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Abstract

There is a growing demand of knowledge on the behavior of rock masses after thermal treatment in both academic and practi-
cal aspects due to the high demand of construction of underground structures under the high-temperature environment. The
peak shear strength of rock joints has a significant role in evaluating the stability problems of surrounding rocks. However,
there is a lack of information about the temperature-dependent nature of the basic friction angle of rock joints, which serves
as an essential parameter to evaluate the peak shear strength. The present study experimentally investigates the influences of
temperature magnitude (20, 200, 400, 600, and 800 °C) on the basic friction angle of granite, marble, and red sandstone joints.
The basic friction angles of the three kinds of rock joints exhibit linear trends with the increase in the treatment temperature.
The basic friction angles of granite and red sandstone joints increase with the increase in the treatment temperature, while the
values for marble joints continually decrease. The mechanisms for the thermally altered variations in the basic friction angle
of rock joint are mainly related to dehydration process, uneven expansion of mineral grains, thermally weakened asperities
distributed on the surfaces, and change in physical and mechanical properties of minerals. In addition, other test conditions,
including tilting rate, specimen size, repetition number, and cooling rate, are also analyzed. The present study provides useful
data in establishing a peak shear strength criterion for rock joints by considering the temperature effect.

Keywords Rock joint - Thermal treatment - Basic friction angle - Tilt test - Tilt rate - Specimen size - Repetition - Cooling
rate

1 Introduction
1.1 Motivation

In recent years, there is an increasing demand for knowledge
on behavior of rock masses after thermal treatment due to
the utilization of deep underground rock engineering, such
as high-level radioactive waste repository (Lomenick and
Bradshaw 1969), underground compressed air energy stor-
age (Zhou et al. 2015), and rock cavern thermal energy stor-
age (Park et al. 2014). In some cases, the exposed tempera-
ture can be accumulated up to about 400 °C or even higher
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to the melting point of rock. A large number of researchers
around the world investigated the change in physical and
mechanical properties of intact rock after thermal treatment,
which were quite different from those without thermal treat-
ment mainly due to the thermally induced physical and min-
eralogical variations within the rock (Tian et al. 2014; Tang
et al. 2019). On the other hand, rock masses usually contain
discontinuities/joints which cause a great influence on the
mechanical behavior of rock masses (Barton 1976). Hence,
accurate evaluation of the shear behaviors of rock joint after
thermal treatment is critical for the stability of above-men-
tioned engineering structures. It is well recognized that heat-
ing can first increase the thermal stress and then generate
micro-cracks within the intact rock, due to the anisotropic
expansion of mineral grains, but the knowledge about how
rock joints’ shear behavior is affected by temperature is still
limited. Only several researchers conducted laboratory tests
to investigate the shear behaviors of rock joint with/after
thermal treatment (Olsson 1974; Khamrat et al. 2018; Kim
and Jeon 2019; Zhao et al. 2019).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-019-02026-w&domain=pdf

1974

Z.C.Tang et al.

Basic friction angle, one of the essential input parameters
for determination of the peak shear strength of rock joint,
was considered as an intrinsic property of rock surface (Pat-
ton 1966; Barton 1973, 1976; Ulusay and Karakul 2016).
The basic friction angle of a rock joint can be measured
by both tilt test and direct shear test. Although the related
ISRM suggested method has been proposed (Alejano et al.
2018), there are still limited experimental results available
in the literature about its temperature-dependent nature. To
better understand the property, a large number of tilt tests
have been performed using three types of common rock in
South China. The present study would be the first step to
comprehensively understand the temperature-dependent
shear behavior of rock joint after thermal treatment, which
is helpful to provide some insights to the variation of joint
basic friction angle with the increase in temperature, and
also be a pioneer to establish a peak shear strength criterion
for rock joint by considering the temperature effect that has
been rarely studied in the literature.

1.2 Literature Review

The original concept of basic friction angle of rock joints
was first proposed by Patton (1966), which then served as a
basic input parameter in most of peak shear strength criteria,
such as Barton and Choubey (1977), Kulatilake et al. (1995),
Zhao (1997), Grasselli (2006), Xia et al. (2014), and Tang
and Wong (2016), etc. Barton (1973, 1976) studied the basic
friction angles of various rock types, and summarized that
the basic friction angles generally ranged from 21° to 38°.
The basic friction angles measured on sedimentary rocks
ranged from 25° to 30° and those on igneous and metamor-
phic rocks ranged from 30° to 35°. The results from recent
studies indicated that experimental conditions affected the
value of basic friction angle of rock joint (Alejano et al.
2012; Hencher 2012; Pérez-Rey et al. 2015; Ulusay and
Karakul 2016; Alejano et al. 2017; Jang et al. 2017; Li et al.
2019). In the laboratory, tilt test and direct shear test are the
two commonly used methods to determine the basic fric-
tion angle of rock joint (Ulusay and Karakul 2016). Several
researchers compared the basic friction angle of rock joint
measured by direct shear test with that measured by tilt test,
and found that the value measured by the former is lower
than that measured by the latter (Hencher and Richards
1989; Hencher 1995, 2012). Polished surfaces were sug-
gested to determine the basic friction angle of rock joint
(Wines and Lilly 2003; Ruiz and Li 2014; Jang et al. 2017).
Essentially, the basic friction angle of rock joint reflects the
adhesion of two contact surfaces, and hence, ideally smooth
surfaces should be used (Li et al. 2019). However, the meas-
urement cannot be done and also not necessary from the
perspective of engineering practice. The basic friction angle
measured on slightly rough surfaces could be considered as
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a material parameter (Li et al. 2019), due to the widespread
small-scale asperities randomly distributed on “real” rock
surfaces. From a scientific point of view, as long as the sur-
face finish is consistent on all tested rock specimens, the
results can be used to analyze.

