one unit. 
Therefore, placing the roughness profile to the right example category, corresponding 
approximately two unit variation on JRC values, can be already considered as decent 
accuracy.  As can be expected the JRC values were smallest for the samples which were 
downscaled most and highest for the 1:1 scale samples. The values were mainly larger in 
the shear direction compared to the perpendicular direction. This seems reasonable result 
when it is considered that the used rock surface has some kind of waviness structure where 
the crest of the wave is approximately perpendicular for the shear direction. At the 
perpendicular direction significantly more variation was observed between the JRC 
values along the different line at the 1:1 scale compared to the lines in shear direction. 
The result is reasonable because the distances between the lines were significantly longer 
at the perpendicular direction. For the downscaled samples the difference wasn’t that 
major. The average JRC values for each sample both in shear and perpendicular directions 
are presented in Table 6.1. 
 
Table 6.1 Average JRC values of replica samples in the shear and perpendicular direc-
tions. 

Sample Average JRC values Sample Average JRC values 
 Parallel  Perpendicu-

lar 
 Parallel  Perpendicu-

lar 
10x1 2.2 2.5 2.5x10 5.8 5.3 
7.5x2 3.2 2.5 2.5x11 5.5 4.5 
7.5x3 3.3 2.8 2.5x12 5.7 4.0 
7.5x4 3.3 2.5 2.5x13 6.5 6.2 
7.5x5 3.2 2.8 1x14 8.8 6.3 
5x6 4.7 4.3 1x15 9.0 9.3 
5x7 4.3 4.5 1x16 10.2 8.3 
5x8 4.5 3.7 1x17 11.5 8.3 
5x9 5.5 3.5    

 
As comparison, the JRC values of the whole rock plate were also estimated using similar 
kind of method where the JRC and amplitude values were measured along three parallel 
and three perpendicular lines. The distances between the lines were then 150 mm in shear 
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direction and in direction perpendicular to it 425 mm. The measuring was performed tak-
ing 10 profiles from each line, and therefore the profile length was 170 mm in parallel 
and 60 mm in perpendicular direction. This division of the measuring lines enabled the 
comparison between certain measured profiles to the profiles measured from 1:1 scaled 
replica samples, because these used lines split all four areas used for 1:1 replicating both 
in parallel and perpendicular directions. The used measuring lines 1 – 6 are presented in 
Figure 6.1 together with the division of the sample areas to be replicated presented earlier 
in Figure 4.6. The measuring was performed in Figure 6.1 from left to right for lines 1 – 
3 and from down to up for lines 4 – 6. The profiles from this measurement were then 
compared to the example profiles similarly as earlier with replica samples. Comparison 
between the JRC values measured from the 1:1 scaled replica samples and from the rock 
surface along the same lines is presented in Table 6.2. The comparison is made only with 
the bottom part of the replica because that corresponds the original surface from the 3D 
model instead of reverse mirror image. Finally, the amplitude values of whole length were 
measured for all these six lines with lengths of 170 cm and 60 cm. The measuring of 
amplitude values were performed placing straight aluminum pipe with right-angled cross-
section to lay on the top of the line so that the pipe was laying on the highest asperities of 
the surface. Then the amplitude was possible to measure with a slide gauge as the differ-
ence between the lowest point of the line and the bottom of the aluminum pipe. The JRC 
values were determined from these amplitude using the diagram in Figure 3.5 suggested 
by Barton (1981, p. 179).  The comparison along the same lines between JRC values from 
this amplitude method, the average values from the profilometer measurements for rock 
surface and corresponding values from 1:10 scaled replica samples is presented in Table 
6.3 
 

 
Figure 6.1 Lines 1 – 6 used for JRC value measurement of rock surface 
  
Table 6.2 Comparison of JRC values from the real rock surface and 1:1 replica samples. 

Sample 1:1 replica Rock Surface 
 Parallel  Perpendicular Parallel  Perpendicular 
1x14 9 7 11 12 
1x15 10 6 11 10 
1x16 11 7 10 9 
1x17 12 9 12 10 
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Table 6.3 Comparison of JRC values from three different method along the same lines. 
Line Amplitude method Profilometering for rock 

surface 
1:10 scaled replica 

1 3 12.7 2 
2 4 12.3 3 
3 4 11.8 2 
4 6 9.9 2 
5 5 8.5 2 
6 6 10.1 3 

 
From Table 6.2 it can be seen that six out of eight values measured from 1:1 scaled rep-
licas corresponds well with the values measured from surface when two units is consid-
ered to be acceptable error in the visual JRC value estimation. The values of real rock 
surface are mostly equal or higher compared to replicas which is reasonable result when 
some geometrical features is always lost in the replicating process. The small differences 
in the JRC values between real rock surface and replicas also indicate that the accuracy 
of replication can mostly be considered sufficient. However, large errors in two perpen-
dicular values are remarkable. When the photos of gauge profiles were after measure-
ments inspected, the profiles seemed to have smoothened notably in the replicating. With 
the surfaces including few small individual steep shapes but otherwise mostly relatively 
smooth surface, the downscaling might smooth these steep shapes and thus make the 
whole profile significantly smoother. This together with the fact that determined JRC 
values might differ even for same profiles when the subjective visual comparison is per-
formed at different times might affect surprisingly large differences between the values 
of real rock surface and replicas. Therefore, the JRC value estimation based on visual 
comparison to example profiles is too subjective method to evaluate the accuracy of the 
replicating method by comparing the real surface and the surface of the replica sample. 
As an example, the profile of the replica sample 14 with the largest difference between 
the JRC values is presented in Figure 6.2 together with the corresponding profile from 
the original rock surface. The amplitudes measured from the profilometer were addition-
ally compared between the values of replicas and real rock surface. However, difference 
between values from replicas and rock surface had even more random variation and no 
clear correlation was observed when three out of eight replicas had larger amplitudes 
compared to the real surface. The most probably reason for the scatter of the results are 
measuring errors when the amplitudes are measured with slide gauge by hand. Errors in 
measuring might rise to the magnitude of 0.5 mm or even more. Additionally, it is ques-
tionable how accurately the positions of the lines on the rock surface match with the 
measuring lines used for replica samples. The areas which are used for the production of 
replicas are marked to the rock surface and the marking is based on the 3D model of the 
surface. The positions of the areas and lines can be measured in the 3D model as the 
horizontal distances from the corners of the rock plate, which aren’t corresponding the 
corners of the 170 cm x 60 cm area as presented earlier in chapter 4.2. However, when 
marking the areas and lines to the rough rock surface measuring of horizontal distances 
accurately might be difficult. Therefore, if the corner points of the replicated areas or 
positions of the measuring lines aren’t placed accurately, the error between the JRC val-
ues measured from the replicas and the rock surface can be significant in situation of 
slight mismatch between the measuring lines. Amount of error of course depends on 
roughness of the surface. Especially if asperities on the surface are steep and have sharp 
shape so that profile of the measuring line changes rapidly with slight movement of the 
line. 
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Figure 6.2 Comparison between the perpendicular profiles of the rock surface and rep-
lica sample 14.  
    
