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Burcu Özvan
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Abstract Surface roughness is one of the most important

parameters governing the shear strength of rock disconti-

nuities. Roughness types may vary based on genesis,

physico-mechanical, and mineralogical properties of rocks.

In this study, granite samples representing three different

weathering degrees were selected to evaluate the effects of

surface roughness and weathering degree on shear strength.

To this aim, we determined the profile roughness coeffi-

cient (PRC), profile roughness angle (PRA), and joint

roughness coefficient (JRC) for the selected fresh and

weathered granite joint samples. Values of PRC were in the

range of about 1.043–1.073, and PRA and JRC varied in

the ranges of 16.67–21.45 and 12–18, respectively.

Weathering led to the increment of joint surface roughness

of the selected granitic joints due to the higher resistance of

quartz crystals in the weathered matrix. However, the

increment in surface roughness did not result in an increase

in the shear strength. On the contrary, the shear strength of

discontinuities dramatically decreased.

Keywords Granite � Weathering � Roughness � Joint �
Shear strength

Introduction

The determination of the shear strength of dominant dis-

continuities is an important aspect for rock mass stability

calculations. The shear strength of discontinuities is con-

trolled by different factors such as surface roughness, fill-

ing material, water pressure, and discontinuity wall

compressive strength. Therefore, the above-mentioned

factors should be precisely determined to reveal the shear

strength of the discontinuities. In the literature, some dis-

continuity surface roughness parameters have been paid

more attention compared to others. A number of studies

were carried out by different researchers to determine the

relationship between joint surface roughness and the shear

strength of rock joints (Aydan et al. 1996a; Belem et al.

2000; Grasselli and Egger 2003; Ünal and Ünver 2004;

Andrade and Saraiva 2008). The joint surface roughness

was first evaluated by Barton (1973) using the joint

roughness coefficient (JRC) parameter. The JRC and the

roughness profiles developed by Barton and Choubey

(1977) are the most common tools used in rock mechanics

engineering. Many researchers have used tape line, profi-

lometer, photography, and laser techniques to measure the

surface roughness of discontinuities (Miller et al. 1989;

Milne 1990; Yoshinaka et al. 1990; Aydan et al. 1996a;

Ünal 2000; Du et al. 2009). Moreover, geo-statistical and

fractal methods have also been employed numerically to

evaluate roughness (Türk et al. 1987; Lee et al. 1990; Roko

et al. 1997; Ünal 2000).

In the same way, effects of surface roughness on shear

strength joints were investigated and considered by dif-

ferent studies (Barton and Choubey 1977; Saeb 1990; Denli

2004). In the majority of these studies, the lithological

distinction of the discontinuity wall was not made. Even

some artificial materials were used instead of natural rock
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samples to create standard test conditions. However, in

reality, discontinuity type and weathering can form dif-

ferent surface roughness profiles based on the physico-

mechanical and mineralogical properties of rock.

In our study, we attempted to assess the effect of

weathering on roughness and, in particular, how this cir-

cumstance affects shear strength rather than how surface

roughness should be described. Aydan et al. (1996a) stated

that the description of surface morphology of rock dis-

continuities was only a geometric operation, in other words

that it is the operation of describing discontinuity surface

topography. This operation includes concepts such as

height, shape, periodic ridges and the ratio of surface area

to the main area. Many empirical and analytic studies have

been conducted for this purpose. Since determining dis-

continuity surface topography is rather challenging, most

of them were based on linear profiles (Myers 1962; Sayles

and Thomas 1977; Tse and Cruden 1979; Thomas 1982;

Türk et al. 1987; Gokhale and Drury 1990; Aydan and

Shımızu 1995; Aydan et al. 1996b). While these methods

take linear profiles, today with the help of new techniques

(laser, photogrammetry), the topography of discontinuity

surface area can be produced and more precise evaluations

can be made (Grasselli and Egger 2003; Ünal and Ünver

2004; Belem et al. 2000; Sharifzadeh et al. 2008). Appar-

ently, the determination of surface roughness of disconti-

nuities is an aspect based on different grounds and is

developing rapidly. When considering linear profiles,

analytic methods outclass other methods in terms of being

practical and easy. However, such methods may prove to

be inadequate in evaluating the anisotropy of roughness

(Ünal and Ünver 2004). It can be concluded that, when

compared to each other, there are pros and cons of the

above mentioned methods.