There are two methods widely used to obtain the above-
mentioned smooth surfaces with statistically identical rough-
ness. Diamond-drilled core is an optional method to make
such surface finish to evaluate the basic friction angle of rock
joints. Macroscopically, the cylindrical surface is smooth,
although the small-scale roughness distributed on the cylin-
drical surface exists (Li et al. 2019). The basic friction angle
of such cylindrical surfaces was first adopted by Stimpson
(1981) through tilt tests on three cores. Several researchers
also performed tilt test with two cores (Stimpson 1981; Li
et al. 2019). It is thought that the sliding angle measured on
cylindrical surfaces in tilt test is a good estimation of the
basic friction angle of rock joint (Li et al. 2019). The other
optional method for estimating the basic friction angle of
rock joints is to use saw-cutting slabs in tilt test (Bruce et al.
1989; Alejano et al. 2012; Gonzalez et al. 2014; Ruiz and Li
2014; Ulusay and Karakul 2016; Alejano et al. 2017; Jang
et al. 2017; Li et al. 2019). The limitations of the saw-cutting
method lie in two aspects (Li et al. 2019): (1) the flatness
and roughness of the cutting surfaces vary from laboratory
to laboratory, and it is relatively time-consuming for speci-
men preparation, and (2) different levels of wearing on the
surface and plastic strain in the vicinity of the surface may
be produced (which may lead to a lower friction angle than
an unaffected surface). By comparing different techniques
of tilt test, Alejano et al. (2012) pointed out that the tilt test
with three cores tended to overestimate the basic friction
angle of rock joints, who considered that the phenomenon
was mainly due to the fact that sliding along generatrix of
cylinders and along planar surfaces were different and also
that three-core sticks caused a slight wedging problem. Ale-
jano et al. (2012) also recommended to use cores drilled in
the laboratory with a length-to-diameter ratio of 2 or larger,
and rock slabs with at least 50 cm? surfaces and a length-to-
height ratio of at least 2. Li et al. (2019) established a rule
to estimate the basic friction angle of rock joints by tilt test
on both three-core and saw-cutting specimens.

To better understand the effect of wearing on the basic
friction angle of rock joints, researchers performed succes-
sive repetitions (tests) on the same specimens and the mean
value of the first several repetitions was used as the basic
friction angle (Bruce et al. 1989; Hu and Cruden 1992; Ale-
jano et al. 2012; Gonzalez et al. 2014; Ruiz and Li 2014;
Li et al. 2019), in which the number of repetitions usu-
ally ranged between 3 and 5. Alejano et al. (2012) further
recommended that three repetitions were sufficient, but a
fourth supplementary repetition should be performed when
the maximum difference between one of the results and the
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median was larger than 3°. Other researchers (Farrar and
Cawsey 1976; Hencher 1977, 2012; Gonzalez et al. 2014;
Pérez-Rey et al. 2015; Jang et al. 2017) found that, with the
increase in repetitions, tilt test would probably provide an
underestimation of basic friction angle, especially when the
surface was cleaned before each test. However, contradictory
phenomena were also observed by Jang et al. (2017).

In the literature, tilting rate is another factor influenc-
ing the value of basic friction angle in tilt tests. Alejano
et al. (2012), Gonzélez et al. (2014), Pérez-Rey et al. (2015),
Ulusay and Karakul (2016), and Li et al. (2019) selected
a tilting rate of about 24°/min to perform the tilt test. A
tilting rate of 8°/min was used by Cruden and Hu (1988),
Bruce et al. (1989), and Hu and Cruden (1992). In addition,
a tilting rate of 15°/min was used by Ruiz and Li (2014).
The maximum tilting rate was about 96°/min by Jang et al.
(2017), while the minimum tilting rate was about 2.5°/min
by Bruce et al. (1989). The effect of tilting rate on the basic
friction angle of rock joints was only discussed by Bruce
et al. (1989) and Jang et al. (2017). Bruce et al. (1989) found
that specimens tested at a tilting rate of 2.5°/min had a mean
increase of 0.3° over the results at the tilting rate of 8°/min,
while the maximum difference was about 3.2° that seemed
not to be ignored. However, Jang et al. (2017) recommended
that the tilting rate did not affect the basic friction angle
when the tilting rates were within the range of 0.2—1.6°s.
However, further research is still needed, especially for rock
joint after thermal treatment.