From the results in Table 6.3 can be seen that values of amplitude method are higher for 
the perpendicular lines when the average values from profilometer method are higher in 
parallel direction. The reason for this result is probably that profilometer method captures 
the small scale roughness of the surface when the results from the amplitude method are 
more likely induced by larger scale waviness of the surface. Therefore would be reason-
able to expect stronger correlation between the values of the 1:10 downscaled replica 
sample and the amplitude method when the replica lacks of small scale roughness due to 
downscaling and replicating process. However, the values of 1:10 replica sample don't 
seem to have notable correlation with the results of other methods and the values don't 
show significant variation in different directions. However, it is still hard to draw conclu-
sions about this correlation because JRC values from amplitude method haven't either 
very significant variation. Therefore, when the surface becomes smoother in the 
downscaling process and JRC values decrease, the variation on the values in different 
directions becomes less notable even if it would exist. Also difference in lengths of meas-
ured profiles in amplitude method might affect to results since longitudinal profiles are 
significantly longer than perpendicular profiles and thus results might slightly emphasize 
roughness in perpendicular direction. For these reasons, the similar comparison would be 
reasonable to perform for rougher surfaces to figure out is it possible to assume some kind 
of correlation between the JRC values from amplitude method and the profilometer 
method for downscaled replica.  
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Altogether, the JRC determination using profilometer for real rock surface and replicas 
can be seen good method to roughly compare the accuracy of the replication to the origi-
nal surface in 1:1 scale. The measuring of the amplitudes from the profilometer for this 
sample length doesn’t however seem to be reasonable due to the required accuracy which 
is hard to reach with used measuring method. The comparison between profilometer 
measured roughness of the 1:10 scale replica and the roughness of the whole original rock 
surface is then more challenging when the correspondence of two methods is questionable 
due to different length of the sample. More research is required to determine can these 
measuring methods be really comparable.  

6.2 Effect of geometrical feature loss on shear strength 
As already presented earlier, the analyze of the results is based on the assumption that 
there shouldn’t be scale effect for perfectly matched joints because the total contact area 
is proportionally the same compared to the total surface area for different sized samples 
(Johansson & Stille, 2013). Therefore, the loss in shear strengths between different scales 
should be induced only by the loss of geometrical features during the replicating proce-
dure when assuming that replica joints are perfectly matched at the beginning of the shear-
ing. Evidently there is differences in the test results due to varying roughness in different 
parts of the replicated rock surface and therefore the scale dependence isn’t necessarily 
clear. Shear test results for each class of samples are presented at the Figure 6.3.  
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Figure 6.3 Shear stress – shear displacement curves for each downscaling class of sam-
ples. 
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The shear test results showed surprising large variation between similarly downscaled 
samples in both peak and residual shear strength values. When observing peak shear val-
ues inside the classes even more notable compared to the variation of the values are the 
differences in the shapes of the shear stress – shear displacement curves. Some samples 
had curves with clear peak shear strength point but most of them showed more gentle 
behavior with no clear peak shear strength value. This makes the interpretation of the 
results difficult and therefore in the following results the maximum values of shear stress 
obtained during the shear test are used as peak shear strength values. The disappearance 
of the small asperities during the replicating process could explain more gentle behavior 
of the curves for the samples which are downscaled most. However, remarkable variation 
between the similarly downscaled samples have to have another explanation besides this. 
It is also remarkable that when comparing the average JRC values in Table 6.1 to the peak 
and residual shear strength values, clear correlation isn’t observed inside the classes. In 
some cases the sample with the lowest JRC values even seems to get highest shear 
strength values. However, this comparison should only focus on the 1:1 scale samples 
because for the downscaled classes differences between the JRC values are mostly so 
small that the mistakes made in visual comparison between the profilometer profiles and 
the example profiles might have more significant effect to the average JRC values than 
differences on the surfaces actually have. Therefore it is hard to draw conclusions about 
these classes. However, these observations lead to the question what is then the factor 
controlling the shear strength values if they don’t clearly correlate with the JRC values. 
One possible answer can be revealed from vertical displacement data of the joint surfaces 
during the shearing.  
 
It was noticed from the logged vertical displacement values that for most of the samples 
negative displacement occurred at the beginning of the shearing meaning that aperture 
between the joint surfaces decreased. This is against the assumption that aperture should 
increase when the shearing starts from the initial perfectly matched position  and surfaces 
slide over asperities, or alternatively stays constant if asperities are sheared. This leads to 
the concern that the joints haven’t been perfectly matched at the start of the shearing. The 
loss of small scale asperities during the replicating probably makes positioning of the 
sample to the perfectly matched stage more difficult. The poor initial positioning is prob-
ably one reason causing negative vertical displacements for many samples and therefore 
the lack of clear peak shear strength and smooth behavior of the curves. This is supported 
by an observation that three samples which didn’t show notable negative vertical move-
ment had also clear peak strength points. However, some samples have steeply inclined 
shear strength – shear displacement curve at the pre-peak stage and clear peak strength 
value even if the negative vertical displacement occurs at the beginning of the shearing. 
Therefore, this can’t probably be the sole factor explaining the varying behavior of the 
sheared joints. Example of all these three situations are presented in Figures 6.4 – 6.6.  
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Figure 6.4 Shear stress and vertical displacement curves of sample 11 without negative 
vertical displacement and with clear peak shear strength point 
 

 
Figure 6.5 Shear stress and vertical displacement curves of sample 15 with occurred neg-
ative vertical displacement at the start of the shearing and without clear peak shear 
strength point 
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Figure 6.6 Shear stress and vertical displacement curves of sample 17 with occurred neg-
ative vertical displacement at the start of the shearing but still clear peak shear strength 
point 
 
Despite the large variation between the different samples with the same downscaling, 
average peak shear strengths for different downscaling classes show signs of decrease 
from 1:1 samples to 1:10 downscaled samples. In Figure 6.7 the average shear strengths 
are presented for sample classes as a function of downscaling factors reciprocal. Average 
values show slight signs that this relation could be linear. However, due to the small num-
ber of tested samples and large variation between the shear strength results it is yet im-
possible to draw specific conclusion about the loss of shear strength during downscaling 
process and form of relation between shear strength and downscaling factor. Additionally, 
effect of the possible imperfect initial matedness on the shear strength should be exam-
ined before specific conclusions could be drawn.  
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Figure 6.7 Average values of peak and residual shear strengths as a function of sample 
downscaling factors reciprocal  
 