In order to avoid the aforementioned discussion, in this

study we selected basic parameters to describe surface

roughness. Therefore, analytic methods and empiric

approaches, which are easy and practical and are based on

linear profiles, were used. Analytically, profile roughness

coefficient (PRC) and profile roughness angle (PRA) were

calculated. Empirically, the JRC, which is practically the

most commonly used method to describe the surface

roughness of profiles (Barton and Choubey 1977), was

evaluated. While the fact that JRC is determined as a result

of comparisons with these suggested typical profiles pro-

vides superiority in terms of being an easy and practical

method, it has some disadvantages due to being subjective.

The most important reason for selecting these parameters is

that they are easier and more practical when compared to

other complex and difficult methods, and also widely used.

Moreover, since the consideration of how surface rough-

ness parameters should be determined was not one of the

primary goals of this study, these parameters (which can be

determined in the most practical way) were selected to

investigate the influence of surface roughness and weath-

ering on the shear strength of rock joints.

The granite samples of three different weathering degrees

were selected to evaluate the effect of surface roughness and

weathering on shear strength in the current study. Natural

rock joints were collected from boreholes drilled in the

granitic layers that crop out in northern Turkey (Fig. 1). The

surface roughness of the samples was determined in accor-

dance with the roughness profiles proposed by Barton and

Choubey (1977) using a profilometer. Additionally, the

profile roughness coefficient (PRC) and the profile roughness

angle (PRA) were calculated based on the methods suggested

by Gokhale and Drury (1990) and Türk et al. (1987),

respectively. The shear strength of samples was measured by

direct shear tests at the laboratory. Finally, the effects of

weathering on surface roughness and the shear strength of

granitic rock joints were evaluated based on the tests results,

and the roughness parameters were correlated with the shear

strength of the granitic rock joints under selected normal

stress conditions.

Geological, petrographical, and physico-mechanical

properties of granites

Granitic plutons, which outcrop in northern Turkey, were

classified in three different phases by Yılmaz (1995). The

Fig. 1 Location map of the granite samples. Modified from MTA

(2002)
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first one consists of quartz monzonite, diorite, and granites.

The second one consists of syenite and quartz syenite. The

last one is represented by diorite and gabbros, which are

Eocene aged. All granitic layers range in age from Creta-

ceous to lower Tertiary (Yılmaz 1995). Rock joint samples

were obtained from three different boreholes that were

drilled for geotechnical investigations in northern Turkey

(Fig. 2a, b). The tectonic structures between the Upper

Cretaceous and Miocene, such as E–W trending trust

faults, NW–SE, NE–SW trending strike-slip faults, and

discontinuity surfaces within the plutonic rocks comprise

the main tectonic features of the study area (Yılmaz 1995).

The boreholes reveal different weathering degrees, con-

sisting of fresh (G1), slightly weathered (G2), and moder-

ately weathered (G3) granites. The weathering degrees were

identified as grades I, II, and III based on Hencher and Martin

(1982), categorizing the weathered granite into six degrees:

fresh rock, slightly weathered, moderately weathered, highly

weathered, completely weathered, and residual soil. In the

study area, these weathering degrees were observed for the

examined granitic rocks.