The temperature-dependent nature of basic friction angle
of rock joints has not been investigated, but the significance
had been previously pointed out by Barton (1973, 2013). By
consideration of the ascendant rock practices related to the
high-temperature environment, further understanding on the
temperature-dependent behavior of rock joints is desperately
required. Determining the basic friction angle would be one
of the points. In this study, the basic friction angle of three
typical rock types after exposure to high temperatures is
studied by tilt test with three-core method. The study mainly
aims to investigate the thermally induced variations in the
basic friction angle of rock joints. In addition, the effects of
experimental factors (i.e., tilting rate, specimen size, repeti-
tion, and cooling rate) are also investigated.

2 Materials and Methodology
2.1 Sample Preparation

Three kinds of rocks (granite, marble, and red sandstone)
are selected for the tilt test in the present study. Cylindrical
specimens with a diameter of 50 mm and a length-to-diame-
ter ratio of 2.0 or slightly larger are prepared. The drill bit is
made of a bronze alloy matrix containing synthetic diamond

grits of approximately 40—60 US mesh with a content of
0.6 ct/cm’.

e QGranite is retrieved from Suizhou, which is located in
central north of Hubei province in middle China. The
granite is gold ephedra and has a coarse-grained texture
with grain sizes typically ranging from 1 to 7 mm. Modal
analysis provided the following mineralogical composi-
tion in volumetric fraction (as shown in Fig. 1a), about
8.06% illite, 8.87% quartz, 30.61% micro-cline, and
52.46% albite. The unconfined compressive strength
(UCS) is approximately 105.7 MPa (by three specimens
with length of 100 mm and diameter of 50 mm) and the
tensile strength is about 3.42 MPa (by Brazilian test
using six specimens with diameter of 50 mm and height
of 25 mm).

e Marble is retrieved from Leiyang, which is located in
southeast of Hunan province in south China. The marble
is pearly white and relatively homogeneous in texture
and composition. The grain size is less than 1.0 mm. The
rock is mainly made up of dolomite (93.05%) and calcite
(6.95%), as shown in Fig. 1b. The UCS is approximately
122.2 MPa (by three specimens with length of 100 mm
and diameter of 50 mm) and the tensile strength is about
4.11 MPa (by Brazilian test using six specimens with
diameter of 50 mm and height of 25 mm).

e Red sandstone is retrieved from E’zhou, located in east
of Hubei province in middle China. The red sandstone
is dark in color and predominantly composed of albite
(26.6%), quartz (22.1%), micro-cline (21.2%), calcite
(14.3%), and kaolinite (10.8%), as shown in Fig. 1c. The
UCS is approximately 52.3 MPa (by three specimens
with length of 100 mm and diameter of 50 mm) and
the tensile strength is about 2.28 MPa (by Brazilian test
using six specimens with diameter of 50 mm and height
of 25 mm).

2.2 Thermal Treatment

Thermal treatment can be divided into real-time high-tem-
perature treatment and post-high-temperature treatment
(Tang et al. 2019). The post-high-temperature treatment
only needs the conventional test facility plus high-temper-
ature furnace, while the real-time high-temperature treat-
ment needs stricter requirements of test facility and the
testing is more expensive. In the present study, the post-
high-temperature treatment is used to study the temperature-
dependent surface friction nature of the three types of rock,
which means that the thermal treatment is first applied to the
specimens alone by an electrical high-temperature furnace
(Fig. 2a), and as the specimens are cooled down to the room
temperature, tilting test will be performed.
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Fig. 1 X-ray diffraction (XRD)
spectra for the powder of rocks
under the room temperature:

a granite, b marble, and ¢ red
sandstone
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Besides the high temperature, several other factors related
to the post-high-temperature treatment also have great influ-
ence on the mechanical properties of rock, such as duration
of high temperature, heating rate, and cooling rate. Accord-
ing to the available experimental procedures, there is no

well-recognized standard to heating the rock. The duration
of high temperature includes 0.5, 1, 2, 4, and even more than
12 h in the previous studies (Tang et al. 2019), among which
the duration of 2 h was selected by a number of researchers
around the world to ensure that the inside of the rock speci-
men was heated evenly (Tian et al. 2014; Zhang et al. 2016,
2017a, b, c; Kumari et al. 2017; Tian et al. 2017; Tang et al.
2019). As for the heating rate, different heating rates within
the range from 0.5 to 10 °C/min were usually adopted in
the previous studies, among which the heating rate of 5 °C/
min was widely used (Shao et al. 2015; Kumari et al. 2017;
Yang et al. 2017; Tang et al. 2019). With consideration of
the performance of high temperature furnace and also the
security regulation of our laboratory, 5 °C/min was used in
the present study. As such, the heating even up to 800 °C
can be finished within the working hours. In addition, the
cooling rate can be generally divided into natural cooling
and rapid cooling (by water or liquid nitrogen). In the pre-
sent study, only the natural cooling and the water cooling
were considered, and the effect of cooling by liquid nitrogen
will be investigated in the future. As mentioned above, the
procedures of the thermal treatments are summarized in the
following (the scenarios of thermal treatments are shown in
Fig. 2b, only with natural cooling rate):

e Place the specimens in the electric furnace (to ensure
even heating, the specimens were kept about 3 cm apart
from each other, and the minimum distance between the
silicon carbide bar heating elements and the specimens
was about 5 cm, top view, as shown in Fig. 2a);

e Heat the specimens at a rate of 5 °C/min in the furnace
chamber to a predetermined high temperature, i.e., 200,
400, 600, and 800 °C, respectively;

e Maintain the predetermined temperature for 2 h;

e Turn off the furnace and allow the specimens to cool
down to room temperature naturally.

