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Abstract The shear strength of discontinuities has a

prime importance in the assessment of structurally con-

trolled stability problems. Natural discontinuity surfaces

are usually not smooth and show irregularities, which have

an important effect on their shear strength. The peak shear

strength of natural, unfilled, rough discontinuities is esti-

mated by a non-linear failure criterion and one of the main

inputs of this criterion is the basic friction angle, which is

determined via a tilt test or direct shear test. The limited

number of studies on tilt testing and the need to develop a

standard and/or suggested method for estimating a reliable

basic friction angle value from tilt tests have given rise to

some recent research efforts on different aspects of this

test. In this study, an attempt was made to contribute to

previous works on the tilt test with the aid of an experi-

mental program on a wide range of rock types. The study

mainly focused on investigating the dependence of the

basic friction angle on different testing conditions (dry, wet

and submerged), the suitable number of tests (repetitions of

sliding on the same surface) which does not cause a wear

effect, and a more detailed assessment on the influence of

water head on the basic friction angle determined under

submerged conditions. Additional considerations in the

study include a general evaluation of the influence of the

testing surface’s mineralogical composition on test results.

For this purpose, 22 different rock types were collected

from different parts of Turkey and their mineralogical

compositions were determined via a total of 415 tilt tests

under three different conditions. The results obtained from

the experimental studies are presented and compared with

the results of previous studies and some recommendations

are made.

Keywords Basic friction angle � Tilt testing � Tilting
table � Mineralogy � Wear effect

Introduction

Rock masses are composed of intact rock pieces and dis-

continuities such as bedding planes, joints faults, shear

zones, etc. Since the stresses are low at shallow depths,

failure of intact rock material does not commonly occur

and the behaviour of the rock mass is mainly controlled by

the movement along discontinuities. Therefore, the shear

strength of the discontinuities, which separate the rock

blocks, has a prime importance in the assessment of

structurally controlled stability problems. For planar dis-

continuity surfaces, shear strength can be estimated using

the linear Mohr–Coulomb criterion. However, natural dis-

continuity surfaces are usually not smooth and show

irregularities, which are called asperities and have an

important effect on their shear strength. Ripley and Lee

(1961), Patton (1966) and Goldstein et al. (1966) were the

earlier pioneers regarding the shear strength of disconti-

nuities with asperities. The simplest peak-shear strength

model for such rock discontinuities is perhaps Patton’s

model (Patton 1966). Patton (1966) and Goldstein et al.

(1966) presented the original idea that the basic friction

angles of discontinuities and their relations were basically

the same. Their attempts to explain and predict the shear

strength of non-planar rock discontinuities is based on
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Eq. 1, which was first recommended by Newland and

Allely (1957) for the observed behaviour of granular

material such as sand. Patton (1966) mentioned that the

shear strength of the sawtooth-shaped discontinuities can

be explained by Eq. 1 for a low range of normal stresses

where the asperity degradation during shearing is negligi-

ble (Fig. 1).

s ¼ rn tan /b þ ið Þ ð1Þ

where /b is the basic friction angle of the discontinuity

surface and i is the angle of the sawtooth face. Equation 1

corresponds to initial frictional part of the graph in Fig. 1

together with a rigid body motion of the upper block

sliding over the asperities. It means that this equation is

valid at low normal stresses where shear displacement is

due to sliding along the inclined surfaces and the asperities

are not broken. With increasing normal stress and dis-

placement, the asperities will be sheared off and the fric-

tion angle will progressively decrease to a minimum value

of the basic friction angle, as shown in the second broken

part of the failure envelope in Fig. 1.

By considering that Eq. 1 does not reflect the reality that

changes in shear strength (s) with increasing normal stress

(rn) are gradual and the failure envelope of such surfaces is

non-linear, Barton and his co-workers (Barton 1973, 1976;

Barton and Choubey 1977; Barton and Bandis 1980, 1990)

studied the shear behaviour of rough natural discontinu-

ities. For the first time, Barton (1973) proposed the fol-

lowing empirical criterion for the shear strength of rough

and unfilled rock discontinuities:

s ¼ rn � tan /b þ JRC � log10
JCS

rn

� �� �
ð2Þ

where s is the peak shear strength of the unfilled discon-

tinuity (rock-to-rock contact across the plane), rn is the

effective normal stress acting on the discontinuity, JRC is

the joint roughness coefficient, JCS is the joint wall com-

pressive strength of the rock immediately surrounding the

discontinuity and /b is the basic friction angle which is

determined on dry and wet sawn surfaces for dry and sat-

urated discontinuities, respectively. A few years later,

Barton and Choubey (1977) modified Eq. 2 for the general

case of weathered and unweathered discontinuities and

proposed the equation given below.

s ¼ rn � tan /r þ JRC � log10
JCS

rn

� �� �
ð3Þ

where /r is the residual friction angle of the discontinuity,

that is, the one controlling the strength of a planar joint

(JRC = 0) and the other parameters are the same param-

eters given in Eq. 2. The residual friction angle, /r, is

estimated according to Barton and Choubey (1977) as

follows:

/r ¼ ð/b � 20�Þ þ 20 � r=R
� �

ð4Þ

where r is the Schmidt hammer rebound number recorded

for weathered and wet discontinuity surfaces and R is the

Schmidt hammer rebound number recorded for unweath-

ered sawn surfaces of the same rock. In Eq. 4, the basic

friction angle, /b, represents fresh surfaces that are neither

weathered nor wet. This equation also means that in the

case of an unweathered rock, /r is equal to /b and r is

equal to R.