The thin sections of granite samples were examined

under a polarizing microscope to identify average grain

size, grain shape, grain contact type, and modal composi-

tion. Some thin section images of samples are shown in

Fig. 3. Fresh granite samples mainly consist of subhedral to

anhedral tabular plagioclase, anhedral quartz, and euhedral

to subhedral biotite. A few micro-cracks were observed in

quartz minerals with white color. Plagioclase minerals

were detected in decomposed form. Slightly weathered

granites consist of tabular plagioclase, anhedral quartz, and

Fig. 2 a Core box and b typical rock core with joints used in the

shear tests

Fig. 3 Thin sections of fresh, slightly, and moderately weathered granite
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euhedral to subhedral biotite. The biotite is slightly chlor-

itized and the orthoclase is partly altered. Moderately

weathered granites mainly consist of subhedral to anhedral

tabular plagioclase, quartz, biotite, orthoclase, chlorite, and

hornblende. In the thin sections, the granites showed a

hypidimorphic texture. Quartz minerals are highly cracked.

Chlorite is partially or completely replaced by biotite,

intensely observed in thin sections of moderately weath-

ered granite. Orthoclase is partly altered.

The physico-mechanical properties of the granitic rocks

were determined by means of laboratory tests in accor-

dance with the ISRM Suggested Methods (2007). The

median values of dry unit weight (cd), uniaxial compressive

strength (UCS), and P-wave velocity (Vp) are presented in

Table 1. The UCS of fresh, slightly, and moderately

weathered granites are 172, 117, and 79 MPa, respectively.

According to Deere and Miller (1966), they are classified

as very strong, strong, and medium strong rock,

respectively.

Joint surface roughness of granites

Aydan and Shimizu (1995) stated that the effect of

roughness on the shear strength of discontinuities was

dependent on the genesis of rock discontinuities. They also

classified discontinuities into three categories based on the

order of their occurrences, which were primary disconti-

nuities (related with the genesis of rocks), secondary dis-

continuities (depending on desiccation, cooling, and

freezing) and tertiary discontinuities (depending on tec-

tonic forces). The discontinuities in the granites used in this

study are generally primary and secondary discontinuities

and can be defined as ‘‘flow plains’’, ‘‘grain planes’’,

‘‘sheeting planes’’, and ‘‘hardway planes’’, based on Aydan

and Shimizu (1995). These discontinuities emerged as a

result of tensile stress and show an undulated structure.

A total of nine joint samples were obtained from granite

cores with three different weathering degrees. In the granite

samples used in this study, the primary roughness of the

discontinuity planes, which are related to the genesis of the

rock and develop due to cooling, shows changes depending

on weathering. In the samples, we have observed an

increased roughness in the shape of ridges by quartz min-

erals as a result of feldspar weathering. In general, dis-

continuities can be stepped, undulated, or planar based on

their occurrence. Surface roughness develops in different

ways in each one of these. The highest shear strength is

obtained in the stepped types. According to ISRM (2007),

maximum shear strength depends on normal stress and the

degree of surface roughness. Aydan and Shimizu (1995)

stated that maximum shear stress would occur perpendic-

ular to axes of the ridges causing roughness because of

dilatation. It is clear that there is a strong relationship

between surface roughness and shear strength; therefore,

PRC and PRA were also selected in this study. The fol-

lowing processes were performed in order to determine

these parameters.

The cross-sectional view of the roughness profiles for

each sample was drawn. Eight profiling lines were selected

for the evaluation of the joint surface roughness (Fig. 4).

The roughness profiles of the granite joints were measured

with the aid of a mechanical needle profilometer. Measured

profiles of weathered and fresh granite joint surfaces were

transformed into image files by digital scanning. The

roughness profiles were digitized using software to mea-

sure the actual length (LA) and the length of profiles (LL).

The profile roughness coefficient (PRC) and profile

roughness angle (PRA) were calculated using the equations

of Gokhale and Drury (1990) and Türk et al. (1987),

respectively, as follows:

PRC ¼ LA

LL

ð1Þ

PRA ¼ cos�1 LL

LA

: ð2Þ

In addition, the joint roughness of the granitic samples

was quantified as JRC, as suggested by Barton and Chou-

bey (1977), with respect to the measurements of surface

roughness amplitude from a straight edge (Barton 1973).