Figure 3 presents the typical specimens after thermal
treatment in different temperatures. The highest temperature
for the marble specimen is 600 °C, due to that the specimen
can be broken by hand when the marble is heated to a tem-
perature of 800 °C. As such, it cannot be treated as a brittle
material. For the three types of rock with thermal treatment
in temperature of 200 °C, no obvious color change can be
observed when compared to those without thermal treat-
ment. As the temperature increases from 400 to 800 °C, the
color of granite gradually became lighter, but the number
of dark red spot increases due to the dehydration process
of ferric oxide hydrate. For the marble, the color gradu-
ally became milk white as the temperature increases from
400 to 600 °C. For the red sandstone, the color gradually
became fresh brick-red as the temperature increases from
400 to 800 °C. In addition, a limited number of specimens
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(b) Marble

(¢) Red sandstone

Fig.3 Photographs of specimens after thermal treatments (from left
to right: 20, 200, 400, 600, and 800 °C, respectively): a granite, b
marble, and ¢ red sandstone

are cooled by water in a container with a volume of about
30 L under the room-temperature condition. The cooling
time from the predetermined temperature to room tempera-
ture is about 10, 25, 35, and 40 min, respectively, for the
heating temperature of 200, 400, 600, and 800 °C. In other
words, the mean cooling rate is about 18-20 °C/min, which
is significantly greater than 1-2 °C/min for the natural cool-
ing. The wet specimens are then placed in the electrical fur-
nace with a temperature of 40 °C for drying until the quality
keeps constant.

After thermal treatments, six specimens under each
temperature condition are randomly selected to measure
the P-wave velocity for the three kinds of rock, respec-
tively, which is closely related to the internal structure
of rock and is one of the widely used parameters for the
characterization of material damage and evolution. The

@ Springer

Table 1 P-wave velocity of the three kinds of rock after thermal treat-
ments (unit: km/s)

T (°C) Granite Marble Red sandstone
20 4.776 4.833 3.447
200 4.507 4.207 3.014
400 3.966 2.902 2.553
600 3.216 1.627 2.172
800 2.005 - 1.829

results are listed in Table 1. The P-wave velocity decreases
for the three kinds of rock with the increase in treatment
temperature, indicating that the number of micro-defects
(typically, micro-cracks) increases.

2.3 Procedures of Tilt Test

A tilting apparatus (see Fig. 2c) combined with a free
downloadable digital slope meter (Max Protractor) with
an accuracy of 0.1°, which is built into Huawei cell phone,
is used to measure the basic friction angle of rock surfaces.
The device consists of a rigid frame supporting a hinged
table and a manually rotated arm with a screw feed which
can rotate the table from 0° to about 80°. A metal speci-
men holder is mounted in front of the table to prevent the
movement of the lower specimens during the process of
tilting. Before each test, the horizontality is confirmed by
an electrolytic bubble.

Following the ISRM suggested method (Alejano et al.
2018) and also referring to other procedures available for
performing the tilt tests (Alejano et al. 2012, 2017; Ulusay
and Karakul 2016; Jang et al. 2017; Li et al. 2019), the fol-
lowing procedures are adopted in the present study:

e Check the horizontality of the plane-tilting platform
prior to each test using a bubble level.

e C(Clean the surface of specimens to remove dust and free
particles.

e Place the two cores horizontally side by side along the
long dimension.

e Place one core horizontally upon the two lower speci-
mens and mark the generatrixes for the repetition tests.

e Rotating the tilt table steadily at a rate of about 24°/min
(or other rates when considering the effect of tilting
rate) until the upper specimen slides.

e Record the angle corresponding to sliding displace-
ments of at least 10% of the specimen length.

e Clean the surfaces by a dry soft brush. Place the speci-
mens in the same initial positions. Repeat the test for
at least three times.
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2.4 Calculation of Basic Friction Angle

The following steps are utilized to calculate the value of
basic friction angle of rock joints for each test (Ulusay and
Karakul 2016):

e If the standard deviation among three repetitions is no
more than +3°, the mean obtained from the three repeti-
tion tests is considered as the basic friction angle of rock
joint.

e If the standard deviation among the three repetition tests
is greater than +3°, a fourth test is performed. If the
deviation of the four tests is no more than + 3°, one of the
four tests, which has the largest deviation is omitted, and
the mean value obtained from the rest of them is treated
as the basic friction angle of rock joint.

e If the standard deviation among the fourth test and the
three previous tests is still greater than + 3°, a fifth test is
performed. The two of the five tests which have the larg-
est deviations are omitted and the mean value obtained
from the rest three is treated as the basic friction angle
of rock joint.

