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Abstract Over last decades, basic friction angle has
been considered as one of the essential components of
the developed criteria for shear strength of rock joints
and thus an important input parameter in numerical
modeling of the rock mass. This parameter is either
measured by tilt test or by direct shear test on flat
surfaces that are mostly saw-cut. While this parameter
has been used in the proposed rock shear strength
criteria as a constant rock property, researchers have
reported a wide range for it. In this paper, the
substantial impact of sample preparation and surface
polishing on the obtained results of basic friction angle
was shown by tilt and saw-cut tests (two common
methods for evaluation the basic friction angle with
two different levels of normal stresses) on two types of
limestone. The results showed, based on the surface
polishing, the basic friction angle measured by tilt test
is approximately 10 degrees greater than the one
measured by the direct shear test. Also, the results
displayed that the range of variations of the basic
friction angles of the tilt tests was more than the shear
test results. Combining the results of this study with
the other published works showed that the basic
friction angle was found to vary with different factors,
instead of being unique and constant.
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1 Introduction

The basic friction angle (¢,) plays a key role when
estimating the shear strength of discontinuities for
rock engineering projects and it has been considered as
one of the essential components of the developed
criteria for shear strength of rock joints and thus an
important input parameter in numerical modeling of
rock mass containing discontinuities. Basic friction is
the frictional component of shear strength for a planar
or effectively planar discontinuity i.e. independent of
any roughness component causing dilation during
shear that is measured in residual shear tests conducted
on perfectly flat and fresh surfaces. However, the
friction angle between two flat surfaces of the rock, is
independent of scale but the peak friction angle, ¢y, is
dependent upon the surface topography, i, which
decreases with increasing scale (Bandis et al. 1981).
After Mohr—Coulomb failure criterion as the first
model for predicting shear strength of rock joints
(friction angle, ¢, and cohesion, c), Patton (1966)
seems to be the first who has introduced ¢, in a
constitutive model for rock joints. The peak friction
angle (@) is the sum of the dilation angle (i)
determined by the roughness of the joint and the basic
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friction angle (¢,) of the rock. He proposed the
following bilinear failure criterion:

7 = 0, - tan(¢,, + i) (Forlow normal stresses) (1)

7, = 0, - tan(¢,) (For high normal stresses) (2)

where 1 is the peak shear strength, 7, is the residual
shear strength, ¢, is the normal stress, and i is the angle
of the “saw-tooth” asperities with respect to the shear
direction. In Patton (1966) criterion ¢, is the angle of
frictional sliding resistance that changes with the
surface characteristics of the rock and can be achieved
after large displacements have happened along macro-
scopically smooth and flat but microscopically irreg-
ular surfaces, and ¢, is the residual friction angle that
obtained from the asymptotic minimum values of
shear strength following large displacements.
Ladanyi and Archambault (1969) proposed a new
nonlinear criterion containing basic friction angle:

_o(l —ay)(V+tang,) + as(o - tan @, + 11 - ¢;)
B 1 — (1 —ay)(v. tan @y)

(3)

where ¢, is the frictional resistance along the contact
surfaces of the asperities, ¢; is the friction angle of the
intact rock material equivalent to ¢,, 1 is the degree of
interlocking, ¢; is the cohesion of the intact rock
material, v = v, /u, is the ratio of displacement at the
peak, v, is the horizontal displacement at the peak, a;
is the shear area ratio, and o is the statistical average
value of friction angle that is assessed when sliding
occurs along the irregularities of different orientations.

Next was Barton (1973) who proposed an empirical
shear failure criterion containing basic friction angle:

T = 0, - tan(¢, + JRC - log,,(JCS/a,)) (4)

where @, is the basic friction angle for unweathered
surfaces (It is replaced by ¢, in the case of rough and
weathered surfaces), JRC (Joint Roughness Coeffi-
cient) is a parameter that represents the roughness of
the joint and JCS (Joint Compression Strength) is the
compressive strength of the rock on the joint surface.
The residual strength value on the rough and weath-
ered surface is obtained when the sample is sheared at
constant normal stress, and over a shear displacement
of 1 cm, the shear strength readings show no more
than 5% variation (Brown 1981).
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Barton and Choubey (1977) has proposed the
following equation between ¢, and ¢,:

(o] r o
0, = 20"+ 2 (¢, — 20°) 5)

where 7 is the Schmidt hammer rebound on the
weathered joint surface and R is the Schmidt hammer
rebound on the unweathered rock surface. It can be
inferred that if the surface is not weathered ¢, and ¢,
are the same.