In addition, Aydan et al. (1994) also proposed a yield

function for rock discontinuities and it was extended to

evaluate the anisotropic shear strength of rock discontinu-

ities by Aydan et al. (1996) as given below.

s ¼ A1 1� e�B1rn
� �

þ rn tan/i þ A2e
�B2rn

� 	
ð5Þ

where s is shear stress, rn is normal stress, A1, A2, B1 and

B2 are coefficients, /i is the friction angle of a wall rock,

/a is the friction angle of an asperity wall. Provided that

/a C /i, coefficients A1, A2, B1 and B2 are given as

A1 = c, A2 = tan/a - tan/i, B1 = (tan (a?/a) - tan

(/i))/c, B2 = (tan (/a) - tan (/i))/rt.
As seen from the above given equations, the basic

friction angle has an important input in the estimation of

the shear strength of rough discontinuity surfaces. The

basic friction angle is a measurement of the shear strength

along an artificially planar saw-cut surface. This property,

which represents the strength of planar, unfilled, non-

weathered, non-polished rock discontinuities is determined

by two methods in the laboratory, by the tilt test and from

Fig. 1 Effect of surface roughness and normal stress on friction angle

of a discontinuity surface and strength envelope for sawtooth asperity

of inclination, i [redrawn from Patton (1966) and Wyllie (1992)]
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the direct shear test. Some researchers (Hencher and

Richards 1989; Hencher 1995, 2012) mention that the

strength for saw-cut surfaces or other artificially smoothed

surfaces determined from a tilt test is usually lower than the

/b measured from direct shear tests on natural joints where

corrections are made for sample-specific roughness causing

dilation. However, the tilt test is a very practical, cheap and

commonly used method for the estimation of /b as an input

of the Barton’s shear strength criterion unless saw-cut rock

surfaces with any kind of polishing are not used (Alejano

et al. 2012a, b).

The early attempts to estimate the basic friction angles

of joints from the tilt test were made in the 1970s by some

researchers such as Coulson (1971) and Barton and his co-

workers (Barton 1973, 1976; Barton and Choubey 1977).

At the end of the 1980s, Cruden and co-workers made

some attempts to estimate /b using a portable tilting

table they developed (Cruden and Hu 1988; Bruce et al.

1989; Hu and Cruden 1992), but their studies do not pro-

vide full indications for normalizing tilt testing. There is

not a standard method recommended by the international

standard institutions [such as the American Society for

Testing and Materials (ASTM), British Standards Institu-

tion (BSI), etc.) or a suggested method recommended by

the International Society for Rock Mechanics (ISRM) for

tilt testing. Only a few methods proposed for the tilt test

(Stimpson 1981; USBR 2009) are available in literature.

Alejano et al. (2012a), González et al. (2014) and Ruiz and

Li (2014) reported that there exists an erratum in the

equation of the basic friction angle given in Stimpson’s

method, which uses rock cores to perform the tilt test with

a core cylinder shaped specimen placed over other two core

cylinder-shaped specimens (Fig. 2a). Based on their

experimental studies, Alejano et al. (2012a) also showed

that the Stimpson’s method (sliding along generatrixes)

overestimate the values of /b and recommended that tilt

tests should not be performed on generatrixes for obtaining

reliable basic friction angles. These researchers also rec-

ommended that the use of small specimens such as disc-

shaped (Fig. 2b) and cylindrical core samples longitudi-

nally cut in the tilt tests (Fig. 2c) should be avoided. This

recommendation was also supported by more recent studies

conducted for the tilt test (González et al. 2014; Ruiz and

Li 2014) and it was concluded that the core-based methods

should be only used for a quick and approximate deter-

mination of /b. Alejano et al. (2012a) also strongly rec-

ommended that rock slabs (Fig. 2d) with a surface area and

length-to-height ratio of at least 50 cm2 and 2, respectively,

should be used to obtain reliable results in order to use a

large enough tilt surface and to assure that contact stresses

are compressive when sliding occurs.

In the tilt tests, some supplementary repetitions (tests)

are performed on the same saw-cut surface and the mean

value from the successive tests is used as an estimate of /b.

In the literature, different numbers of repetitions applied in

the tilt tests have been reported (i.e. Cruden and Hu 1988;

Bruce et al. 1989; Hu and Cruden 1992; USBR 2009;

Alejano et al. 2012a; González et al. 2014; Ruiz and Li

2014; Kveldsvik et al. 2008) or no information on this

number has been given (i.e. Barton and Choubey 1977;

Aydan et al. 1995; Aydan 1998; Wines and Lilly 2003).

However, the number of tests mostly ranges between three

and five. Recently, based on a huge number of tilt tests

performed on slab samples, Alejano et al. (2012a) recom-

mended that three repetitions (tests) are sufficient, but a

fourth supplementary repetition should be performed when

the maximum deviation between one of the results and the

median is larger than 3�. Most recently, González et al.

(2014) suggested that the average value of the first suc-

cessive five tilt tests performed on recently saw-cut spec-

imens of appropriate dimensions can be used as the basic

friction angle in the Barton’s criterion. However, first

Hencher (1976, 2012) and then González et al. (2014) and

Pérez-Rey et al. (2015) reported that repeated tilt testing of

Fig. 2 Different set ups for the

tilt test: a Stimpson-type test,

b test with disks, c test

performed on a cylindrical

sample longitudinally cut and

d test on square-based slabs

(rearranged from Alejano et al.

2012a)
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saw-cut and rock sliders affects the basic friction angle

(underestimation), and, therefore, the effect of wear on

sliding angle (basic friction angle) in tilt tests should also

be taken into account. Pérez-Rey et al. (2015), who con-

sidered the wear effect and conducted a series of tilt tests

up to a distance of a few meters (i.e. 5 m) on some pairs of

saw-cut samples, proposed a tentative approach to estimate

the basic friction angle. But in this approach, a huge

number of tests on the same surface are necessary.

Another issue associated with the basic friction angle is

the effect (capillarity and lubrication) of water (wet and

submerged conditions) on the tilt test results. Barton and

Choubey (1977) recommended that the basic friction angle,

/b, in Eq. 4 represents fresh surfaces that are neither

weathered nor wet. But /b should also be considered for

submerged and wet surfaces. Some test results, obtained in

the 1960s and 1970s and compiled by Barton (1973 and

1976), indicated that /b values determined from wet sur-

faces of different rock types are smaller than those deter-

mined from dry surfaces. However, in this compilation

given in the literature, it is not clear that the water condi-

tion reported for each rock type represents a wet or sub-

merged surface. Aydan et al. (1995) compared the basic

friction angles determined under dry and wet conditions

and reported that wet /b values are generally smaller than

dry /b values probably due to the uncertainty of the

effective normal stress over the shearing area. Aydan et al.