Aydan and Shimizu (1995) and Aydan et al. (1996b)

stated that while one of the most significant problems of

determining surface roughness was sampling interval, there

were no guidelines regarding this issue until the these papers.

The primary procedures and checks that are the most fun-

damental requirements in order to have representative values

of surface roughness parameters were first suggested by

Aydan and Shimizu (1995) and Aydan et al (1996b). These

authors, who stated that this interval cannot be smaller than

1 mm, used 2 mm as a sampling interval in their studies.

In this study, a mechanic needle-type profilometer with

0.5-mm diameter needles was used, which is difficult to

Table 1 Physico-mechanical properties of samples

Sample description Dry unit

weight

cd (kN/m3)

Uniaxial

compressive

strength

UCS (MPa)

P-wave

velocity

Vp (km/s)

Median N Median N Median N

Fresh granite 26.8 (3) 172 (3) 6.07 (3)

Slightly weathered

granite

26.4 (3) 117 (3) 5.36 (3)

Moderately weathered

granite

25.6 (3) 79 (3) 4.35 (3)

N number of tests
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control manually for low sampling intervals such as 2 mm.

Also, Aydan and Shimizu (1995) indicated that in some

parameters (e.g., CLAH-Centre-line average height) the

effect of the sampling interval was negligible. Therefore, in

order to carry out a systematical sampling on the rock

samples, the above mentioned roughness parameters were

determined for eight different profiles that were parallel,

perpendicular, and diagonal to the shear direction (Fig. 4)

in this study. The distance between parallel profiles was

chosen as 12 mm. In Fig. 5a, b, change of the roughness

parameters is given based on the different directions. As it

can be seen in the figure, the change of roughness param-

eters as per the directions is insignificant in the granite

samples. This is because the system for defining joint

surface roughness (sampling intervals, profile lengths, etc.)

used to determine discontinuity is insufficient for evaluat-

ing the discontinuity based on the directions in this study.

Therefore, joint roughness parameters based on direction

are not set forth as explained by Aydan and Shimizu (1995)

and Aydan et al. (1996b). Also, it should not be derived

from Fig. 5a, b that the surface morphology parameters are

unchanged based on directions. Additionally, maximum

shear stress would occur perpendicularly to the axes of the

ridges, causing roughness because of dilation (Aydan and

Shımızu 1995). Because of this, evaluations towards shear

Fig. 4 a Plane view of profiling lines, b roughness measurement

using a mechanical needle profilometer, and c typical view of joint

surface profiles (sample no: G1-1)

Fig. 5 Surface roughness parameters for the three weathering

degrees (considered the median values)
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strength were made using the roughness parameters

obtained through the profiles parallel to the shear direction.

Surface roughness parameters of PRC, PRA, and JRC

were obtained from the three profiles, parallel to the shear

direction, and the median values of the roughness parameters

were given for each sample (Table 2). Hencher et al. (2011)

indicated that a series of shear tests on different samples of a

joint will often yield very wide scatter, which is simply not

interpretable without correcting for sample-specific dilation.

Because of this reason, very similar surface roughness

samples were selected for each weathered granite degree, as

seen in Table 2. Accordingly, the PRC values vary between

1.043 and 1.073, whereas the PRA and JRC differ from 16.67

to 21.45 and 12 to 18, respectively. As seen from Fig. 5c,

roughness coefficients and angle obviously rise with the

increasing weathering degree. The moderately weathered

granites have the highest roughness parameters. Weathering

led to the increment of joint surface roughness of selected

granitic rocks due to the resistance of quartz crystals in the

weathered matrix. The effect of increasing roughness with

weathering on the shear strength of discontinuities is dis-

cussed in the following sections.