 
However, initial matedness of a joint shouldn’t affect to residual shear strength because 
the value remains approximately constant once reached after peak strength and isn’t thus 
dependent on shear displacement. Therefore, after some long enough shear displacement 
both a perfectly matched sample and the sample with initial displacement should reach 
the same residual shear strength value. This probably doesn’t offer any significant answer 
about the loss of small scale asperities during the replicating because residual shear 
strength is controlled mostly by less steep larger scale asperities and friction. However, 
the results might offer some indication about the scale effect of the residual strength when 
the strength is in different scales controlled by the asperities with different steepness.  In 
this study, the residual values are determined as an average of the shear stress values 
between the shear displacement values of 4 mm and 5 mm. 10 out of 17 samples didn’t 
however filled the requirement of reaching residual shear strength value. As already pre-
sented earlier, ISRM Suggested Methods proposes that the residual shear strength value 
can be established when at least four consecutive logged strength values have no more 
than 5 % variation over the shear displacement of 1 mm (Brown, 1981, p. 136). When 
observing the shear stress – shear displacement curves in Figure 6.3 it can be assumed 
that some curves fail this requirement only due some local variation in the results and the 
curves have most probably already reached the residual value. Another possibility is also 
that the curves just have reached the residual value after the start of the inspection range 
from 4 to 5 mm. However certain curves also suggest that they might haven’t reached the 
residual value during the 5 mm shear displacement. The average values of residual shear 
strengths are also presented in Figure 6.7.  The average residual values show better linear 
correlation with downscaling factors reciprocal than the average peak values. One possi-
ble explanation for this could be that in residual stage failure modes for different samples 
are more similar than in pre-peak stage. At the residual stage the surfaces are probably 
sliding along asperities with inclination within certain range and at the same time shearing 
smaller asperities which are on larger asperities. In the pre-peak stage shearing of a joint 
is probably more complex combination of sliding, crushing and shearing of those smaller 
asperities and is probably more dependent about local differences of the surfaces. How-
ever, also these residual strength values show significant scatter inside the classes even 
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when initial matedness shouldn’t affect to the results. Therefore, specific conclusions 
can’t still be drawn. It is interesting to notice which downscaling classes differ positively 
and which negatively from the linear correlation line. The classes 1:2.5 and 1:10 seems 
to be most above the correlation line. These are also the classes which show most clearly 
that most of the samples probably haven’t reached the residual value when only the curve 
of sample 11 shows signs that the residual value have been reached. Of course the class 
1:10 includes only one sample and therefore the conclusion can be considered only as 
questionable. It is also remarkable that class 1:5, where the samples 7 – 9 show clearest 
signs that the residual value is reached, have the lowest average residual value of all clas-
ses. These factors lead to the assumption that too short shear displacement might have 
affected to the still unclear correlation between the average residual values.  
 
To evaluate the effect of the downscaling on the roughness component of the shear 
strength, friction components of concrete surfaces was determined by the shear tests for 
two smooth surfaces. Results of those shear tests are presented at the Figure 6.8. Two 
curves show very similar behavior even though Sample 2 have consistently lower values 
compared to the Sample 1. The reasons for this difference are probably in the casting 
method. It is possible that the surfaces of the molds have slight differences which affect 
to the concrete surfaces. Additionally, the sample surfaces might have small inclinations 
due to minor differences in the assembly of the molds. Interesting factor is also that the 
shear strengths are increasing, except the local variation, quite linearly till the end of the 
shearing and the curves don’t reach any clear constant value within the shearing range. 
Sample 1 shows smoother behavior between the shear displacement values 4 – 5 mm and 
also fills the requirement of ISRM suggested methods for residual value. Sample 2 then 
shows some major local variation within this shear range and doesn’t thus fill the require-
ment. However, the consistently lower shear stress values of Sample 2 can’t be ignored. 
Therefore, the directional value 0,44 MPa used in the following calculations for the fric-
tion component of the shear strength is average of the all shear strength values of both 
samples within the displacement range 4 – 5 mm. According to Equation 2, this friction 
component value corresponds approximately the friction angle value of 49°. 
 

 
Figure 6.8 Shear stress – shear displacement curves for samples with smooth surfaces 
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In Figure 6.9 the linear trend lines of peak and residual strengths are presented as a func-
tion of downscaling factors reciprocal at the same chart with friction component. From 
the chart it is possible to evaluate the magnitude of roughness component for both peak 
and residual shear strengths as a difference between the friction component line and trend 
lines. The magnitudes of the components with the different downscaling factors are pre-
sented in Table 6.4. The roughness component values are also presented as percentage of 
the roughness component value in 1:1 scale. The roughness component value of the peak 
strength in 1:10 downscaling class is 59 % of the original 1:1 scale value. Same percent-
age for roughness component of the residual shear strength is 56 %. As already pointed 
out earlier, these are very approximate values due to the low number and large scatter of 
the sample points. Additionally the linear behavior of the strength values as a function of 
downscaling factor is just assumption which can’t yet be verified with this amount of 
tested samples.  
 

 
Figure 6.9 Linear trend lines for peak and residual shear strengths together with friction 
component value  
 
Table 6.4 Roughness component values for peak and residual shear strengths in different 
scales.  

 Peak strength Residual strength 
 Roughness compo-

nent [MPa] 
Percentage of 1:1 
scale value [%] 

Roughness compo-
nent [MPa] 

Percentage of 1:1 
scale value [%] 

1:1 0,31 100 0,19 100 
1:2.5 0,29 93 0,18 93 
1:5 0,25 82 0,15 80 

1:7.5 0,22 70 0,13 68 
1:10 0,18 59 0,11 56 
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7 Discussion  
 
Even though accuracy of the photogrammetry is still difficult to evaluate, based on point 
cloud density it can be considered that better accuracy could be reached using 3D laser 
scanning. Additionally, laser scanning would probably be faster method when modelling 
rock surfaces in laboratory scale and conditions. One example of laser scanning of the 
rock surface is presented by Fardin et al. (2001, p. 661). However, benefit of the photo-
grammetry method is flexibility of use in-situ conditions and lower prize of the equipment 
compared to portable laser scanners. For these reasons it would be reasonable to continue 
development of this method which could be in future used quickly and inexpensively to 
engineering purposes in-situ.  
 
One possible uncertainty in the process is formation of the 3D model based on photo-
grammetry. The formation of the point cloud was performed with VisualSFM software 
which is free to download. It is questionable is the program suitable for this purpose which 
requires high accuracy. The most doubtful question is capability of the software to correct 
barrel distortion of the photographs even if the software performs single parameter radial 
distortion correction. In any case, it is recommended to use camera objective with as low 
level of barrel distortion as possible to decrease possible errors. For later research it would 
be recommendable to use more sophisticated methods for point cloud modelling to avoid 
these uncertainties. At the later processing stages, one uncertain question is the best pos-
sible method for generating surface from point cloud even though 2D–Delaunay triangu-
lation is probably accurate enough for this purpose when used with a high density point 
cloud.  
 