After Barton (1973), many other researchers such
as Kulatilake et al. (1995) and Grasselli (2001) have
tried to develop a new model for shear strength of rock
joints containing basic friction angle as a component
of their proposed model.

Along with the development of constitutive models
for shear strength of rock joints, attempts have been
done to develop methods for measuring basic friction
angle of rock joints (Table 1).

It is worth mentioning that recently a laboratory
method for determining the basic friction angle
component of the shear strength of unfilled rock
discontinuities by means of tilt tests of planar rock
surface was suggested by ISRM (Alejano et al. 2018).

Some investigations showed that the basic friction
angle is dependent on the surface texture, weathering
and the mineral coating of the surface and can be very
variable even for planar surfaces (Alejano et al. 2012;
Kveldsvik et al. 2008; Nicholson 1994). Because the
apparently smooth surfaces are actually rough at a
microscopic level (Hencher and Richards 2015) so the
effect of surface features such as mineralogy and
degree of polishing on the shear strength of smooth
surfaces under related normal stresses were studied by
some researches.

Beside other researchers that have verified different
factors affecting basic friction angle, it is believed that
sample preparation especially surface polishing has a
substantial impact on the obtained results. Surface
finishing is strongly influenced by the rock minerals,
grain size and hardness, by the saw blades or disks and
the cutting equipment, and particularly by the exper-
tise of the personnel (Alejano et al. 2018). Alejano
et al. (2017) showed that the cutting process and the
subsequent surface finishing also affect interlocking or
micro-textures of rock surfaces and influence basic
friction angle. They designated that the cutting process
appears to affect the scattering of results (standard
deviations) more than average values. Over last
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Table 1 Techniques developed for measuring basic friction angle of rocks

Technique

Procedure

Comments

Tilt test: three core specimens

Direct shear test: saw-cut
surfaces

Normal Load,

Saw-cut surface

Shear Load
—

Tmax=Tr

Shear Stress

Displacement

A cylinder-shaped specimen is placed and
slide over other two cylinder-shaped
specimens. Five repetitions of each test must
be performed along the same sliding lines. o
is the angle in which the upper core slides
over the lower cores

oy = tan’l(\%tan o)

The basic friction angle is directly obtained as
the angle in which upper half slides over
lower half (tan ¢, = tana). Five repetitions

along the same sliding lines are conducted
for each test

The basic friction angle is directly obtained as
the angle in which the upper rock slab slides
over the lower slab (tan ¢, = tana). Five
repetitions along the same sliding lines are
conducted for each test

The shear strengths under three different
normal stresses are measured for saw-cut
surfaces. In this experiment, the max and the
residual shear strengths are the same. The
basic friction angle is the dip of the © — g,
curve

@p = tan"'(t/a,)

Alejano et al. (2012) showed that this method
(sliding along generatrixes cores)
overestimates the values of ¢, and
recommended that tilt tests should not be
performed on generatrixes cores for
obtaining reliable basic friction angles

Alejano et al. (2012) recommended that the
use of small specimens such as disc-shaped
should be avoided unless the surface area and
the length-to-height ratio are at least 50 cm?®
and 2, respectively

Alejano et al. (2012) strongly recommended
that rock slabs with a surface area and
length-to-height ratio of at least 50 cm* and
2, respectively, should be used

This technique is considered as the best
technique for measuring basic friction angle.
The applied normal load on the surface is
more realistic since it can be chosen based on
the in situ stress state on the rock joint. The
setup is more solid and the lateral
displacement and toppling of the upper block
are constrained
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Table 1 continued