Shear strength of granites

Direct shear tests were carried out according to the ISRM

Suggested Method (2007) using the portable direct shear

machine (Fig. 6) under three different normal stress conditions

(0.33, 0.66, and 0.99 MPa). At least three samples were tested

for each weathering class. Therefore, a total of nine natural

granite joints were tested in this study to evaluate the effects of

Table 2 Surface roughness parameters (PRC, PRA, and JRC) of samples

Sample no. PRC PRA JRC Sample description

Max Min Median Max Min Median

G1-1 1.048 1.041 1.043 17.52 16.01 16.67 12 Fresh granite

G1-2 1.046 1.037 1.042 17.15 15.42 16.45 12 Fresh granite

G1-3 1.046 1.036 1.042 17.06 15.31 16.35 12 Fresh granite

G2-1 1.058 1.055 1.056 19.72 17.91 18.86 16 Slightly weathered granite

G2-2 1.061 1.049 1.055 19.54 17.72 18.72 16 Slightly weathered granite

G2-3 1.059 1.048 1.055 19.36 17.52 18.58 16 Slightly weathered granite

G3-1 1.075 1.065 1.071 21.56 20.22 21.01 18 Moderately weathered granite

G3-2 1.073 1.066 1.072 21.68 20.34 21.13 18 Moderately weathered granite

G3-3 1.074 1.067 1.073 21.79 20.46 21.25 18 Moderately weathered granite

JRC joint roughness coefficient suggested by Barton and Bandis (1982), PRC profile roughness coefficient, PRA profile roughness angle

Fig. 6 a General view of the

portable shear test machine, b,

c fixing of shear boxes in the

shear machine
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surface roughness on the shear strength. The samples were

fixed into the moulds and were hardened with plaster. Subse-

quently, the shear boxes were set into the portable shear

machine and were sheared until the residual stress was reached.

Shear rates were selected as 0.1 and 0.3 mm/min. Total shear

displacement ranged between 7.0 and 12.0 mm.

Shear stress-shear displacement curves under the normal

stresses of 0.33, 0.66, and 0.99 MPa are plotted in Fig. 7.

As expected, the shear strength of fresh granite was higher

than that of moderately weathered granite after the tests. At

the same time, shear stress and displacement curves attain

steady-state conditions just after reaching peak stress for

moderately weathered granite. But, shear stress and dis-

placement curves do not show a similar behavior for fresh

granite and slightly weathered granite even. In these cases

some alterations can be observed. This point can be

explained by the fact that effects of surface roughness on

shear strength for moderately weathered granites are

completely removed after reaching peak strength.

Figure 8a, b show the failure envelopes of peak and

residual shear stress for differently weathered granite cores.

As seen from Fig. 8, the failure envelope is strongly

dependent on the weathering degree. The peak strength line

has a slope of / (friction angle) and an intercept of c

(apparent cohesion) on the shear strength axis. The friction

angles of fresh granite, slightly weathered granite, and

moderately weathered granite are 36�, 30�, and 26�,

Fig. 7 Shear stress-shear displacement curves under the normal

stress of a 0.33 MPa, b 0.66 MPa, and c 0.99 MPa Fig. 8 Failure envelopes for a peak and b residual shear stresses
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respectively. The friction angles decrease with respect to the

increment of the weathering degree. The same relationship

was also observed for residual strength conditions (Fig. 8b).

Also, some scatterings are observed in the test results pre-

sented in Fig. 8b. This effect is especially valid for slightly

weathered granite and moderately weathered granite in this

study. The selected rock joint samples for each weathering

degree may display small differences in their surface

roughness and wall strength. Since their shear behavior is

very sensitive to these characteristics, small scattering of the

test results may be observed, as displayed in Fig. 8b.