Another significant concern in mold production is accuracy of 3D printing even though 
the aim of the study is to define the loss of geometrical features during the downscaling 
and not to develop method to replicate rock surface perfectly. Some geometrical features 
will always be lost when downscaling rock surfaces and 3D printing replica molds. How-
ever, thinner layer height would help to replicate shape of asperities more precisely. This 
is concern especially with naturally larger areas when they are downscaled to the replica 
size which is only fraction of the natural area. Then also significant natural geometrical 
features appear relatively small on replica surfaces. Additional concern, mainly when 
printing with Ultimaker Original printer, is accuracy of the nozzle movement. This affects 
accuracy of printing in horizontal directions. This problem concerns Ultimaker printer 
because it is assembled in Rock Engineering Laboratory from the part kit. This made 
calibration of the printer more difficult compared to the printers which are assembled by 
the manufacturer. Compared to the accuracy limitation in vertical direction caused by the 
layer height the degree of these errors is difficult to estimate. However, Objet30 scholar 
printer manufacturer have reported the accuracy also for horizontal direction as presented 
earlier. This accuracy can be considered sufficient and the concern isn’t as reasonable 
when using this device.  
 
In the casting, one concern is the positioning of a shear surface. The used molds consist 
many parts which can’t probably be locked perfectly against each other to avoid small 
movements. Another problem is that the plywood collars might be damaged at the de-
taching when they are used several times. These factor might affect to position where the 
shear surface will be in relation to the frames of the shear box. Even small incorrect in-
clination might affect mismatching between the opposite surfaces and thus affect signifi-
cant errors to shear test results. Another possible target of development for the future 
would be more accurate determination of concrete properties. When using commercial 
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mortar products strength properties reported by the manufacturer might not be completely 
precise and therefore the use of them in research purposes, where high accuracy is needed, 
is questionable.  In the future, more precise determination of mortar composition is re-
quired to reach accurate strength properties for concrete. Additionally, this would help to 
determine grain size distribution in concrete more precisely. When using these commer-
cial mortars, grain size is reported only with the maximum grain size. Therefore, grain 
size in mortar might vary significantly and affect differences to casted samples both in 
compressive strength and in friction of surfaces. To ensure the right properties for con-
crete, it would be recommended to perform also compressive strength tests for the used 
concrete. Then, comparison and scaling between concrete and rock strengths and shear 
tests results would be possible to perform more precisely in future studies. However, it is 
still questionable can shear behavior of hard rock joints be modelled with concrete repli-
cas completely accurately. Compressive strength and the crushing of the asperities affects 
mobilizing of dilation and thus shear strength which makes scaling of shear strength val-
ues for replica concrete surface to the corresponding values for real rock surface difficult.  
 
In addition to strength of concrete, another concern in shear testing is initial matedness 
of joint surfaces. Even though both sides of a sample are produced using 3D model of 
the same surface, perfect matedness during testing isn’t obvious. Besides possible errors 
in the casting, the placing of the sample to the shear box to match each other perfectly 
isn’t always unambiguous especially when small scale asperities of the original surface 
have been lost during the replicating. Smoother the surfaces are, higher is the risk that 
surfaces don’t settle against each other perfectly when sharp small scale asperities aren’t 
directing the surfaces to the correct positions. The accuracy of the measuring equipment 
in shear box testing is considered sufficient when testing situation is video recorded and 
therefore test results can be reviewed. For future studies, more precise studying of verti-
cal movements is recommended to determine effect of dilatation for the shearing. This 
would help to evaluate the relation between dilatational behavior and asperity failure 
and thus to consider behavior of concrete surface in relation to real rock surface. An-
other possible improvement would be the use of recording measuring equipment during 
shearing. This would help logging of vertical movement values and processing of dis-
placement data afterwards.  
 
The downscaling and replicating method has showed potential to be used in future for 
scale effect studies even though the accuracy of the method can still be improved nota-
bly. Additionally, much more testing for replicas from different rock types is required to 
have reliable estimates about the loss of geometrical features and thus shear strength 
during the downscaling and replicating for different rock joint types. After that, the 
method might be possible used for engineering purposes. However, many different 
questions about the scale effect are still lacking more accurate answers before the 
method can be used for determining planning values of shear strength. Probably the 
most essential question is does the scale effect disappear at some sample size and what 
this sample size is for different rock joint types. These values would give the answers 
what are the representative sample sizes for different joint types to determine shear 
strength values for planning. Additionally, more studies are required about the effect of 
the joint matedness and scale to clarify the real character of the scale effect. One possi-
ble solution to determine effect of the matedness for performed shear tests is to replicate 
initial position of a sample at the start of the shear test afterwards and measure mated-
ness value as percentage of contact area compared to total area. This measuring could 
be performed for example placing pressure measurement film between the sample sur-
faces and defining contact area between using the normal pressure used in the shear test. 
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Defining the effect of the matedness changes on the scale effect more reliably would 
help to make more accurate estimates about the shear strength planning values for a nat-
ural joint when the matedness condition isn’t known.  
 
The most widely used shear strength criteria, like Barton’s model, are based on empiri-
cal results about mechanical properties of rock joints. Although the fractal model is 
used in several studies to formulate statistical form for rock joint surface roughness this 
perspective isn’t yet widely exploited at the shear strength studies. However, the fractal 
mode can probably be used more in the future to describe statistical distribution of con-
tact areas between joint surfaces, as is already done in the studies by Johansson & Stille 
(2014). Understanding distribution of the contact areas also helps to connect the effects 
of roughness and uniaxial compressive strength on the shear strength and scale effect. 
The development of the photogrammetric methods and laser scanners has made the frac-
tal analyze easier. Therefore, in the future it would be recommendable to include fractal 
analyzes to shear strength studies especially if a joint surface is 3D modelled for other 
purposes like in this particular study.   
 
More developed methods to estimate accuracy of the replicating process is also required 
in the future studies when the JRC and amplitude estimation performed in this work 
failed, as expected, to offer suitable results to estimate accuracy. One potential method 
would be to perform photogrammetric 3D modeling for replicas and compare the model 
with the original one. This would enable to estimate the accuracy of the printing and 
casting stages of the process. 
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8 Conclusion  
The study succeeded to develop a method to model rock surface using photogrammetry 
so that the accuracy of the formed point cloud was 16.2 points / mm2 which can be con-
sidered to be relatively good when the distances between points are averagely 0.25 mm.  
The study also developed a work flow for replicating natural size joint surfaces as 
downscaled to the laboratory scale. In this work flow the formed point cloud is 
downscaled and meshed to form a surface model which is then used to 3D print mold 
capturing the rock surface topography. The mold is then used to cast a replica sample in 
concrete. However, after this suitable work flow is successfully developed, further re-
search is required in the future to study what is actually the accuracy of the replicating 
method. The future improvements needed in the casting process are more accurate as-
sembly of the molds to ensure correct positioning of joint surfaces and improved quality 
of concrete used for casting. The slightly incorrect assembly, due to faults in the mold 
parts or human errors, might affect some incorrect inclination to a shear surface and 
therefore the opposite surfaces don’t match perfectly affecting errors to the shear test re-
sults. Additionally, suitable concrete mixture wasn’t still found for replicating and thus 
further research is still needed to develop better replicating material to get rid of air bub-
bles in the mixture and thus unwanted holes on the replica surfaces. More precise deter-
mination of mortar composition could also help to solve this problem and at the same 
time it would help to determine strength and friction properties of the concrete more 
precisely compared to the commercial mortar products.  
 