Technique

Procedure

Comments

Direct shear test: rough surface
at residual state

Normal Load

Normal Joint surface

Shear Load

The residual shear strengths under three

different normal stresses are measured for the
natural joint surface. In this experiment, the
max shear strength is normally larger than the
residual shear strength and is not considered
in the basic friction angle calculation. The
basic friction angle is the dip of the T — g,

Hencher and Richards (2015) argued that the
friction angle measured at the residual state
(end of a test run) on a natural rock joint
sample is generally arbitrary and particular to
that test and it is dependent on the original
surface roughness and texture, the direction
of testing and the applied normal stress. As a

curve

¢, =tan"'(z,/a,)

Tmax

Shear Stress

Displacement

result, they stated equating ‘resiual friction
angle’ with ‘basic friction angle’ doesn’t
make sense

In fact, the non-dilational basic friction angle
derived from corrections on real rock joints is
very different from that for a saw cut and
ground surface

decades, some qualitative guidance and suggestions
have been proposed for sample preparation particu-
larly for surface polishing of the specimens. Polishing
by silicon carbide powder with mesh size 80 and sand
blasting are among the proposed methods for the
surface preparation of the saw-cut surfaces (Barton
1976; Coulson 1974). The basic friction angles of
Hwangdeung granite and Berea sandstone were mea-
sured by direct shear tests, triaxial compression tests,
and tilt tests on surfaces polishing using either #100 or
#600 grinding powders by Jang et al. (2018). The
results showed the angles measured by direct shear
tests on the #100 and #600 surfaces of granite were
similar, but the angle measured on the #600 surface of
sandstone was approximately 8° lower than that for the
other surface types.

However, researchers have shown that the basic
friction angle of planar surfaces varies with the surface
finish, most investigations have focused on the tilt test
and its conditions. Therefore, it seems that still a
detailed quantitative methodology is missing. In order
to show the importance of rock texture variations (the
characteristics related to grain size), this paper aims to
investigate how surface finish/polishing affects the
measured basic friction angles of rock joints under tilt
and direct shear tests (two common methods for
evaluation the basic friction angle) and consequently
to compare their results under different levels of
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normal stress. Finally, this argument that the basic
friction angle varies with different factors, instead of
being unique and constant and that should be used with
caution in the developed criteria for shear strength of
rock joints presented.

2 Materials and Methods
2.1 Sample Preparation

Two blocks of limestone (AS1 and AS2) with different
grain sizes were collected from the Asmari formation
in southwest of Iran and then several specimens were
obtained by rotary coring method from theses blocks.
Table 2 presents geomechanical parameters of intact
rocks for the two groups of limestone.

Then the specimens were prepared by cutting the
cores into the required sizes using disc saws and to
create disk-like joint specimens (Fig. 1), similar to the
setup 2 in Table 1. Finally, they were polished using
powder of silicon carbide with mesh sizes of 40, 60, 80
and 180 and tested by tilting and direct shear loading.
The specimens were tested in dry condition. The
characteristics of the silicon carbide powder with
different mesh sizes are presented in Table 3.

Rock joints, even saw-cut surfaces, at a micro-
scopic level, have anisotropic roughness features and
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Table 2 Geomechanical parameters of the intact rock for the two blocks

Rock Folk’s Dunham’s Grain Size Density (g/ Porosity  UCS Elastic modulus  Poisson
group Classification classification (mm) cm® ) (%) (MPa) (GPa) ratio

AS1 Biosparite Grainstone 0.3 2.63 2 79 44 0.28

AS2 Biomicrite Packstone 0.6 2.54 4.7 47 18 0.31

Sl

2

Fig. 1 Some of samples prepared for saw-cut tests with diameter of 54 and 94 mm

Table 3 Characteristics of the silicon carbide powder

Silicon carbide grit Average particle size (mm)

Grain shape Hardness (Mohs) Specific gravity

#40 mesh 0.42
#60 mesh 0.25
#80 mesh 0.17
#180 mesh 0.06

Angular 9.5 32

therefore for a single joint, the friction angle in
different directions of shear and tilting tests may
differ. In order to avoid the anisotropy effect of the
joint surfaces; tilting and direct shear tests on each
specimen were conducted in a constant direction.