(1995) and Aydan (1998) also performed a series of tilt

tests on natural discontinuities, drill cores, saw-cut surfaces

and polished surfaces in order to check which effective

stress law (Biot or Terzaghi) holds for discontinuities. The

effective normal stress of the Biot type is written as:

r0n ¼ rn � ap ð6Þ

where p is the liquid pressure acting on the discontinuity,

and a is a non-dimensional parameter. If a is equal to one,

the above effective stress law coincides with that of

Terzaghi. Most of the experimental results obtained by the

above-mentioned researchers lie around the line corre-

sponding to a = 1, which implies that the effective stress

law of Terzaghi holds for rock discontinuities. However,

this conclusion is only valid provided that rock constituents

adjacent to the planar surface are not prone to water

absorption, which cause softening and lubrication of the

planar surface. Aydan (1998), who also performed tilt tests

on four rock types under submerged conditions, observed

that the basic friction angles determined under submerged

conditions seem not to be influenced by the variation of

water head at all and the maximum variation is only

restricted to 2–3 %. Zandarin (2010) investigated the suc-

tion effect for the artificially prepared joints of claystone

which have different roughness profiles. The researcher

used a wetting cycle on the samples by using a vapour

equilibrium technique and performed direct shear tests with

suction control. Zandarin (2010) observed that the shear

strength of joints generally increased with an increase in

the suction.

Although there are some studies (e.g. Horn and Deere

1962; Morrow et al. 2000; Moore and Lockner 2004; Tembe

et al. 2010) on the variation of the coefficient of friction of

minerals under dry and saturated conditions, the effect of

rock mineralogy on the basic friction angle determined from

the tilt test was investigated by Cruden and Hu (1988) on

only dolomitic carbonate rocks selected from Kananaskis

Country, Canada. These researchers reported that the basic

friction angle of the investigated carbonate rocks are con-

trolled by mineralogy and grain sizes. For pure carbonate

rocks, they observed that increasing dolomite content

decreases the basic friction angles while big grain sizes

increase the basic friction angles.

The above-given brief background indicates that due to the

presence of limited studies on tilt testing and a need to develop

a standard and/or a suggested method to estimate a reliable

value for the basic friction angle from the tilt test, there are

some recent efforts on different aspects of this test. In this

study, an attemptwasmade to contribute to previousworks on

the tilt test with the aid of an experimental program on a wide

range of rock types. The study mainly focused on investigat-

ing the dependence of the basic friction angle on testing

conditions (dry, wet and submerged), a suitable number of

tests (repetitions of sliding on the same surface)whichwill not

cause a wear effect, and a more detailed assessment on the

influence of water head on the basic friction angle determined

under submerged conditions. Additional considerations

include a general evaluation of the influence of a testing sur-

face’s mineralogical composition on test results. For these

purposes, 22different rock typeswere collected fromdifferent

parts of Turkey and their mineralogical compositions were

determined based on thin section studies andX-ray diffraction

(XRD) analyses. Then, they were cut into mainly square and

partly prismatic-based slabs and subjected to tilt tests under

dry, wet and submerged conditions by considering the com-

ments and recommendations mentioned, particularly in the

most recent studies regarding tilt tests.

Rock types tested and their mineralogical
properties

In this study, a total of 22 rock types of sedimentary,

metamorphic and magmatic origin were collected from

some outcrops and stone processing plants in different parts

of Turkey (Fig. 3). Prime attention was paid in selecting

the rock blocks and slabs to be free from macroscopic

defects. Each rock type used in this study was investigated

mineralogically and petrographically based on thin section
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studies and XRD analyses, which were carried out at the

laboratories of the Geological Engineering Department at

Hacettepe University. For this purpose, thin sections pre-

pared from the collected rock types were investigated

under a polarizing microscope. The XRD analyses were

performed on each rock type to assess the relative quantity

of clay minerals and whole sample mineralogy. The XRD

diffractograms were obtained using a Philips PW-1140

model diffractometer with a goniometer speed of 2�/min.

Semi-quantitative estimates of the minerals were deter-

mined from the powder diffractograms following an

external standard method developed by Gundogdu (1982).

A summary of the semi-quantitative mineralogies of the

rock samples based onXRD and the petrographical names of

the rock types are given in Tables 1 and 2, respectively.

According to these results, the rocks tested can be catego-

rized into three groups such as sedimentary andmetamorphic

carbonate rocks (different limestones and travertines, and

marble), volcanic and volcano-sedimentary rocks (different

andesites, basalts, ignimbrites), andmagmatic rocks (granite

and carbonated serpentinite). Whole sample mineralogy

(Table 1) demonstrated that, except for carbonate rocks

consisting of calcite and dolomite, all rocks mainly included

feldspar, quartz and clay minerals in different amounts.

Experimental studies

Sample preparation and tilting table

Since the core-based methods for tilt testing are not

strongly recommended by the authors of most recentFig. 3 General view of the 22 different rock types employed in the

study

Table 1 Summary of semi-quantitative whole rock mineralogy of 22 rock types based on XRD analyses

Rock type no. Quartz Feldspar Clay Mica Dolomite Calcite Heu. Amp. Pyr. Liz. TMag

MET2 24 57 19 – – – – – –

MET3 16 44 34 6 – – – – –

FC1 14 47 38 – – 1 – – –

FC4 22 23 48 5 – 2 – – –

1 – – – – – 100 – – –

2 – – – – – 100 – – –

3 – – – – 41 14 – – – 45

4 – – – – – 100 – – –

5 – – – – – 100

6 – – – – – 100 – – –

8 – – – – – 100

9 – – – – 52 48 – – –

10 61 21 15 3 – – – – –

11 – 67 – – – – – – 27 – 6

12 15 76 – 3 – – – 6 – – –

13 43 37 – 20 – – – – –

14 8 11 13 – – – 68 – –

15 1 – – – 67 32 – – –

16 – – – – – 100 – – –

17 48 3 44 – 1 4 – – –

19 – – – – – 100 – – –

20 62 21 17 – – – – – –

Heu heulandite (Zeolite group), Amp amphibole, Pyr pyroxene, Liz lizardite, TMag titanomagnetite
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Table 2 Petrographic descriptions and micrographs of the samples used in the study

Rock type no
Rock name

Micrograph of the 
rock

Petrographic
description

Rock type no
Rock name

Micrograph of the 
rock

Petrographic
description

MET2
Andesite

Hypocrystalline-porphyritic texture 
with phenocrysts of feldspar (fds), and 
quartz (q) set in microcrystalline 
volcanic matrix (m). Alteration is 
intense: Feldspars are sericitized and 
the matrix is slightly silicified

3
Carbonated
Serpentinite

Microcrystalline – sparry calcite ooze 
(cal) matrix is cut by serpentinite-rich 
veins (srp).