After replicating, the replica samples with five different scaling were shear box tested. 
In addition to these replicated samples two samples with smooth surfaces were tested to 
evaluate what is the friction component of the shear strength for the smooth concrete 
surface. The shear test result evaluation was performed based on assumption that for ini-
tially perfectly matched joint surfaces any scale effect shouldn’t occur. Therefore, all 
potential loss in shear strength between the most and less downscaled samples should be 
induced only by loss of geometrical features of a surface during the downscaling and 
replicating.  
 
The reached shear test results showed so major scatter that based on those results it is 
still hard to draw any specific conclusion about the loss of geometrical features. Some 
of the scatter is of course natural when the roughness of the surface varies at the differ-
ent parts of the rock plate. From the vertical movement data of the sample surfaces can 
conclusion be drawn that some of this scatter is additionally however affected by the in-
itial mismatching of the joint surfaces when some samples showed negative vertical 
movement values at the start of the shearing. In the future studies the both casting pro-
cedure and the shear testing situations have to be better controlled to avoid unwanted in-
itial mismatching of the samples. Also determination of matedness values for the sam-
ples under testing should be considered as an important factor for future studies.  
 
 The average shear strength values of similarly downscaled sample classes however 
showed decrease as function of downscaling factor from scale 1:1 to scale 1:10 as ex-
pected. Similar decrease occurred both for the peak and residual shear strength values. 
In the evaluation of the results this decrease was assumed to be linear and the results 
were analyzed using linear trend line fitted to the shear strength result points. The val-
ues got from the trend line for the different scales were then compared to the friction 
component value got from the shear tests of the samples with smooth surfaces. Then, 
the roughness component values of the replica surfaces were calculated as differences 
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between the shear strength values and the friction component value. As a result, the av-
erage roughness component value for the peak shear strength results in 1:10 scale was 
59 % of the value in 1:1 scale. Same percentage for the residual strength values was 56 
%. However, the linear decrease of the values is only assumption and significantly more 
tests are needed to verify the real behavior of the strength values.   
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Appendix 1 
  
Shear box test results
Sample 1x17

Normal force pump pressure 4,5 Mpa Sample length 170 mm
Shear force cylinder diameter 38 mm Sample width 60 mm
Shear force cylinder area 1134 mm^2 Sample surface area 10200 mm^2
Start shear pressure 0,27 MPa
Spring resistance 0,006 Mpa/mm

Logged pressure in Pressure used for 
Horizonta Vertical shearing (Mpa)

0 0
0,025 -7
0,05 -10
0,075 -11

0,1 -15
0,2 -41
0,3 -43
0,4 -45
0,5 -44
0,6 -43
0,7 -42
0,8 -40
0,9 -40
1 -40

1,1
1,2
1,3
1,4
1,5
1,6
1,7
1,8
1,9
2 -33

2,1
2,2
2,3
2,4
2,5
2,6
2,7
2,8
2,9
3 -25

3,1
3,2
3,3
3,4
3,5
3,6
3,7
3,8
3,9
4 -15

4,1
4,2
4,3
4,4
4,5
4,6
4,7
4,8
4,9
5 8

0,48
0,47
0,47
0,47
0,46
0,47

0,49
0,48
0,46
0,47
0,47
0,47

0,51
0,50
0,50
0,49
0,50
0,50

0,56
0,54
0,54
0,54
0,52
0,49

0,60
0,60
0,58
0,59
0,58
0,57

0,65
0,64
0,64
0,63
0,62
0,61

0,66
0,66
0,65
0,66
0,64
0,64

0,53
0,56
0,59
0,61
0,64
0,63

9912
9906
9900

Shear stress at 
shear surface (MPa)

0,26
0,28
0,29
0,30
0,45

9948
9942
9936
9930
9924
9918

9984
9978
9972
9966
9960
9954

10020
10014
10008
10002
9996
9990

10056
10050
10044
10038
10032
10026

10092
10086
10080
10074
10068
10062

10128
10122
10116
10110
10104
10098

10164
10158
10152
10146
10140
10134

10195,5
10194
10188
10182
10176
10170

4,10
4,10
4,00
4,10

4,01
4,10
4,15
4,15
4,20
4,10

4,41
4,31
4,41
4,41
4,31
4,21

4,81
4,81
4,61
4,31
4,51
4,41

5,12
5,27
5,12
5,01
4,91
4,81

5,67
5,62
5,52
5,42
5,37
5,32

5,82
5,92
5,72
5,72
5,82
5,72

5,33
5,43
5,73
5,63
5,92
5,92

44
43
44

2,33
2,53
2,63
2,73
4,03
4,73
5,03

44
44,5
44,5
45
44
44

46
47
47
46
45
43

51
49
46
48
47
47

55,5
54
53
52
51
51

59
58
57

56,5
56
54

62
60
60
61
60

59,5

57
60
59
62
62
61

29
30
43
50
53
56

Dispalcement (mm)
shear force pump (bar)

Real shear surface
area (mm^2)

26
28

10198,5
10197



Appendix 2 (1/5) 
 

Appendix 2 
 

  

Shear box results for 1:1 scale samples

d [mm] 1x14 vert. 1x15 vert. 1x16 vert. 1x17 vert. Average stress
PEAK 4,2 5 2,5 5 2,2 5 1,2 5
RESID. 0,74 0,32 0,66 -0,03 0,67 0,98 0,47 -0,04 0,64
MAX 0,78 0,47 0,70 0,09 0,77 1,25 0,66 0,08 0,73

0,025 0,15 0,00 0,30 0,00 0,30 0,00 0,26 -0,07
0,05 0,18 0,00 0,33 -0,01 0,30 -0,04 0,28 -0,10