Rock texture, minerals, grain size and distribution
of the grains were studied using thin sections of both
AS1 and AS2 (Fig. 2). Both rock groups contain
fossils that can be easily seen by bare eyes. AS2 has
larger grains and fossils comparing to AS1. Fossils
such as Foraminifera, Bivalvia, Eukaryotes and
Nummulite can be seen in the rock specimens. Both
groups have double structure porosity filled by sparite
cement.

2.2 Tilt Test

The simplest method for measuring basic friction
angle is the tilt test. In order to have larger sliding
surfaces and consequently increasing the accuracy of
the results, cores with 94 mm diameter were prepared
for tilt testing. A core was saw cut to produce disk-like
surfaces of the joint specimen. A schematic view and
arrangements of the test setup for the tilt test are
presented in Fig. 3. Complementary materials were
used to position and align the specimen and hold the
lower part before tilting. A low tilting velocity
between 5° and 10°/min was used to control acceler-
ation and ensure comparable results in this manually
operated tilting table. Using the ISRM Suggested
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Fig. 2 Thin sections show fossils such as Foraminifera, Bivalvia, Eukaryotes and Nummulite

a Upper specimen b

Lower specimen

Tilting Direitioy
_—

Specimen Holder

Fig. 3 a Schematic view of tilt test apparatus and, b tilt test arrangements for measuring basic friction angle

method, the tilting angle was measured at a resolution applying the same stress conditions and the surfaces of
of 0.5°. The polished surfaces were tested under dry each sample were prepared again with powder for the
condition. Three tests were done on each specimen to next test.

minimize the effect of the repetition on the results. The
tilt test was started each time from horizontal for
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2.3 Direct Shear Test

Direct shear test on saw-cut and polished surfaces is
considered as the most recommended technique for
measuring basic friction angle of the rock joints. ¢, is
measured from tan~!(t/c,) by residual shear testing
on flat unweathered saw-cut rock surfaces (Barton
1976). Barton (1976) noted that the shear stress—shear
displacement curve should show no noticeable peak,
with any stress drop to residual. Since the joint
surfaces are polished and flat, dilation doesn’t happen
during loading. As a result, the peak and the residual
shear strength are the same. For avoiding surface
correction during direct shear tests, the upper half of
the joint surface was cored by a 54 mm and the lower
surface by a 94 mm core driller thus the real contact is
54 mm over the entire experiment. The thickness of
the cores was considered as 50 mm based on the size
of the direct shear mold. Since the contact area
remains constant, this kind of sample preparation will
make a constant normal stress throughout the test.
Epoxy resin with hardener and filler was used for
encapsulating the joint specimen in the shear mold.
The epoxy resin is solid enough and can withstand the
applied normal stress without specimen crushing so
that the specimen can be tested for several times
without loosening. The direct shear tests were con-
ducted following ASTM D5607 standard. The sche-
matic view and setup of the direct shear test apparatus
for measuring the basic friction angle are displayed in
Fig. 4.

For each specimen, direct shear test was conducted
using three normal stresses and the shear stress—shear
displacement curves were drawn after the tests

Normal Load

Rock Epoxy Resin

Lower specimen

Shear Load
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=
<
= 10}
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0.5
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Shear Displacement (mm)

Fig. 5 Shear stress versus shear displacement for one run of the
direct shear tests (AS1, #80)

(Fig. 5). It means that each specimen has been tested
for three times, each time under a different normal
stress. The specimens were tested under dry condition.
As will be discussed in Sect. 4, wear production has an
important effect on basic friction angle measurement.
In this study, if viewed wear production, it was
removed for the next cycle. Then the effect of wearing
was not studied in this research. It should be noted that
the surfaces of each specimen were prepared again
with the polishing powder for subsequent testing.