In the literature, the first non-linear strength criterion for

rock joints was developed by Barton (1973). He used joint

strength data reported in previous studies. The criterion

was revised by Barton and Choubey (1977) based on their

130 direct shear test results. The shear strength equation

was revised as:

s ¼ rn tan /r þ JRC log10

JCS

rn

� �� �
; ð3Þ

where JRC is the joint roughness coefficient, JCS is the joint

wall compressive strength, and /r is the residual friction

angle. JCS is equal to the unconfined compressive strength

(UCS) of the rock if the joint is unweathered. However, JCS

may be reduced up to 75 % when the walls of the joint are

weathered (Bell 2007). Already, Barton (1973) had stated

that a ratio of JCS/UCS equal to 1/4 could be used for

weathered rocks when no direct measurements were avail-

able. In this study, JCS values were estimated from UCS

(Table 2). Two cases were considered; in Fig. 9a, JCS

values were considered equal to UCS, while in Fig. 9b, JCS

values for the weathered granite joints were reduced by

75 % to 29 and 20 MPa. The residual friction angle was

obtained via direct shear tests that were carried out in this

study. Accordingly, the residual friction angle of the fresh

granite, slightly weathered granite, and moderately weath-

ered granite are 32�, 27�, and 22�, respectively. JRC values

are taken from Table 2 for each sample. Fig. 9a, b shows

the failure envelopes obtained by using both the UCS values

directly and the decreased UCS values for weathered sam-

ples. As seen from Fig. 9a, the curves obtained by using

UCS values directly are very different from the experi-

mental results. Furthermore, the curve of the unweathered

(fresh) sample is located between the slightly and moder-

ately weathered samples, which create an anomalous situ-

ation. Figure 9b is established using reduced JCS values for

the slightly and moderately weathered samples. It is clearly

seen that the curves obtained in this form are more com-

patible with the experimental results.

At the same time, a different shear strength formula

proposed by Aydan et al. (1996b) was used to evaluate the

test results. The formula was suggested for rock disconti-

nuities having rough surface topography, as follows:

s ¼ c 1� exp �B1rnð Þð Þ þ rn tan /i þ A2 exp �B2rnð Þ½ �;
ð4Þ

where s is shear stress, rn is normal stress, c is the cohesion

of wall rock, A2, B1, B2 are coefficients, /i is the friction

angle of wall rock, and /a is the base friction angle of

discontinuity. If the normal stresses are not high enough to

cause shearing of asperities, the shear strength of the

discontinuities should be purely frictional. In this case,

Fig. 9 Correlation of non-

linear strength envelopes

(Barton and Choubey 1977)

with experimental data. a JCS is

equal to UCS, b correlation of

Aydan et al. (1996a, b) and

Barton and Choubey (1977)

with JCS results in reduced

UCS by 75 % for slightly and

moderately weathered granite

samples
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cohesion should be neglected and the shear strength of the

discontinuities can be written as:

s ¼ rn tan /i þ A2 exp �B2rnð Þ½ � ð5Þ
A2 ¼ tan /a � tan /i ð6Þ

B2 ¼
tan /a � tan /i

rt

; ð7Þ

where, rt is the tensile strength of hard rocks. More

technical details of the formula are available from Aydan

et al. (1996b). Input parameters and obtained curves are

given in Fig. 9b. As seen in Fig. 9b, the failure envelope

obtained by using the Barton and Choubey (1977) failure

criterion is observed as above of the linear failure

envelope that was obtained experimentally. However, the

work of Aydan et al. (1996b) is substantially consistent

with the experimental results and is also more compatible

than that of Barton and Choubey (1977). The curvilinear

criterion is seen to fit the data well at low normal

stresses; the effect of the weathering is clearly seen in

the figure. The failure envelope of the moderately

weathered granite is seen as at the bottom. In addition to

this, in weathered granites, discontinuity wall strength is

more effective on the shear strength of discontinuity

planes than on other parameters.