3 Results and Discussion
3.1 Variability of Basic Friction Angle

Table 2 summarizes the median, the mean, and the standard
deviation resulting from about 1000 tilt tests of the three
kinds of rocks after treatment with different temperatures.
The sliding surfaces have almost suffered no wearing under
each temperature condition during the first several repeti-
tions. Figure 4 shows the variation of basic friction angle
with the number of repetitions (tests) for the three kinds
of rocks at their highest treatment temperature. The small
variation indicates that the effect of wearing on the sliding
surfaces is negligible. Hence, the number of no more than
five repetitions (tests) which was suggested by Alejano et al.
(2012) and Gonzalez et al. (2014) is desirable. The median
instead of the mean value was recommended by Alejano
et al. (2012) and Ulusay and Karakul (2016) as the basic
friction angle of rock joint. The present results show that the
values of the median and the mean are close to each other
with a difference no more than 0.8°. In the following analy-
sis, the mean value is used only due to that most previous
researchers used the mean value.

3.2 Temperature-Dependent Nature
Alejano et al. (2017) found that the effect of temperature on the

tilt test results was negligible, in which the temperature only
ranged from 19 to 32 °C. However, as shown in Table 1, the

Table 2 Main results of the experimental investigation

Red sandstone

Marble

Granite

T (°C)

SD ()

Mean (°)

Median (°)

Number of tests

SD ()

Mean (°)

Number of Median (°)

SD (%)
tests

Mean (°)

Median (°)

Number of tests

0.78
0.86
0.97
0.99
1.05

329

32.8

200

0.66

34.2

34.1

90
30
30
30

0.86
0.97
1.08
1.24
1.46

33.1

33.0

200

20

200
400
600
800

34.8

34.8

50
50
50
50

1.80
2.37

32.7

32.8

34.7

34.8

50
50
50
50

36.0

36.2

319

319

35.0

35.1

38.2

38.2

1.99

30.3

30.1

36.0

36.1

38.6

38.6

36.6

36.9
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Fig.4 Variations of the basic friction angle of the three kinds of rock
surfaces after thermal treatments

basic friction angles of the granite and the red sandstone joints
generally increase with the increase of temperature in the treat-
ment, while the value for marble continually decreases. The
basic friction angle of the three kinds of rock joints exhibits
a linear trend with the increase of temperature (see Fig. 5).
Based on the least-squares analysis, the following equation
with a high coefficient of correlation can generally capture
the temperature-dependent nature for the basic friction angle
of the three kinds of rock joints after thermal treatment. The
regression coefficients for granite, marble, and red sandstone
joints are 0.0042 (R*=0.9270), —0.0064 (R*=0.9749), and
0.0075 (R*=0.9541), respectively.
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where @, is the basic friction angle of rock joint without
thermal treatment, @,  is the temperature-dependent basic
friction angle of rock joint after exposure to high tempera-
ture (7), T is the exposed temperature (in °C), and a is the
regression coefficient, mainly reflecting the effects of surface
conditions (such as the number of micro-cracks, the micro-
scale roughness, and the content of rock-forming minerals,
etc.).

The friction behavior of mineral grains such as albite,
cline, quartz, dolomite, and calcite (main minerals of the
three rock types) after thermal treatment is seldom stud-
ied. Cruden and Hu (1988) and Ulusay and Karakul (2016)
established empirical equations, respectively, to evaluate
the basic friction angle of rock joint using the content of
minerals in the entire specimen. In fact, the friction occurs
on the mineral grains which only distributed on the con-
tact surfaces. Thus, a regression function considering the
content of mineral composition on the surface should be
more realistic. Comprehensive investigations are still des-
perately required, such as the surface mineral analysis. This
study would only be a start about the temperature-dependent
nature of the basic friction angle of rock joints, which should
not be generalized (in spite of the results are obtained from
a large number of tilt tests).

The standard deviations of the basic friction angles for
the three kinds of rock joints are also presented in Fig. 5. In
general, the standard deviation increases with the increase
in the treatment temperature. Marble joint has the minimum
standard deviation and granite joint has the maximum one
under the room-temperature condition. After thermal treat-
ment, the standard deviation of marble joint increases rap-
idly with a declining rate. The red sandstone joint has the
minimum value of standard deviation when compared with
that of the other two rock joints. The standard deviations for
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both granite and red sandstone joints show a liner trend with
the increase in the treatment temperature. The larger stand-
ard deviation of the basic friction angle indicates that the
uniformity of tested surfaces decreases. The reason would be
partly related to the thermally induced micro-cracks (by the
varied thermal expansibility of mineral grains) and micro-
roughness (by the non-uniform loss of mass) distributed on
the surfaces.