Since the amount of debris was not significant and it
was removed after each cycle, the only difference
between three tests done on the surface was the
amount of the normal stress. As a result, the shape of
the stress—strain curves is almost the same but with
different shear strength peaks. By conducting 3 tests
on each specimen it was attempted to minimize the
effect of the repetition on the results as the objective
was to see the effect of polishing.

Fig. 4 a Schematic view of the direct shear test apparatus and, b direct shear test apparatus for measuring the basic friction angle
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After measuring the residual shear strength of the
tested joint, the Mohr—Coulomb criterion was fitted on
the (t,0,) batches and the basic friction angle was
measured. Barton (2013) believes that even rough
open joints do not have any cohesion, but instead have
very high friction angles at low stresses, due to strong
dilation. In other words, he stated that at low stresses
there are high friction, no cohesion and strong dilation.

3 Results

The results of the basic friction angles measured by tilt
and direct shear tests conducted on AS1 and AS2
groups which were polished with powders with
different mesh sizes are presented in Table 4. Figure 6
and 7 show mean basic friction angle as a function of
powder particle and mesh size for the results presented
in Table 4.

The results showed that in both experiments and for
two types of rock, the basic friction angles increased
with increasing mesh size, and for the shear tests, the
basic friction angle increased with greater slope. For
all mesh sizes, the basic friction angle measured by tilt
test is almost 10 degrees larger than the one measured
by the direct shear test.

The difference between tilt test and the direct shear
test is mostly due to the stress distribution and the
loading mechanism (Hencher 1976) which cause
lower values of basic friction angle for direct shear
test comparing to the tilt test. Under higher normal

Powder Mesh Size

#180 #80 #60 #40
50

—&@— Tilt Tests
45 —H-— Direct Shear Tests

40 /’
55 L1
B AT

verage Grain Size AS1:=0.3 mm

Basic Friction Angle (Degree)

20

15
0.0 0.1 0.2 0.3 0.4 0.5

Powder Particle Size (mm)

Fig. 6 Basic friction angle as a function of particle and mesh
size of the polishing powder (AS1 Group)

stresses, the two surfaces are more interlocked and the
mobilization of friction is reduced (Byerlee 1978).
However the range of the normal stresses in this study
was =2 1.5-5 MPa, the direct shear test showed smaller
friction angle due to higher applied normal stresses
related to the tilt test (=2 1.5 kPa).

The results also showed that the range of variations
of the tilt tests results were more than the changes in
shear test results for the same rock type, prepared with
the same surface finish. For example, using the finest
mesh size (#180), the basic friction angle varies from
25°-35.5°, while the range of the direct shear test

Table 4 Basic friction angles (in degree) measured by tilt and direct shear tests

Rock group Statistical parameters Tilt tests Direct shear tests
#180 #80 #60 #40 #180 #80 #60 #40
AS1 No. of specimens (Tests) 15 (45) 15 (45) 15 (45) 15 (45) 2 (6) 2 (6) 2 (6) 2 (6)
Max 335 37 39 435 20.32 28.93 335 35.64
Min 25 325 34 38 17.84 25.84 31.6 33.23
Mean 29.72 35 37 41.2 19.3 26.91 32.45 34.41
Std. deviation 2.03 1.08 1.17 1.46 0.88 1.1 0.45 0.94
AS2 No. of specimens (Tests) 15 (45) 15 (45) 15 (45) 15 (45) 2 (6) 2 (6) 2 (6) 2 (6)
Max 355 39 42 47 22.17 28.8 34.85 38.71
Min 25 325 36.5 39.5 18.73 26.51 30.67 36.50
Mean 29.3 36.1 39 45.1 20.4 27.51 32.95 37.82
Std. deviation 2.4 1.55 1.18 1.71 14 0.87 1.59 0.875
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Fig. 7 Basic friction angle as a function of particle and mesh
size of the polishing powder (AS2 Group)

results is 18.7°-22.1° for surfaces polished with the
same mesh size (Table, 4, AS2 group).