0,075 0,23 0,00 0,35 -0,21 0,31 -0,07 0,29 -0,11
0,1 0,25 0,00 0,36 -0,28 0,32 -0,10 0,30 -0,15
0,2 0,29 -0,03 0,39 -0,38 0,37 -0,15 0,45 -0,41
0,3 0,33 -0,07 0,42 -0,47 0,44 -0,24 0,53 -0,43
0,4 0,35 -0,12 0,43 -0,55 0,52 -0,18 0,56 -0,45
0,5 0,39 -0,16 0,45 -0,58 0,50 -0,16 0,59 -0,44
0,6 0,42 -0,20 0,48 -0,59 0,51 -0,14 0,61 -0,43
0,7 0,42 -0,20 0,52 -0,62 0,52 -0,09 0,64 -0,42
0,8 0,44 -0,20 0,53 -0,63 0,52 -0,05 0,63 -0,40
0,9 0,46 -0,20 0,54 -0,64 0,53 -0,01 0,66 -0,40

1 0,48 -0,20 0,57 -0,65 0,53 0,04 0,66 -0,40 0,56
1,1 0,51 -0,20 0,58 -0,64 0,54 0,04 0,65 -0,39
1,2 0,52 -0,20 0,61 -0,64 0,55 0,03 0,66 -0,39
1,3 0,53 -0,20 0,62 -0,63 0,56 0,03 0,64 -0,38
1,4 0,55 -0,20 0,63 -0,62 0,57 0,03 0,64 -0,37
1,5 0,57 -0,20 0,64 -0,62 0,59 0,03 0,65 -0,37
1,6 0,59 -0,20 0,68 -0,61 0,61 0,02 0,64 -0,36
1,7 0,61 -0,20 0,66 -0,60 0,63 0,02 0,64 -0,35
1,8 0,63 -0,20 0,68 -0,59 0,65 0,02 0,63 -0,34
1,9 0,65 -0,20 0,68 -0,59 0,76 0,01 0,62 -0,34

2 0,66 -0,20 0,68 -0,58 0,76 0,01 0,61 -0,33 0,68
2,1 0,69 -0,19 0,68 -0,56 0,74 0,03 0,60 -0,32
2,2 0,72 -0,19 0,68 -0,53 0,77 0,05 0,60 -0,31
2,3 0,72 -0,18 0,70 -0,51 0,76 0,06 0,58 -0,31
2,4 0,73 -0,17 0,69 -0,49 0,75 0,08 0,59 -0,30
2,5 0,75 -0,17 0,70 -0,47 0,72 0,10 0,58 -0,29
2,6 0,75 -0,16 0,70 -0,44 0,68 0,12 0,57 -0,28
2,7 0,75 -0,15 0,69 -0,42 0,71 0,14 0,56 -0,27
2,8 0,76 -0,14 0,69 -0,40 0,71 0,15 0,54 -0,27
2,9 0,77 -0,14 0,69 -0,37 0,71 0,17 0,54 -0,26

3 0,77 -0,13 0,69 -0,35 0,70 0,19 0,54 -0,25 0,67
3,1 0,77 -0,10 0,69 -0,33 0,74 0,24 0,52 -0,24
3,2 0,77 -0,07 0,67 -0,31 0,74 0,29 0,49 -0,23
3,3 0,76 -0,04 0,68 -0,29 0,72 0,34 0,51 -0,22
3,4 0,77 -0,01 0,67 -0,27 0,75 0,39 0,50 -0,21
3,5 0,76 0,02 0,67 -0,25 0,74 0,45 0,50 -0,20
3,6 0,75 0,04 0,67 -0,22 0,72 0,50 0,49 -0,19
3,7 0,77 0,07 0,66 -0,20 0,69 0,55 0,50 -0,18
3,8 0,76 0,10 0,68 -0,18 0,73 0,60 0,50 -0,17
3,9 0,76 0,13 0,68 -0,16 0,72 0,65 0,49 -0,16

4 0,76 0,16 0,67 -0,14 0,67 0,70 0,48 -0,15 0,65
4,1 0,75 0,19 0,67 -0,12 0,71 0,76 0,46 -0,13
4,2 0,78 0,22 0,66 -0,09 0,67 0,81 0,47 -0,10
4,3 0,76 0,25 0,66 -0,07 0,68 0,87 0,47 -0,08
4,4 0,74 0,28 0,65 -0,05 0,69 0,92 0,47 -0,06
4,5 0,75 0,32 0,65 -0,03 0,68 0,98 0,48 -0,04
4,6 0,72 0,35 0,65 0,00 0,67 1,03 0,47 -0,01
4,7 0,75 0,38 0,66 0,02 0,66 1,09 0,47 0,01
4,8 0,72 0,41 0,65 0,04 0,65 1,14 0,47 0,03
4,9 0,72 0,44 0,66 0,07 0,64 1,20 0,46 0,06

5 0,72 0,47 0,65 0,09 0,64 1,25 0,47 0,08 0,62
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Shear box results for 1:2.5 scale samples

2.5x10 vert. 2.5x11 vert. 2.5x12 vert. 2.5x13 vert. Average stress
1,7 5 1,2 5 3,5 5 2,3 5