3.3 Mechanism

Essentially, the basic friction angle of a rock joint reflects
the friction behavior of the two contact surfaces under the
extreme low normal stress (i.e., self-weight of upper speci-
men), which could be influenced by the physical properties
(water, mineralogy, etc.) and the surface attributes (micro-
crack, micro-roughness, etc.). Several reasons are found to
interpret the variation of the basic friction angle of rock joint
after thermal treatment to some extents: (1) state change
and loss of water, including absorbed, bounded, crystal, and
structural waters; (2) change in physical and mechanical
properties of minerals, especially the transition of crystals
and the change of mineral composition; (3) micro-cracks
induced by the unbalanced thermal stress, and micro-rough-
ness resulted from the dehydration process or changes/loss
in mineral composition; and (4) change in thermodynamic
property of the random distributed micro-asperities. Physical
changes usually occur under the relatively low-temperature
condition, while the chemical changes mainly occur under
the high-temperature condition. The competition among the
above-mentioned factors causes a change in the basic fric-
tion angle of rock surfaces.

Water distributed on the surface usually serves as the
lubrication during the process of sliding and results in a
lower value of basic friction angle (Patton 1966; Barton
1976; Barton and Choubey 1977; Alejano et al. 2012).
However, the dehydration process would produce a larger
friction coefficient of mineral grains (Sun et al. 2016; Zhu
et al. 2017). The absorbed-water would escape around
100-110 °C and the bounded-water would escape between
100 and 300 °C. The crystal water would escape below
400 °C and the structural water of mineral would escape
above 300 °C. For example, changes in color of the granite
surface (see Fig. 3) are mainly due to the dehydration pro-
cess of the ferric oxide hydrate as the treatment temperature
is higher than 400 °C. The uneven expansion of mineral
grains induced by the unbalanced thermal stress (due to
the difference in the thermal expansivity of mineral grains)
causes inhomogeneous deformation and probably results in
micro-cracks on the surface (Peng et al. 2016). Both the
thermally induced micro-cracks and micro-roughness dis-
tributed on the surface alter its friction behavior. By an
optical microscopy observation, the number of thermally

induced micro-cracks is the smallest for the marble joint,
especially after thermal treatment of 600 °C, when compared
with those of the other two rock joints. This is mainly due to
the homogeneous/compacted texture and composition in the
marble specimen. The thermally induced micro-roughness is
obvious for the surfaces of red sandstone joints, especially
after exposure to 600 and 800 °C, which would be mainly
related to the change/loss in mineral composition. To better
understand the surface attribute of the three kinds of rock
after thermal treatments, Figs. 6, 7, 8 present the results
of SEM test for each rock (with a magnification ratio of
100), respectively. For the granite and red sandstone, the
number of micro-cracks generally increases and the micro-
surface becomes rougher with the increase in the treatment
temperature. As such, the basic friction angle of the two
kinds of rock surface becomes larger with the increase in the
treatment temperature. For the marble, the number of micro-
cracks generally increases as the temperature increases from
room temperature to 600 °C, while the roughness of micro-
surface seems to be smoother. The micro-roughness on the
marble surfaces would dominate the friction nature under the
low normal stress condition, leading to a decreasing trend
with the increase in treatment temperature.

The mechanisms for sliding behavior under the low nor-
mal stress are still not very clear, which is related to the
shear behavior of micro-asperities. Due to the lack of equip-
ment with high precision in our rock laboratory, such an
experiment in micro-scale cannot be performed. If the upper
specimen is lightly pressed on the two base specimens by
manually applying a force of about 10 N and are ground
longitudinally back and forth a few times as following the
method used by Li et al. (2019), rock powder appears on
the sliding tracks after 20-25 times for marble surfaces and
5-8 times for red sandstone surfaces (both after exposure to
400 °C). However, no powder appears on the fresh surfaces
(without thermal treatment). Hence, the thermally altered
micro-asperities would weaken the friction nature even
under the extreme low normal stress condition.

4 Analysis for Influencing Factors

4.1 Tilting Rate

Laboratories around the world performed tilt tests using
different tilting rates generally ranging from 2 to 96°/min
(see Sect. 1.2). However, a common understanding about
the effect of tilting rate on the basic friction angle of rock
joints has not been obtained. Since there are still no standard
procedures to perform tilt tests, the rate-dependent nature of
the basic friction angle would be a matter of concern. Fur-
thermore, the basic friction angle of rock joint after thermal
treatment has been seldom investigated. As such, four tilting
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Fig. 6 SEM images for the granite surfaces after thermal treatments

rates of about 5, 10, 20, and 40°/min are used in this study.
Due to the limited specimens, only the specimens with no
thermal treatment and the ones after the highest temperature
for each rock type are used. Under each condition, a total of
15 tilt tests are performed following the mentioned proce-
dures in Sect. 2.3.

Under the room-temperature condition, the basic friction
angles of granite joints obtained by the four tilting rates
range from 31.6° to 36.8° (see the left in Fig. 9a), and the
means distribute in a narrow range of 32.9° to 33.9°. As
for the granite joints after exposure to 800 °C, the basic
friction angles range from 32.4° to 40.5° (see the right in
Fig. 9a), and the means distribute in a narrow range of 35.7°
to 36.6°. The results indicate that the basic friction angles
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of granite joints under the two temperature conditions are
almost the same regardless of the tilting rate (only with dif-
ference of less than 1° in this study). The effect of titling rate
on the basic friction angle of marble joints is similar to the
one of granite joints (see Fig. 9b) and no clear trend can be
observed. The basic friction angle of the red sandstone joints
without thermal treatment also exhibits a rate-independent
behavior (see the left in Fig. 9c). However, a decreasing
trend can be observed for the joints after thermal treatment
as the tilting rate increases from 5 to 40°/min (see the right
in Fig. 9¢). One interesting phenomenon should be noted
that, for the joints after thermal treatment, the basic friction
angles distribute in a larger range than the one without ther-
mal treatment, which should be mainly due to the thermally
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Fig.7 SEM images for the marble surfaces after thermal treatments

induced micro-cracks which are randomly distributed and
micro-roughness on the contact surfaces.