MET3 
Andesite

Hypocrystalline-porphyritic texture 
with phenocrysts of feldspar (fds), and 
quartz (q) set in microcrystalline 
volcanic matrix (m). Alteration is 
intense. Feldspars are sericitized and 
the matrix is slightly silicified

4
Limestone

Microcrystalline calcite ooze (micrite) 
is cut by veins of coarse calcite ± 
dolomite fillings.

FC1 
Andesite

Hypocrystalline-porphyritic texture 
with phenocrysts of feldspar (fds), and 
quartz (q) set in microcrystalline 
volcanic matrix (m). Alteration is 
intense: Feldspars are sericitized and 
the matrix is occasionally silicified 
and composed of clay ± zeolites.

5
Fossiliferous
Limestone

Abundant foraminifera fossils (fsl) set 
in a crypto-/microcrystalline carbonate 
matrix

FC4 
Andesite

Hypocrystalline-porphyritic texture 
with phenocrysts of feldspar (fds), and 
quartz (q) set in microcrystalline 
volcanic matrix (m). Alteration is 
intense: Feldspars are sericitized and 
the matrix is composed of clay ± 
zeolites.

6
Oolithic

Limestone

Abundant oolites set in a sparry 
carbonate (cal) matrix

1
Travertine

Slightly equidimensional and 
subhedral calcite (cal) crystals with 
rare silicate and opaque minerals set in 
a microcrystalline carbonate matrix.

8
Travertine

Slightly equidimensional and 
subhedral calcite  (cal)crystals with 
abundant vesicles (v) and rare silicate 
minerals set in a microcrystalline 
carbonate matrix

2
Travertine

Slightly equidimensional and 
subhedral calcite  (cal)crystals with 
abundant vesicles (v) and rare silicate 
minerals set in a microcrystalline 
carbonate matrix

9
Limestone

Microcrystalline calcite ooze (micrite) 
is cut by veins of coarse (sparry?) 
calcite ± dolomite fillings

10
Ignimbrite

Hypocrystalline-porphyritic texture 
with phenocrysts of feldspar (fds), 
biotite (bio) and quartz (q) set in 
microcrystalline volcanic matrix (m).

15
Limestone

Slightly equidimensional an/subhedral 
sparry calcite (cal) crystals with 
vesicles (v) and rare silicate (quartz, q) 
minerals set in a microcrystalline 
carbonate matrix.

11
Basalt

Holo/hypo-crystalline porphyritic 
texture with (sub) ophitic plagioclase 
(plg) and clinopyroxene (cpx). Olivine 
is rare and gnawed.

16
Marble

Slightly equidimensional subhedral 
coarse calcite  (cal)crystals
.

12
Granite

Holocrystalline-granular granite with 
primary assemblage of plagioclase 
(Pl), alkali feldspar (Afs), biotite (Bt), 
amphibole (amp) and Fe-Ti oxides. 
Amphibole and mica are occasionally 
altered into chlorite (chl) and opaque 
aggregates.

17
Ignimbrite

Hypocrystalline-porphyritic texture 
with phenocrysts of feldspar (fds), and 
quartz (q) set in microcrystalline 
volcanic matrix (m). Alteration is 
intense: Feldspars are sericitized and 
the matrix is occasionally silicified and 
composed of clay ± zeolites.

13
Andesite

Hypocrystalline-porphyritic texture 
with phenocrysts of feldspar (fds), 
taxitic biotite (bio) and quartz (q) set 
in microcrystalline volcanic matrix 
(m). Vesicles (v) are abundant

19
Limestone

Microcrystalline calcite ooze (micrite) 
is cut by veins of rare coarse calcite ± 
dolomite.

14
Ignimbrite

Slightly welded ignimbrite with 
primary pyrogenic phenocrysts of 
feldspar (fds), biotite (bio) and quartz 
(q). Xenolithic fragments are rare. 
Matrix comprises cuspate glass shards 
(g) and ash (m).

20
Ignimbrite

Hypocrystalline-porphyritic texture 
with phenocrysts of feldspar (fds), 
biotite (bio) and quartz (q) set in 
microcrystalline volcanic matrix (m).
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studies, in this study, the use of square-based or prismatic

slabs was preferred. In order to use a large tilt surface and

to assure that contact stresses are compressive when sliding

occurs, the areas of all slabs were at least 50 cm2 and their

length-to-height ratios were greater than two as recom-

mended by Alejano et al. (2012a). For this purpose, square-

based slabs with dimensions between

100 9 100 9 20 mm and 75 9 75 9 20 mm were cut by

a diamond-tipped and water-lubricated saw in the labora-

tory. However, a few samples were prepared as rectangular

slabs with dimensions ranging between

100 9 70 9 20 mm and 95 9 65 9 20 mm (Fig. 3).

When the basic friction angles obtained from saw-cut

surfaces are compared with those of polished surfaces,

there is always a large difference between them; those of

saw-cut surfaces are greater (i.e. Hencher 1977; Ohta and

Aydan 2010). In other words, it depends on the condition

of the testing surface, and the use of polished surfaces in

tilt tests should be avoided. Therefore, in this study, the

surfaces of the square and rectangular slabs were not pol-

ished and saw-cut surfaces were used in the tilt tests.