In addition, in Table 4 the ‘Standard Deviation’ of
the basic friction angles which measured on the
polished surface by #180 mesh size powders (with the
smallest particle size) is relatively larger than similar
results for the other mesh sizes. The only justification
for this would be the error associated with the tilt test
and not with the #180 mesh size powder. As shown in
Table 5, it is not the case for ‘Standard Deviation’ of
basic friction angles measured by direct shear tests.

A comparison of the results of the AS1 and AS2
groups and the exponential trend of the basic friction
angle versus the powder particle size is presented in
Fig. 8.

From Fig. 7, it can be inferred that the basic
function angle measured with both tilt and direct shear
tests decreases by reducing the mesh size. The two
AS1 and AS2 groups with different rock grain sizes
come closer after polishing with powders with smaller
particle size. In other words, rock grain size loses its
effect if the surfaces are polished with a powder with a
particle size smaller than the grain size of the rock.

As a general rule, different mesh sizes show
different basic friction angles. Now the question is
that for measuring basic friction angle to put in the
shear failure criteria, which mesh size should be
considered for surface polishing?

In this study the results show the AS1 group has
more uniform grains and smaller grain size than the

AS2 group, therefore its basic friction angle is lower
than the AS2 group. If the size of the rock grains be
closer to the particle size of the powder, then the
texture of the rock will be exposed better and the basic
friction angle will be more realistic. Therefore, our
recommendation for the surface finishing of the
carbonate rocks is that select the powder particle size
near the size of the rock grains.

4 Discussion

In many developed rock mechanics empirical models
for shear strength of rock joints, the basic friction
angle has been supposed to be a constant parameter as
the minimum friction for the joint surfaces. However,
it seems that it is a function of many factors and it
varies even for apparently planar surfaces.

Alejano et al. (2012) found that the basic friction
angle measured by tilt tests can vary between 10° and
40° for a single granite block. Nicholson (1994) found
that friction angles for saw-cut Berea Sandstone in
direct shear tests varies by 12.5° despite great attention
to sample preparation and reproducibility. Kveldsvik
et al. (2008) found that the basic friction angle derived
from tilt testing vary between 21° and 36.4°.

Hencher and Richards (2015) argued that a test on a
saw-cut surface might not produce a unique basic
friction angle, lower bound shear strength and repeat-
able results for some particular rock. They declared
that the basic friction angle cannot be measured on
artificially prepared samples such as saw-cut surfaces
or by sliding drill cores against one another, nor can it
be measured by tilting tests. As a result, Hencher and
Richards (2015) concluded, “there is no single and
simple basic friction angle for planar rock joints”.

All factors affecting basic friction angle were
gathered and discussed in Table 5. The important
factors affecting the basic friction angle are the wet
and dry condition, wear production, repetition, surface
size, specimen shape, mineralogy, grain size, time, slip
distance, tilting speed, normal load, roughness or
surface finish and testing method. These factors and
their effects have been discussed briefly in Table 5.

Our reviews displayed that the basic friction angle
doesn’t seem to be unique and constant due to its
variability under different conditions. Consequently,
defining a constant basic friction angle in a shear
strength criterion seems to be subjective because it is

@ Springer



2954

Geotech Geol Eng (2020) 38:2945-2956

Table 5 Important factors in measuring basic friction angle and their effects

Factor Effect
Wet and dry Values determined from wet surfaces of different rock types are smaller than those determined from dry
condition surfaces (Aydan et al. 1995; Barton 1973)

Wear production

Repetition

Surface size

Specimen shape

Mineralogy
Grain size
Time

Slip distance
Tilting speed
Normal stress

Roughness/surface
finish

Test method

A relevant decrease of the friction angle can be observed after repeated tilt-testing due to wear production of
the surfaces (Jang et al. 2018; Muralha et al. 2019; Pérez-Rey et al. 2015)

While three seems to be enough, fourth or fifth supplementary repetition should be performed when the
maximum deviation between the test results is greater than 3° (Ulusay and Karakul 2016)

However, repeated tilt testing of rock surfaces could reduce the friction angle due to wear production
(Gonzalez et al. 2014; Hencher 1976; Pérez-Rey et al. 2015)