The irregular variations in basic friction angle of rock
joints under the same temperature condition are mainly
related to the surface condition of the specimens. One of the
possible reasons is that the inner surface of drill bit, which
looks similar at the visual level, touches smoothly, while
its micro-structures from one to one are different, and thus,
the drilled core surfaces have different micro-roughness
(Cruden and Hu 1988). On the other hand, the interactions
between rock and drill bit are affected by both rock attributes
(such as the abrastivity) and drilling power, which could be
treated as another reason responsible to the varied surface
micro-roughness of the tested specimens. In addition, for
specimens after exposure to high temperature, the surface
condition would be more complex due to the induced physi-
cal and chemical changes. The above-mentioned phenom-
enon can hardly be controlled even in the laboratory. Thus,
more accurate experiments should be conducted to explain
the mechanism of the rate-dependent behavior for basic fric-
tion angle of rock joints. However, from the perspective of
rock practice, both drilled cores and saw-cutting surfaces
can provide an accurate value for the basic friction angle of
rock joints. Similar to other observations (Bruce et al. 1989;
Pérez-Rey et al. 2016; Jang et al. 2017), the mean basic fric-
tion angle of rock joints in this study generally exhibits a

rate-independent property, and its volatility distributes in a
narrow range.

4.2 Specimen Size

The effect of specimen size on the basic friction angle of
rock joints has been investigated using saw-cutting slabs
with areas ranging from 4 x4 cm? to 10x 10 cm? (Alejano
et al. 2012, 2017; Jang et al. 2017). In consideration that
the size of rock joints used in both academia and practice
ranges widely from 5 x 5 cm? to 20 x 20 cm?, the size effect
should be further investigated. Although the mechanisms
of sliding along cylinder generatrixes and planar surfaces
are quite different (Alejano et al. 2012), it is also thought
that the angle measured on the cylindrical surfaces of core
specimens in tilt test is a good approach to estimate the basic
friction angle of rock joints (Barton 2013; Li et al. 2019).
Alejano et al. (2012) found that tests in lengthwise cut cylin-
der specimens (54 mm in diameter and no less than 108 mm
in length) can provide more reliable value of basic friction
angle, while other sizes were also used by Barton (2013)
and Li et al. (2019), etc. In this study, four different sizes
having lengths of about 30, 60, 110, and 210 mm (length-
to-diameter ratio is no less than 2 for all the specimens) are
used. However, only the red sandstone joints with no thermal
treatment and with 800 °C in the treatment are used due to
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Fig.8 SEM images for the red sandstone surfaces after thermal treatments

the limited specimens. Twenty sliding angles are measured
under the tilting rate of 20°/min for the two temperature
conditions following the procedures described in Sect. 2.3.

Figure 10 shows the mean, maximum, and minimum
basic friction angles for the red sandstone joints with
the four sizes under the two temperature conditions. It is
found that the largest sliding angle does not always occur
at the first measurement, which is different from the results
observed by Jang et al. (2017). For the specimens without
thermal treatment, no clear tendency can be observed as
the cylinder generatrix increases from 30 to 210 mm. For
the specimens after exposure to 800 °C, the basic friction
angle linearly increases with the increase in the speci-
men size. The basic friction angle is larger for specimens

@ Springer

with thermal treatment when compared with that without
thermal treatment, and the difference is much more obvi-
ous with the increase in the specimen size. An interesting
phenomenon is that the basic friction angles distribute in
a narrower range for the specimens with larger size under
the two temperature conditions. The basic friction angles
for specimens with generatrix length of 30 and 60 mm
almost exhibit the same distribution under the same tem-
perature condition. It ranges from 27.5° to 36.5° for those
without thermal treatment and ranges from 30.2° to 38.1°
for those treated with a temperature of 800 °C. The larger
distribution range would be due to the thermally induced
micro-cracks/roughness.
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4.3 Repetition Number

As stated by some researchers (Gonzélez et al. 2014;
Jang et al. 2017; Li et al. 2019), the mean basic friction
angle would not be representative if the number of test
repetitions is too small. In this study, several tilt tests are
repeated 50 times following the procedures described in
Sect. 2.3, and the mean basic friction angle is calculated at
an interval of five repetitions. The calculated mean values
are presented in Fig. 11 for the three kinds of rock joints
after different thermal treatments.