However, the frictional resistance of planar rock surfaces

changes with textural roughness (Coulson 1971) and the

saw-cut surfaces may involve some microscopic rough-

ness. The microscopic surfaces cannot be determined using

a pin-type profilometer and more sensitive profilometers

are needed (Shimizu et al. 1996). USBR (2009), suggesting

that the surfaces of the contact planes of the test specimen

may be polished with either No. 80- or 200-grit plates, or

they may retain their natural roughness; however, the

sliding surfaces should not contain abrupt irregularities.

Except for this general suggestion, there are no methods/

approaches or comments related to the cutting process and

the estimation of microscopic roughness of the test sur-

faces. Due to these reasons, in this study, after cutting each

slab, a straight edge was placed diagonally across the

surface from corner to corner and irregularities were found

visually and the sample surfaces was lapped using a lap-

ping table, if necessary. Finally, the length, width and

height of each slab were measured along two directions

perpendicular to each other and the average of each mea-

surement was calculated.

In this study, a simple self-fabricated metal tilting table,

shown in Fig. 4a, was used. It is a hand-operated tilt

table and weighs about 26 kg. The device consists of a rigid

frame supporting a hinged table and a manually rotated arm

with a screw feed that rotates the table from 0� to about 85�.
A metal specimen holder is mounted in front of the table to

prevent the movement of the lower specimen during tilting

and the height of the holder can be arranged by pushing it up

or down depending on the height of the lower specimen. The

horizontality of the table is measured using a bubble level

and the tilting angle is measured by an inclinometer with an

accuracy of ±0.1� (Fig. 4a, b). A hard, plastic water tank

can be mounted on the tilting table to estimate the basic

friction angle of saw-cut surfaces under submerged condi-

tions as seen in Fig. 4c. A fibre specimen holder is also

mounted at the bottom of the water tank to hold the lower

specimen during submerged tilt tests.

Fig. 4 The tilt test apparatus a before and b during the test and

c water tank, which is mounted on the tilt test apparatus for

submerged tests (A upper sample, B lower sample, C holder for the

lower specimen, D side holders, E tilting table, F bubble level,

G inclinometer with an accuracy of ±0.1�, H inclinometer with an

accuracy of ±0.5�, I vertical upright metal rods to establish the

horizontality of the tilt test, J handle)
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The methodology employed and test conditions

Since no standard or a suggested method for the tilt test is

available, in this study, some recommendations based on

the most recently performed tilt tests (i.e. Alejano et al.

2012a; González et al. 2014; Ruiz and Li 2014; Pérez-Rey

et al. 2015) were taken into consideration and the proce-

dure given below was followed in the experimental studies.

In literature, different tilting rates ranging between 2.5�/
min (USBR 2009) and 24�/min (Alejano et al. 2012a; Gon-

zález et al. 2014; Pérez-Rey et al. 2015) were recommended

and/or selected. 8�/min (Cruden and Hu 1988; Bruce et al.

1989; Hu and Cruden 1992) and 15�/min (Ruiz and Li 2014)

are the other tilting rates applied between the upper and

lower bounds mentioned above. The effect of tilting rate on

the tilt test results was investigated only by Bruce et al.

(1989). They compared the results of the tilt tests conducted

under two different tilting rates controlled by amotor at 2.5�/
min and 8�/min, and the experimental results indicated that

there was only a little difference, such as 0.3�, between the

results obtained from the tests at these two different tilting

rates. These researchers also reported that the samples tested

at 8�/min by hand and by motor displayed an average

increase of 0.9� from motor to hand tilts and vibrations from

the motor depress the sliding angle by about 1�. By consid-

ering this ignorable amount of difference between the basic

friction angles determined under different tilting rates

reported by Bruce et al. (1989) and the recommendation on

the tilting rate by Alejano et al. (2012a) and González et al.

(2014), who conducted more than 20,000 tilt tests, in this

study, a tilting rate of 24�/min was applied.

After the horizontality of the tilting table was checked

using both a bubble level and inclinometer mounted on the

table before each test, the lower specimen was placed just

behind the specimen holder on the tilting table and the

upper specimen was put on top of it (Fig. 4a). Then the

table was progressively tilted at the rate of 24�/min (0.4�/s)
until the upper specimen began to slide and the tilt angle

was recorded (Fig. 4b). As recommended by Alejano et al.

(2012a), in this study, if displacement of the upper speci-

men was at least about 10 % of the sample length, the test

was accepted as valid. Each test was repeated three times

on the same surface, the specimen surface tested was wiped

with a dry cloth after each test to avoid powder and both

lower and upper specimens were placed in the initial same

positions. In the calculation of tilt angles along a saw-cut

surface, the following approaches (steps) were followed for

each test alternatively:

(a) If the deviation between three repetitions (tests) is

less than or equal to ±3�, the mean of the three tests

is calculated and taken as the basic friction angle of

the surface.

(b) If the deviation between one of the first three tests is

greater than ±3�, a fourth test (repetition) is

performed and if the deviation of the fourth test is

less than ±3�, the mean of the four tests is

calculated. Then one of the four tests, which has

the largest deviation from the calculated mean, is

omitted, and the mean of the rest of them is

calculated and taken as the basic friction angle.

(c) If the deviation between the fourth test and one of

the three previous tests is still greater than ±3�, a
fifth test is performed and the two of the five tests

which have the largest deviations from their mean

are omitted and the mean of the three is taken as the

basic friction angle.

In addition, in order to assess the variability of the

results obtained from different saw-cut surfaces of the

same rock, the tests were conducted on the opposite faces

of pairs of some selected specimens along the same

direction, as illustrated in Fig. 5. The mean of the mea-

surements obtained from both original and opposite sur-

faces are taken as the basic friction angle.

In order to assess the effect of wetness or humidity on

the basic friction angle, the tilt tests were conducted on all

rock types under three different conditions, namely dry,

wet and submerged. In the tilt tests conducted on wet

surfaces, water was introduced on the surfaces of the upper

and lower samples using a squeeze bottle filled with water.

A series of submerged tilt tests on samples by mounting a

water tank on the tilting table were also carried out to

determine the basic friction angle under submerged con-

ditions and to assess the influence of the variation of water

head on the basic friction angle using different rock types

and to compare the results with those obtained by Aydan

(1998) who tested four rock types under submerged con-

ditions. For this purpose, three different water heads (75,

100 and 150 mm) were marked on the water tank (Fig. 6)

and the tank was filled with water up to these levels and

submerged tests were separately conducted under each

water head.