Fig. 10 Relationships between surface roughness parameters (PRC,

PRA, and JRC) and peak shear strength for the different selected

normal stresses

Fig. 11 Relationships between surface roughness parameters (PRC,

PRA, and JRC) and residual shear strength for the different normal

stresses
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Evaluation of the effects of surface roughness on shear

strength

In the previous sections, the joint surface roughness and

shear strength of granitic rocks were evaluated for different

weathering degrees. The peak and residual shear strengths

evaluated from the shear tests under the selected normal

stresses are depicted in Figs. 10 and 11. Moreover, the

relationship between peak shear strength and joint surface

roughness parameters (PRC, PRA and JRC) are also shown

in the same figures. It is easily recognized that an inverse

relationship exists between the shear strength and PRC,

PRA, and JRC. Logarithmic trends are presented at all

selected normal stresses (0.33, 0.66, and 0.99 MPa). The

highest shear strength was obtained for fresh granites,

which have the lowest joint surface roughness parameters.

This relationship was similarly observed for all normal

stress conditions. On the contrary, the highest shear

strength was not obtained for the highest joint surface

roughness in this study, showing that the weathering degree

is much more relevant for the shear strength of granitic

joints than the roughness parameters. The relationships

between joint shear strength and physico-mechanical

properties (UCS and P-wave velocity) for the 0.33, 0.66,

and 0.99 MPa of normal stress are shown in Figs. 12 and

13. The shear strength increases with the increment of UCS

and Vp. Positive logarithmic trends are presented for all

selected normal stress levels.

After the tests, serious degradation of the roughness was

observed for the moderately weathered granite joint sur-

faces. However, similar deformations were not recognized

for the fresh granites joints. This detail can be clearly

observed in Fig. 14. Therefore, the joint surface roughness

of the tested granite samples was re-evaluated due to the

fact that the roughness parameters (PRC, PRA, and JRC)

had changed after the tests. The correlations of the

roughness parameters before and after the tests are pre-

sented in Fig. 15. After the test, the values of PRC range

between 1.037 and 1.048; and PRA and JRC vary between

15.48 and 17.49 and between 10 and 12, respectively. The

reduction in roughness parameters after the test may be up

to 33 % when compared to the roughness parameters

before the test.

Fig. 13 Relationships between physico-mechanical properties (UCS

and Vp) and residual shear strength for the different selected normal

stresses

Fig. 12 Relationships between physico-mechanical properties (UCS

and Vp) and peak shear strength for the different selected normal

stresses
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Conclusions

Based on the results of the present study performed on gra-

nitic rock joints, the following conclusions are drawn.

The roughness coefficients and angle clearly increase

with the weathering degree due to the higher resistance of

the quartz crystals in the weathered matrix. The roughness

parameters of weathered granite are higher than those of

fresh granite. Weathering leads to the increment of joint

surface roughness of selected granitic rocks.

Peak friction angle of joints of fresh, slightly weathered,

and moderately weathered granite are 36�, 30�, and 26�,

respectively. The friction angles decrease due to the

increment of the weathering degree. While joint surface

roughness increases, the shear strength decreases with

respect to the increment of the weathering degree.

After the tests, serious degradation was observed on the

joint surfaces of weathered granites. The reduction of the

roughness parameters after the test may be up to a 33 %

decrease when compared to the original roughness

parameters.

The results indicate that the physico-mechanical

parameters such as UCS and P-wave velocity are more

effective than joints surface roughness parameters on the

shear strength of weathered granitic rocks. An inverse

relationship between surface roughness parameters and

shear strength was observed for weathered granitic rocks,

although weathering causes an increase in surface rough-

ness. However, the increment in surface roughness did not

result in an increase in shear strength. On the contrary, a

significant decrease was identified. The effect of surface

roughness on the shear strength was prevented by the

Fig. 14 View of joint surface

degradation after the shear test

The effects of discontinuity surface roughness 811

123



decreasing wall strength of joints. Serious degradation and

wear occurred at high shear and normal stress levels,

especially in moderately weathered granites.
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