The mean basic friction angle keeps almost the same
with the repetition number for the granite joints without
thermal treatment. The phenomenon is also observed for
the joints after exposure to 200 °C. For the granite joints
after exposure to 400 °C, the mean basic friction angle
slightly increases from 35.2° to 35.7° with the increase in
repetition number. However, the thermal effect would be
more obvious for the granite joints after treatment with
temperatures of 600 and 800 °C, where a meaningful
increase in the basic friction angle can be observed when
the repetitions are about 50. The basic friction angle of
marble joints under the four temperature conditions exhib-
its an obvious declining trend as the repetition increases.
In general, the mean value of basic friction angle reduces
by about 5° when the repetitions are about 50 (only except
the one after exposure to 200 °C). The main reason for the
similar phenomena of marble joints would be due to the
homogeneous nature in mineral texture and composition.
For the red sandstone joints after exposure to no more than
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200 °C, the repetition causes little influence on the varia-
tion of basic friction angle. While a slight declining trend
can be observed for the specimens after exposure to no
less than 400 °C as the repetitions increase from 5 to 50.

4.4 Cooling Rate

Mechanical properties of rock are generally influenced by
heating—cooling treatments (Kumari et al. 2017; Zhang et al.
2018), which are mainly associated with the number and
extent of thermally induced micro-cracks. The thermally
induced micro-cracks could still be randomly distributed on
the rock surfaces. In addition, the cooling process would
also produce a series of physical and chemical changes. Both
above-mentioned factors may influence the surface friction
nature. Considering that seldom studies have been conducted
to capture the effect of cooling treatment on the basic fric-
tion angle of rock joints, the present study intends to fill
the gap and provides some pioneer studies, which would
be helpful to many deep geological applications. As shown
in Fig. 12, the following phenomena can be observed for
the rock joints under two different cooling treatments (see
Sect. 2.2):

e The basic friction angle of rock joints under the rapid
cooling treatment is larger than the one under the natural
cooling condition (except the data set of red sandstone
joint after exposure to 600 °C). However, the two cool-
ing treatments do not change the general trend of basic
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friction angle as the temperature increases from 20 °C
onwards. The difference of the basic friction angle under

N
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o
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Fig. 12 Mean basic friction angles and standard deviations under dif-

ferent cooling treatments

temperature increases.

the two cooling conditions gradually increases as the

By comparison, it is found that the cooling treatment has

a negligible influence on the basic friction angle of red
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sandstone joint, while it is more obvious for the granite
and marble joints as the temperature increases.

e The standard deviations for the three kinds of rock joints
consistently increase under the two cooling treatments
(except the data set of marble joint after exposure to
600 °C). Interestingly, it generally shows a larger increas-
ing rate with the increase in treatment temperature under
the rapid cooling condition, indicating that the rapid
cooling treatment would lead inhomogeneity on the sur-
faces to a larger extent.

5 Conclusions

The effect of thermal treatment on the basic friction angle of
rock surfaces is experimentally investigated by conducting
three-core tilt tests on granite, marble, and red sandstone
specimens. Overall, the basic friction angles of the three
kinds of rock joints exhibit linear trends with the increase
of heating temperature, respectively. Based on the results
from a large number of tilt tests, the following conclusions
can be drawn:

e With the increase in the treatment temperature, a monoto-
nous increase in the basic friction angle of granite and
red sandstone joints can be found, while those of marble
joints exhibit a continual decrease. A linear function con-
sidering the effect of treatment temperature is proposed
to characterize the temperature-dependent behavior. In
addition, the standard deviations of basic friction angles
for the three rock surfaces become larger as the tempera-
ture in treatment increases. The rising standard deviation
indicates that the homogeneity of the three kinds of rock
surfaces decreases.

e Under the room-temperature and the highest temperature
conditions, the tilting rate causes little influence on the
basic friction angles of granite and marble joints. Under
the room-temperature condition, the basic friction angle
of the red sandstone joints exhibits a rate-independent
behavior, while a decreasing trend can be observed
when the treatment temperature is 800 °C. In addition,
the basic friction angle of rock joints with highest tem-
perature in the treatment distributes in a larger range than
that without thermal treatment as the tilting rate increases
from 5 to 40°/min.

e Size effect is not prominent for the basic friction angle
of red sandstone joints without thermal treatment as the
size (cylinder generatrix) increases from 30 to 210 mm.
However, there is a linear increasing trend for the basic
friction angle of specimens after thermal treatment
with the increase in the specimen size. When the size
is the same, the specimen with thermal treatment gen-
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erally has a larger basic friction angle. An interesting
phenomenon is that the basic friction angles distribute
in a narrower range for the specimens with larger size
under the two temperature conditions.

e In general, the effect of repetition on the basic friction
angle of granite and red sandstone joints is not obvi-
ous, distributing in a narrow range within about + 1°
as the repetitions increase from 5 to 50. However, the
repetition tests cause great influence on the basic fric-
tion angle of marble joints. An obvious declining trend
can be observed with the increase of repetition number,
and the mean value of basic friction angle reduces by
about 5° when repetitions are about 50.

e Natural and rapid cooling treatments do not change the
general trend of basic friction angle as the treatment
temperature increases. However, the latter would pro-
duce a larger basic friction angle for the three kinds
of rock joints when the treatment temperature is the
same. The standard deviations generally increase with
the increase in the treatment temperature under the two
cooling treatments.
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