In all tests, the above-mentioned procedures were fol-

lowed. A total of 415 tilt tests (115, 103 and 197 tests under

dry, wet and submerged conditions, respectively) were

conducted and their results are discussed and compared in

the following section.

Assessments of the test results and comparisons

The results of the tilt tests conducted on 22 rock types

under three different conditions are presented in Table 3,

and the results obtained from the submerged tests based on

different water heads are given separately in Table 4.
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Fig. 5 Illustrations showing the

tilt tests on the opposite surfaces

of a sample

Fig. 6 Illustrations of the tilt

test under different water heads:

a before the test, b during the

test
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Tables 3 and 4 indicate that the standard deviations cal-

culated for three different test conditions are small and

range between 0.12� and 1.58�, 0.36� and 1.97�, and 0.40�
and 2.23� for dry, wet and submerged conditions, respec-

tively. The basic friction angles determined after at least

three tests for each sample generally show a normal dis-

tribution. The histogram showing the values of basic fric-

tion angle obtained from rock type number 12 under a

submerged condition is given in Fig. 7a as an example. In

addition, the standard deviations obtained from dry, wet

and submerged tilt tests on different rock types are shown

in the form of histograms according to one and two stan-

dard deviations in Fig. 7b, c. The probability of observing a

variable which shows a normal distribution within the

range of one standard deviation from the mean is 68.27 %.

Since the values of the standard deviation calculated for all

test conditions are smaller than one standard deviation of

3o shown by the dashed line in Fig. 7b, 68.27 % of the

basic friction angles determined by the tilt tests will deviate

from the mean less than 3�. On the other hand, the prob-

ability of observing a basic friction angle in the range of

two standard deviations is 95.45 % and Fig. 7c suggests

that 57 of the 66 total data sets show a good agreement

with this probability. In other words, 95.45 % of the basic

friction angles have a standard deviation less than 3� from
the mean. These results show an agreement with those

obtained by Alejano et al. (2012a) who considered the

median instead of the mean.

Some tilt tests were also conducted under dry and wet

conditions on the opposite faces of pairs of some selected

samples along the same direction (see Fig. 5) and the dif-

ferences between the basic friction angles estimated from

the opposite surfaces of the slabs were compared. The

comparisons given in Table 5 indicate that, except for two

samples tested under dry conditions (FC1 and FC4), the

differences between the basic friction angles obtained from

the opposite surfaces of the samples are smaller than 3�.
Therefore, it can be concluded that the variability or

deviation in the basic friction angle determined from the

two opposite surfaces of the same sample are considerably

similar. Therefore, in order to increase the number of tests,

tilt tests can be carried out on the opposite surfaces of a

Table 3 Tilt test results obtained under three different conditions

Rock type no. Dry Wet Submerged

Basic friction angle (�) Basic friction angle (�) Basic friction angle (�)

Number

of tests

Mean Standard

deviation

Number of tests Mean Standard

deviation

Number

of tests

Mean Standard

deviation

MET-2 6* 27.90 1.12 6* 29.25 0.63 9 26.98 1.31

MET-3 6* 28.35 0.68 6* 30.43 0.72 6 25.27 0.82

FC1 6* 32.02 2.26 6* 28.30 1.34 9 26.71 1.19

FC4 6* 30.85 1.75 6* 28.55 1.33 9 28.69 1.29

1 3 38.27 0.12 3 36.60 1.40 6 36.05 0.96

2 6* 28.20 0.92 3 29.73 1.97 9 28.01 1.39

3 3 32.30 0.78 3 30.33 0.58 9 31.30 1.22

4 3 32.43 0.74 3 34.77 1.52 9 29.67 1.66

5 3 35.43 0.59 3 30.23 1.25 9 34.34 1.34

6 3 36.90 0.17 3 26.27 1.35 9 33.50 1.16

8 3 31.00 0.95 3 31.17 1.61 9 27.12 2.23

9 3 25.87 0.42 3 26.70 1.70 9 25.60 0.52

10 3 31.40 1.22 3 31.57 0.38 9 26.18 0.87

11 6* 30.93 1.32 3 31.10 0.36 9 27.49 1.39

12 3 22.53 0.51 3 29.00 1.51 9 18.80 1.03

13 3 31.15 0.71 6* 28.57 1.05 9 28.18 1.81

14 3 36.73 0.75 3 35.30 1.3 9 28.09 1.40

15 6* 37.62 0.71 3 31.77 0.68 9 22.42 1.46

16 3 36.73 0.67 3 32.60 0.79 9 32.41 1.29

17 6* 34.92 0.53 6* 32.30 1.15 9 26.79 1.11

19 6* 30.53 1.58 3 27.9 0.66 9 25.60 0.47

20 6* 30.78 0.38 6* 26.10 0.84 9 26.39 0.85

* Tests performed on opposite surfaces of the sample
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sample and the mean of the values obtained from both

original and opposite surfaces can be taken as the basic

friction angle of the sample.

The effect of wear on the sliding angle (basic friction

angle), which is mentioned in the literature, was also

assessed. For this purpose, variation in the basic friction

angle of each specimen with the number of tests (repeti-

tions) was compared. As seen from Tables 3 and 4, the

number of tests on saw-cut surfaces ranges between 3 and 5

(6, 7 and 8 in these tables represent the total numbers of

repetitions/tests on the two opposite surfaces). When the

sliding angles from these repetitions for each sample are

compared, it is understood that there is an ignorable

amount of difference between the sliding angles deter-

mined in each repetition. Figures 7 and 8 showing the basic

friction angle varying with the number of tests (repetitions)

for all samples in dry, and some samples selected from the

wet and submerged tests, respectively, suggests that if a

maximum of five tests are conducted and the rock flour on

the surface is removed after each test, no or an ignorable

wear effect occurs on the test surfaces. This observation

supports the number of repetitions (four or five tests) rec-

ommended by Alejano et al. (2012a) and González et al.