0,62 0,96 0,60 0,92 0,69 0,16 0,63 0,60 0,64
0,80 1,01 0,78 0,94 0,77 0,18 0,73 0,71 0,77
0,23 0,00 0,28 0,00 0,07 -0,020 0,08 -0,18
0,24 0,00 0,30 0,00 0,06 -0,110 0,08 -0,18
0,26 0,00 0,33 0,00 0,06 -0,130 0,08 -0,18
0,28 0,00 0,34 0,01 0,06 -0,130 0,09 -0,18
0,34 0,00 0,37 0,08 0,10 -0,220 0,11 -0,21
0,37 0,00 0,40 0,12 0,15 -0,300 0,17 -0,27
0,38 0,04 0,43 0,19 0,19 -0,380 0,25 -0,34
0,40 0,07 0,46 0,24 0,25 -0,450 0,30 -0,40
0,42 0,09 0,51 0,30 0,30 -0,500 0,39 -0,46
0,45 0,13 0,54 0,35 0,33 -0,500 0,47 -0,48
0,66 0,22 0,57 0,40 0,35 -0,470 0,46 -0,49
0,71 0,23 0,63 0,46 0,37 -0,440 0,49 -0,49
0,75 0,25 0,72 0,52 0,39 -0,410 0,57 -0,48 0,61
0,76 0,28 0,77 0,54 0,41 -0,386 0,62 -0,45
0,78 0,31 0,78 0,56 0,43 -0,362 0,64 -0,42
0,80 0,34 0,66 0,57 0,44 -0,338 0,69 -0,38
0,79 0,37 0,71 0,59 0,45 -0,314 0,70 -0,35
0,80 0,40 0,70 0,61 0,46 -0,290 0,71 -0,32
0,79 0,42 0,70 0,63 0,46 -0,266 0,72 -0,29
0,80 0,45 0,64 0,65 0,49 -0,242 0,71 -0,26
0,79 0,48 0,69 0,66 0,50 -0,218 0,72 -0,22
0,78 0,51 0,67 0,68 0,51 -0,194 0,72 -0,19
0,76 0,54 0,68 0,70 0,49 -0,170 0,71 -0,16 0,66
0,77 0,56 0,64 0,71 0,50 -0,156 0,73 -0,13
0,71 0,58 0,67 0,72 0,52 -0,142 0,73 -0,09
0,76 0,59 0,65 0,73 0,53 -0,128 0,73 -0,06
0,75 0,61 0,64 0,74 0,55 -0,114 0,72 -0,02
0,74 0,63 0,66 0,76 0,58 -0,100 0,72 0,02
0,73 0,65 0,61 0,77 0,62 -0,086 0,72 0,05
0,69 0,67 0,63 0,78 0,67 -0,072 0,71 0,09
0,70 0,68 0,62 0,79 0,67 -0,058 0,71 0,12
0,69 0,70 0,61 0,80 0,68 -0,044 0,71 0,16
0,69 0,72 0,61 0,81 0,73 -0,030 0,71 0,19 0,69
0,69 0,74 0,64 0,82 0,74 -0,013 0,69 0,22
0,66 0,76 0,62 0,83 0,76 0,004 0,69 0,25
0,66 0,77 0,62 0,84 0,76 0,021 0,69 0,28
0,65 0,79 0,62 0,85 0,77 0,038 0,68 0,31
0,66 0,81 0,60 0,86 0,77 0,055 0,68 0,34
0,66 0,83 0,58 0,86 0,76 0,072 0,68 0,37
0,65 0,85 0,61 0,87 0,74 0,089 0,67 0,40
0,64 0,86 0,60 0,88 0,74 0,106 0,65 0,43
0,65 0,88 0,60 0,89 0,72 0,123 0,65 0,46
0,64 0,90 0,59 0,90 0,70 0,140 0,63 0,49 0,64
0,63 0,91 0,61 0,90 0,73 0,144 0,64 0,51
0,64 0,92 0,60 0,91 0,73 0,148 0,64 0,53
0,63 0,93 0,59 0,91 0,70 0,152 0,64 0,56
0,65 0,94 0,58 0,92 0,69 0,156 0,64 0,58
0,63 0,96 0,61 0,92 0,71 0,160 0,64 0,60
0,61 0,97 0,61 0,92 0,70 0,164 0,64 0,62
0,62 0,98 0,59 0,93 0,69 0,168 0,63 0,64
0,61 0,99 0,60 0,93 0,68 0,172 0,62 0,67
0,61 1,00 0,59 0,94 0,67 0,176 0,61 0,69
0,61 1,01 0,58 0,94 0,65 0,180 0,61 0,71 0,61
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Shear box results for 1:5 scale samples

5x6 vert. 5x7 vert. 5x8 vert. 5x9 vert. Average stress
2,8 5 0,2 5 0,2 4 3,5 0,025

0,60 0,09 0,46 1,75 0,56 0,09 0,59 -1,38 0,55
0,75 0,10 0,70 1,76 0,66 0,15 0,60 -0,05 0,68
0,09 0,00 0,44 -0,42 0,33 -0,05 0,14 -0,05
0,09 0,00 0,48 -0,64 0,57 -0,18 0,15 -0,07
0,09 0,00 0,51 -0,66 0,62 -0,18 0,16 -0,07
0,09 0,00 0,55 -0,69 0,64 -0,18 0,17 -0,07
0,14 0,00 0,70 -0,63 0,66 -0,18 0,19 -0,07
0,17 0,00 0,67 -0,30 0,65 -0,15 0,20 -0,27
0,20 0,00 0,57 0,14 0,64 -0,06 0,24 -0,36
0,24 0,00 0,53 0,26 0,62 -0,06 0,26 -0,37
0,28 0,00 0,53 0,38 0,61 -0,06 0,27 -0,46
0,30 0,00 0,51 0,45 0,59 -0,06 0,30 -0,52
0,35 0,00 0,51 0,49 0,59 -0,06 0,33 -0,57
0,39 0,00 0,53 0,53 0,58 -0,06 0,35 -0,62
0,44 0,00 0,53 0,57 0,55 -0,06 0,37 -0,68 0,47
0,47 0,00 0,52 0,62 0,53 -0,06 0,37 -0,73
0,51 0,00 0,51 0,67 0,53 -0,06 0,30 -0,78
0,52 -0,01 0,48 0,71 0,54 -0,05 0,35 -0,82
0,56 -0,01 0,45 0,76 0,55 -0,05 0,39 -0,87
0,59 -0,01 0,48 0,81 0,53 -0,05 0,42 -0,92
0,61 -0,01 0,51 0,86 0,54 -0,05 0,44 -0,97
0,64 -0,01 0,48 0,91 0,53 -0,05 0,47 -1,02
0,65 -0,02 0,50 0,95 0,53 -0,04 0,49 -1,06
0,69 -0,02 0,50 1,00 0,53 -0,04 0,51 -1,11
0,69 -0,02 0,49 1,05 0,53 -0,04 0,51 -1,16 0,55
0,72 -0,02 0,50 1,08 0,53 -0,03 0,53 -1,18
0,71 -0,01 0,51 1,11 0,54 -0,02 0,54 -1,20
0,73 -0,01 0,46 1,13 0,53 -0,01 0,54 -1,23
0,73 0,00 0,48 1,16 0,55 0,00 0,57 -1,25
0,75 0,01 0,49 1,19 0,55 0,01 0,58 -1,27
0,75 0,01 0,48 1,22 0,55 0,02 0,59 -1,29
0,75 0,02 0,49 1,25 0,56 0,03 0,58 -1,31
0,75 0,02 0,49 1,27 0,56 0,04 0,60 -1,34
0,73 0,03 0,49 1,30 0,56 0,05 0,60 -1,36
0,71 0,03 0,47 1,33 0,56 0,06 0,60 -1,38 0,58
0,71 0,04 0,49 1,37 0,56 0,07 0,59 -1,38
0,71 0,04 0,49 1,41 0,56 0,08 0,60 -1,38
0,71 0,05 0,48 1,45 0,56 0,09 0,60 -1,38
0,69 0,05 0,48 1,49 0,56 0,10 0,60 -1,38
0,68 0,06 0,48 1,54 0,56 0,11 0,60 -1,38
0,68 0,06 0,47 1,58 0,56 0,11 0,59 -1,38
0,65 0,07 0,47 1,62 0,56 0,12 0,59 -1,38
0,65 0,07 0,44 1,66 0,56 0,13 0,59 -1,38
0,64 0,08 0,46 1,70 0,56 0,14 0,59 -1,38
0,64 0,08 0,46 1,74 0,56 0,15 0,59 -1,38 0,56
0,62 0,08 0,46 1,74 0,56 0,14 0,60 -1,38
0,59 0,08 0,46 1,74 0,56 0,13 0,59 -1,38
0,61 0,09 0,46 1,75 0,55 0,11 0,59 -1,38
0,61 0,09 0,46 1,75 0,55 0,10 0,59 -1,38
0,60 0,09 0,46 1,75 0,55 0,09 0,58 -1,38
0,58 0,09 0,46 1,75 0,55 0,08 0,58 -1,38
0,61 0,09 0,46 1,75 0,55 0,07 0,58 -1,38
0,60 0,10 0,46 1,76 0,56 0,05 0,57 -1,38
0,60 0,10 0,46 1,76 0,56 0,04 0,58 -1,38
0,59 0,10 0,47 1,76 0,56 0,03 0,57 -1,38 0,55
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Shear box results for 1:7.5 scale samples