According to Amontons’ Law of friction (Blau 2013), the basic friction angle of planar rock discontinuities,
without any roughness component, should be independent of the size of the surface being tested (see
Hencher and Richards, 2015), nevertheless, Alejano et al. (2012) stated that surface area and length-to-
height ratio of at least 50 cm® and 2, respectively, should be used for geometry reasons and for ensuring
reliable stress condition

Alejano et al. (2012) suggested that tilt tests along generatrixes specimens (Setup 1 in Table 1) should be
avoided because this technique overestimates the values of the basic friction angle. Li et al. (2019) presented
the results of tilt tests using three-core samples and they showed that the cylindrical surface of the core is
slightly rougher than the surface of saw-cut samples so that the friction angle measured on the cylindrical
surface of the core is slightly larger than that measured on saw-cut samples

For instance, in carbonate rocks, increasing dolomite content decreases the basic friction angles (Cruden and
Hu 1988)

Big grain sizes increase the basic friction angles (Cruden and Hu 1988). The smaller grain size, the less
change in the basic friction angle

Pérez-Rey et al. (2015) stated that time after cutting of samples does not affect tilt test results at a monthly
scale

While a slip displacement of at least 10% of the sample length must be taken into account, basic friction angle
values reduce with the distance of sliding (Pérez-Rey et al. 2015)

The results showed that the tilting speed has little effect on the sliding angle (Jang et al. 2018; Muralha et al.
2019)

Again, according to Amontons’ Law of friction (Blau 2013), the basic friction angle of planar rock
discontinuities should be independent of the size of the normal stress

Barton (1976) stated that the surface polishing should not produce a smooth surface so that stick—slip
oscillations occur, nor a rough surface that shear resistance rises due to roughness. He suggested that “the
granular texture of the rock should be exposed, but not to the extent that macroscopic interlocking and
dilation occur’’. While these suggestions helped over last decades, however, they seem subjective and a
detailed surface polishing methodology is missing in this regard

It is also important to note that even apparently smooth surfaces are actually rough at a microscopic level
(Hencher and Richards 2015) and therefore defining a lower bound for roughness looks difficult

Researchers have shown that the basic friction angle of planar surfaces varies with the surface finish (Alejano
et al. 2012; Coulson 1974; Krahn and Morgenstern 1979). The current study showed that by increasing mesh
size of the polishing powder, the basic friction angle increases exponentially (see Fig. 7)

The results of this study demonstrated that for the same rock with the same surface finish, tilt tests produce
higher basic friction angles comparing to direct shear tests

difficult to measure the lower bound of the basic 5 Conclusions

friction component experimentally. Accordingly, pre-

cautions should be taken in the case of using shear The dependence of the basic friction angle of rock
strength criteria containing basic friction angle. joints to the surface polishing was investigated in this
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Fig. 8 Comparison of the results of AS1 and AS2 groups and
exponential trends of basic friction angle versus the powder
particle size

research. The Basic friction angle was measured by tilt
and direct shear test on saw-cut surfaces.

Surface polishing with small-particle size powders
created lower friction angles in both tests due to
wiping the roughness of test surfaces without finding a
low limit for it. The point is that regardless of how the
surfaces were polished; a perfectly flat surface never
be created. This study demonstrates that rock grain
size loses its effect if the surfaces are polished with a
powder with a particle size smaller than the grain size
of the rock.

The results showed how for a particular rock, the
two proposed methods provide a large range of
variability for the basic friction angle. It was found
that the basic friction angle for the same rock type,
prepared with the same surface finish varies from 25°—
35.5° for the tilt test while the range of the direct shear
test results is 18.7°-22.1°.

The results also showed that tilt tests give higher
basic friction angle comparing to direct shear tests. By
comparing the tilt tests (done under low normal stress)
and direct shear tests (done under higher normal
stresses), one can conclude that increasing normal
stress decreases the basic friction angle. Because shear
surfaces are more interlocked under higher normal
stresses, and the mobilization of friction is reduced.
Applying high values of normal stresses might mobi-
lize cohesion in the sliding process, which then can
reduce the basic friction angle.
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