(2014). Most recently, Pérez-Rey et al. (2015) recom-

mended that their approach, which is based on a number of

tests to estimate the basic friction angle as the logarithmic

fit associated to the first test, can be more representative of

natural joints than averages of a few tests. When the

approach of Pérez-Rey et al. (2015) and the observation of

the authors on the wear effect (Figs. 8 and 9) are compared,

application of the maximum four or five repetitions in the

tilt tests seems more practical.

The effect of water head on the basic friction angle

under submerged conditions was assessed only by Aydan

(1998). In his experiments, Aydan (1998) used only four

rock types (sandstone, tuff, granite and andesite) and

reported that the basic friction angle obtained from the tilt

tests under submerged conditions seems to not be influ-

enced by the variation of water head. In this most recent

study, 22 rock types were tested in a tank under submerged

conditions and the results obtained from the tilt tests con-

ducted under three different water heads are shown in

Table 4 Submerged tilt test results under different water heads

Rock type no. Water head (7.5 cm) Water head (10 cm) Water head (15 cm)

Number

of tests

Mean Standard

deviation

Number

of tests

Mean Standard

deviation

Number

of tests

Mean Standard

deviation

MET2 * * * 3 28.20 1.47 6? 26.37 0.72

MET3 * * * 3 25.37 1.10 3 25.17 0.67

FC-1 3 26.63 1.00 3 25.63 0.42 3 27.87 0.85

FC-4 3 29.20 1.08 3 28.93 1.53 3 27.93 1.36

1 * * * 3 35.67 0.42 3 36.43 1.31

2 3 28.07 2.41 3 28.23 1.30 3 27.73 0.21

3 3 32.17 1.10 3 30.77 0.83 3 30.97 1.53

4 3 29.70 0.95 3 30.97 1.79 3 28.33 1.30

5 3 33.27 1.48 3 35.10 0.26 3 34.67 1.47

6 3 33.63 0.65 3 34.23 1.10 3 32.63 1.33

8 3 24.73 1.52 3 28.30 2.07 3 28.33 1.74

9 3 25.63 0.45 3 25.73 0.65 3 25.43 0.61

10 3 25.57 0.40 3 27.13 0.65 3 25.83 0.59

11 3 28.23 0.55 3 28.50 0.62 3 25.73 0.23

12 3 18.33 1.27 3 19.13 1.12 3 18.93 0.93

13 3 28.00 1.66 3 27.93 1.68 3 29.77 2.08

14 3 27.60 1.06 3 27.70 0.44 3 28.97 1.27

15 3 22.03 1.59 3 22.87 1.48 3 22.37 1.81

16 3 32.67 1.16 3 31.37 1.06 3 33.20 1.25

17 3 27.13 1.22 3 25.80 0.98 3 27.43 0.40

19 3 25.60 0.36 3 25.63 0.70 3 25.57 0.49

20 3 26.60 0.26 3 26.23 0.75 3 26.33 1.47

* No tests were conducted due to limited number of samples
? Tests were conducted on the opposite surfaces of the sample
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Fig. 10 in the form of water head versus basic friction

angle of all samples tested. It is clear from the plots in

Fig. 10, for all samples, the basic friction angles are not

affected by water head in the tilt test and the results of this

study confirm a previous study.

Figure 11 shows plots of dry versus submerged and wet

basic friction angles. Figure 11a indicates that the basic

friction angles of all samples determined under submerged

conditions are smaller than those determined under dry

conditions, and the drop in the submerged basic friction

angle ranges between 0.19� and 8.64�, which is due to the

lubrication effect developed on minerals in different

degrees. Although the wet basic friction angle is smaller

than the dry basic friction angle for more than half of the

rock types tested in this study, nine rock types have wet

basic friction angles greater than their dry basic friction
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Fig. 7 a Histogram of the basic

friction angle values obtained

from rock type no. 12 under

submerged conditions, b 1

standard deviation and c 2

standard deviations for the tests

conducted under dry, wet and

submerged conditions
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angles (Fig. 11b). When compared to dry basic friction

angles, the increase in the wet basic friction angle is due to

the capillary effect (suction). This effect was also investi-

gated by Zandarin (2010) and he observed that shear

strength of artificially prepared joints of claystone

increased with an increase in suction. It is also noted from

Fig. 11a that, in general terms, when the basic friction

angle in wet conditions is larger than in dry conditions, the

difference between both tend to be smaller when the

opposite occurs.

The differences between the dry basic friction angles

and wet and submerged angles shown in Fig. 12 are due

to the differences between the suction effect on testing

surfaces and the degree of lubrication of each mineral

involved as per the rock type. It can be concluded that if

the magnitude of increase in the basic friction angle due

to a suction effect is greater than the magnitude of the

decrease in the basic friction angle associated with a

lubrication effect, basic friction angles of the samples

determined under wet conditions become greater than

those determined under dry conditions. In the study by

Horn and Deere (1962), it was observed that the coeffi-

cients of friction of the minerals quartz, feldspar and

calcite generally increase under wet conditions, while

they decrease for mica minerals (muscovite, biotite) and

talc under the same conditions. Morrow et al. (2000)

reported decreases in different degrees (between 5 and

70 %) in the coefficients of friction of some minerals,

Table 5 The differences in the basic friction angle estimated from the tests conducted on the opposite surfaces of the samples under dry and wet

conditions

Rock type no. Dry Wet

Difference in basic

friction angle (�)
Difference in basic

friction angle (%)

Difference in basic

friction angle (�)
Difference in basic

friction angle (%)

MET-2 1.87 6.47 0.70 2.36

MET-3 0.83 2.98 0.20 0.66

17 0.10 0.29 1.20 3.79

FC-1 3.97 11.67 2.00 6.83

FC-4 3.10 10.58 1.37 4.90

20 0.10 0.33 1.47 5.47

13 0.03 0.11 0.03 0.11

11 1.40 4.43

Fig. 8 Variation of the basic friction angles of different rock types with the number of tests under dry conditions
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such as calcite, clay minerals, muscovite, talc, chlorite

and lizardite, depending on degree of saturation. In this

study, the feldspar content of the samples with wet basic

friction angles greater than dry basic friction angles

(Table 3; Fig. 12, samples MET 2, MET 3, 4, 8, 9, 10,

11, 12) are generally higher than those in other samples

(see Table 1). In other words, in rock types with a high

feldspar content, the suction effect may be pronounced.