7.5x2 vert. 7.5x3 vert. 7.5x4 vert. 7.5x5 vert. Average stress
5 5 0,8 0,025 2,3 5 4,8 5

0,60 0,14 0,56 -0,02 0,58 0,19 0,55 0,28 0,57
0,61 0,19 0,68 0,00 0,61 0,21 0,56 0,35 0,61
0,11 -0,02 0,13 0,00 0,12 0,00 0,11 0,00
0,12 -0,02 0,15 0,00 0,13 0,00 0,14 -0,01
0,12 -0,02 0,21 0,00 0,13 0,00 0,21 -0,02
0,13 -0,02 0,27 0,00 0,14 0,00 0,25 -0,05
0,15 -0,04 0,42 -0,20 0,19 -0,01 0,31 -0,10
0,15 -0,05 0,50 -0,24 0,26 -0,02 0,37 -0,12
0,18 -0,07 0,56 -0,29 0,32 -0,03 0,44 -0,13
0,19 -0,07 0,59 -0,28 0,37 -0,06 0,48 -0,16
0,19 -0,07 0,64 -0,29 0,42 -0,06 0,52 -0,16
0,20 -0,07 0,65 -0,29 0,44 -0,06 0,54 -0,16
0,20 -0,07 0,68 -0,30 0,47 -0,05 0,51 -0,16
0,22 -0,06 0,67 -0,27 0,48 -0,03 0,49 -0,16
0,22 -0,05 0,66 -0,26 0,51 -0,01 0,48 -0,16 0,47
0,22 -0,04 0,63 -0,25 0,53 0,00 0,48 -0,15
0,23 -0,03 0,66 -0,24 0,55 0,01 0,48 -0,14
0,23 -0,02 0,62 -0,23 0,56 0,02 0,47 -0,13
0,23 -0,01 0,64 -0,22 0,57 0,03 0,48 -0,12
0,24 -0,01 0,63 -0,21 0,59 0,05 0,50 -0,11
0,24 0,00 0,62 -0,19 0,57 0,06 0,52 -0,09
0,25 0,01 0,61 -0,18 0,60 0,07 0,53 -0,08
0,26 0,02 0,61 -0,17 0,60 0,08 0,54 -0,07
0,27 0,03 0,61 -0,16 0,61 0,09 0,54 -0,06
0,27 0,04 0,61 -0,15 0,60 0,10 0,55 -0,05 0,51
0,28 0,04 0,61 -0,14 0,60 0,10 0,55 -0,04
0,28 0,05 0,61 -0,14 0,58 0,11 0,55 -0,02
0,31 0,05 0,61 -0,13 0,61 0,11 0,55 -0,01
0,31 0,05 0,61 -0,13 0,60 0,12 0,55 0,00
0,33 0,06 0,60 -0,12 0,61 0,12 0,55 0,02
0,33 0,06 0,59 -0,11 0,60 0,12 0,55 0,03
0,36 0,06 0,57 -0,11 0,60 0,13 0,56 0,04
0,36 0,06 0,60 -0,10 0,61 0,13 0,56 0,05
0,39 0,07 0,60 -0,10 0,59 0,14 0,56 0,07
0,42 0,07 0,60 -0,09 0,59 0,14 0,56 0,08 0,54
0,43 0,07 0,59 -0,08 0,60 0,14 0,56 0,09
0,43 0,07 0,58 -0,08 0,58 0,15 0,56 0,11
0,48 0,07 0,59 -0,07 0,58 0,15 0,56 0,12
0,50 0,07 0,58 -0,07 0,60 0,15 0,56 0,13
0,51 0,08 0,58 -0,06 0,60 0,16 0,56 0,15
0,53 0,08 0,57 -0,05 0,58 0,16 0,55 0,16
0,54 0,08 0,57 -0,05 0,57 0,16 0,56 0,17
0,57 0,08 0,58 -0,04 0,57 0,16 0,56 0,18
0,58 0,08 0,57 -0,04 0,59 0,17 0,56 0,20
0,59 0,08 0,58 -0,03 0,58 0,17 0,56 0,21 0,58
0,59 0,09 0,55 -0,03 0,58 0,17 0,56 0,22
0,60 0,10 0,56 -0,02 0,58 0,18 0,56 0,24
0,61 0,11 0,56 -0,02 0,58 0,18 0,56 0,25
0,61 0,12 0,54 -0,02 0,58 0,19 0,56 0,27
0,59 0,14 0,56 -0,02 0,57 0,19 0,56 0,28
0,58 0,15 0,56 -0,01 0,58 0,19 0,55 0,29
0,59 0,16 0,56 -0,01 0,57 0,20 0,54 0,31
0,60 0,17 0,55 -0,01 0,59 0,20 0,56 0,32
0,61 0,18 0,55 0,00 0,58 0,21 0,55 0,34
0,61 0,19 0,54 0,00 0,56 0,21 0,54 0,35 0,56
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Results for
1:10 sample
10x1 vert.

2,7 0,025
0,56 -0,48
0,65 -0,03
0,13 -0,03
0,14 -0,05
0,16 -0,07
0,16 -0,08
0,18 -0,15
0,22 -0,21
0,24 -0,27
0,26 -0,32
0,28 -1,09
0,30 -0,62
0,33 -0,62
0,35 -0,62
0,37 -0,62
0,38 -0,62
0,42 -0,62
0,43 -0,62
0,46 -0,62
0,47 -0,62
0,51 -0,62
0,54 -0,62
0,56 -0,62
0,59 -0,62
0,61 -0,62
0,61 -0,62
0,53 -0,62
0,63 -0,62
0,64 -0,62
0,64 -0,62
0,65 -0,62
0,65 -0,62
0,63 -0,62
0,62 -0,62
0,64 -0,62
0,61 -0,61
0,61 -0,60
0,61 -0,59
0,60 -0,58
0,60 -0,57
0,59 -0,56
0,60 -0,55
0,58 -0,54
0,56 -0,53
0,58 -0,52
0,58 -0,51
0,56 -0,50
0,57 -0,49
0,55 -0,48
0,57 -0,48
0,56 -0,47
0,55 -0,46
0,55 -0,45
0,54 -0,44
0,54 -0,43
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