Meanwhile, the presence of a high amount of clay min-

erals generally results in a decrease in the basic friction

angle depending on wetness (Moore and Lockner 2004)

and there is little or no difference between the dry and

wet or saturated coefficient of friction of quartz (Moore

and Lockner 2004). Morrow et al. (2000) reported that the

coefficient of friction of calcite, which is exceptionally

strong when dry (0.85), drops when it becomes wet and/or

saturated. Therefore, the majority of the carbonate rocks,

used in this study (Tables 1 and 3; Fig. 12), have wet

basic friction angles smaller than their dry ones. However,

these are preliminary assessments on the effect of min-

eralogical composition on the basic friction angle and

should not be generalized and further studies are needed.

In order to more sensitively assess the effect of miner-

alogy on the basic friction angle, the effect of all minerals

involved as per the tested rock types were considered and

the variation in the basic friction angle depending on sat-

uration was assessed using multivariate regression analysis.

In the regression analyses, except for minor minerals only

observed in a few rock types (such as heulandites,

amphibole, pyroxene, lizardite and titanomagnetite), all

main mineral types given in Table 1 were included as

independent variables. The following regression equation

with a very high coefficient of correlation (r = 0.954)

Fig. 9 Variation of the basic friction angle values of some selected

specimens with the number of tests under a wet and b submerged

conditions

Fig. 10 Variation of the basic friction angle values with water head under submerged conditions
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helps the estimation of the drop (D/b) in the basic friction

angle under submerged conditions using the mineral con-

tent of rocks.

e
ffiffiffiffiffiffi
D/b

p
¼ �57:498þ 0:696Quartz %ð Þ

þ 0:619 Feldspar %ð Þ
þ 0:657 Sheet Silicates Clay�Micað Þ %ð Þ
þ 1:269Dolomite %ð Þ þ 0:631Calcite %ð Þ ð7Þ

The significance level of regression coefficients of Eq. 7

were evaluated by F and t tests (Tables 6, 7). The F value

of Eq. 7 was calculated as 26.427 and the significance level

of this value is 0.000. Therefore, it can be concluded that

there is a significant relationship between dependent and

one or more independent variables in Eq. 7. On the other

hand, all t values found for the multivariate equation have a

significance level less than 0.05, meaning that the multi-

variate relationship given in Eq. 7 is significant. The drops

in the basic friction angle calculated from experimental

studies and those estimated from Eq. 7 for all rock types

used in this study are compared in Fig. 13. It is clear from

this figure that, except for a few, the observed versus

predicted data plots fall between the 2:1 and 1:2 lines and

generally close to the 1:1 diagonal line.

Conclusions

In this study, an attempt was made to contribute to previous

works on tilt testing with the aid of an experimental program

on awide range of rock types under different conditions. The

main conclusions drawn from the study are given below.

The test results indicate that the standard deviations

calculated for three different test conditions (dry, wet and

submerged) are small and range between 0.12� and 1.58�,
0.36� and 1.97�, and 0.40� and 2.23� for dry, wet and

submerged conditions, respectively. Statistical assessments

on the test data also indicated that, except for a few rock
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Fig. 12 Histogram showing the

differences between the basic

friction angles determined under

dry, wet and submerged

conditions

Table 6 F test results

determined from Eq. 7
Model Sum of squares df Mean square F Significance

Regression 1743.804 5 348.761 26.427 0.000

Residual 171.561 13 13.197

Total 1915.365 18

Assessment of basic friction angles of various rock types from Turkey under dry, wet and… 1697

123



types, 95.45 % of the basic friction angles have a deviation

less than 3� from the mean. These results suggest that a

fourth or fifth supplementary repetition (test) should be

performed when the maximum deviation between the test

results is greater than 3�; these results also show an

agreement with those obtained by Alejano et al. (2012a)

who considered the median instead of the mean.

Based on the test results, it can be concluded that the

variability or deviation in the basic friction angle deter-

mined from the two opposite surfaces of the same sample

are considerably similar. Therefore, in order to increase the

number of tests, tilt tests can be carried out on the original

and opposite surfaces of a sample and the mean of the

values obtained from both surfaces can be taken as the

basic friction angle of the sample.

The variation of the basic friction angle with the number of

tests (repetitions) for the samples tested under dry, wet and

submerged conditions suggests that if amaximumof five tests

are conducted and the rock flour on the surface is removed

after each test, no or ignorable wear effect occurs on the test

surfaces. This observation supports the number of repetitions

(four or five tests) recommended byAlejano et al. (2012a) and

González et al. (2014).When the approach of Pérez-Rey et al.

(2015), which is based on a number of tests to estimate the

basic friction angle as the logarithmic fit associated to the first

test, and the observation of the authors on the wear effect are

compared, application of a maximum of four or five repeti-

tions in the tilt tests seems more practical.

Submerged tilt tests conducted on 22 different rock

types showed that the basic friction angles are not affected

by water head in the tilt test and confirm the results of a

previous study based on a limited number of rock types.

The differences between the dry and wet basic friction

angles are due to the differences between the suction effect

on testing surfaces and degree of lubrication of each min-

eral involved as per the rock type.

In this study, the feldspar content of the samples with wet

basic friction angles greater than dry basic friction angles are

generally higher than those in other samples, indicating that

the suction effect may bemore pronounced in rock types with

high content of feldsparminerals.Minerals other than feldspar

do not have any explicit effect (increasing or decreasing) on

the variation of basic friction angle due to wetting. A regres-

sion equation with a very high coefficient of correlation

(r = 0.954) was developed for the estimation of the drop in

the basic friction angle (D/b) under submerged conditions

using themineral content of rocks. As can be seen fromEq. 7,

all the minerals (quartz, feldspar, clay andmica, dolomite and

calcite) used in the regression analyses have a decreasing

effect on the basic friction angle depending on transition from

the dry test condition to the submerged condition.
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