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The effect of jaw’s curvature on Brazilian tensile strength of rocks
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Abstract.

This paper investigates the effect of the jaw’s curvature, also known by contact angle and jaw arc central angle (2a),

of the Brazilian test apparatus on indirect tensile strength of various rock types. That’s why, ten rock samples including
limestone, marble, skarn, granite, diorite, and granodiorite were collected from some quarries in different provinces of Iran.
Petrographic, mineralogical and textural investigations were performed using thin section analyses. Physical properties of the
selected rock samples namely dry and saturated unit weights, porosity, water absorption, and specific gravity were determined
for the rock samples. In addition, Brazilian tensile strength at different 2a angles (i.e., 2a.= 0°, 10°, 15°, 20°, 45°, and 60°) were
determined for the rocks in the laboratory. Results show that the parameter for the rocks is between 3.81 MPa at 20=0° and
54.76 MPa at 20=60°. This means that Brazilian tensile strength increased with increasing 2a angle from 0° to 60°. Also, it was
found that the highest change rate of the Brazilian tensile strength occurs in range of 20=15°-30° for most studied rock samples.
In some tested samples, the parameter is decreased only at 2o, = 60°. The values of Brazilian tensile strength of the rocks tested

by flat and standard jaws are near to each other.

Keywords: rock sample; Brazilian test; tensile strength; jaw curvature; contact angle; 2a angle

1. Introduction

The Brazilian test, known as diametrical compression
test, indirect tensile strength test, splitting test, and split-
tension test, is an indirect testing method for determining
tensile strength of rocks and rock-like brittle materials such
as concrete (Li and Wong 2013). This simple test method is
used on cylindrical and flat disc-shaped specimens as well
as cubes or prisms (Rocco et al. 2001). The Brazilian test
can be done using a compression machine and specimens
identical in shape and geometry the same as ones are used
in uniaxial compression test (Garcia et al. 2017). The
development process of the Brazilian test can be divided
into three separate phases. The first phase began in 1943
when Carneiro presented this test method for determining
tensile strength of concrete (Carneiro 1943). This phase
continued until 1977 when the International Society for
Rock Mechanics (ISRM) issued a suggestion method for its
determination on rocks ISRM (1977). Afterwards, in the
period from 1978 to 1991, the second phase was
characterized by the use of the standardized method of the
Brazilian test. The third phase started in 1991 and continues
today. This phase is reflected by the improvements and
toward betterments of the primary testing method (Brisevac
et al. 2015). Despite going through the above three phases,
there is not available a definite and unique method for
loading disc-shaped rock specimen in the test about eight
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decades after proposing the test method. Even today, the
two standardized techniques suggested by ISRM (2007) and
proposed by the American Society for Testing and Materials
(ASTM) (ASTM 2008) that adopt jaws with different
shapes for loading rock specimens. Brazilian tensile
strength test is a research interest for a number of
outstanding scholars in the recent years. So that, many
researchers (e.g., Barla and Innaurato 1973, Istvan et al
1997, Seto et al. 1997, Aonoa et al. 2012, Dan et al. 2013,
Khanlari et al. 2014, Khanlari et al. 2014, Komurlu and
Kesimal 2015, Tan et al. 2015, Fereidooni 2016, Markides
and Kourkoulis 2016, Huang et al. 2017, Tutmez 2017,
Burkhardt ef al. 2018, Wei et al. 2019) have determined the
tensile strength of rocks by this method. In this way, many
studies (see Li and Wong (2013)) have also focused on the
loading jaws and contact area for the Brazilian test to
determine the optimum load transfer to the specimen such
that tensile stresses develop evenly in the central region and
minimize crushing at the edge of the specimen (Perras and
Diederichs 2014). This is one of the most notable topics for
evaluating indirect tensile strength of rocks. Perras and
Diederichs (2014) have presented a comprehensive review
concepts and testing method of the tensile strength of rocks.
Komurlu and Kesimal (2015) described the evaluation of
indirect tensile strength of rocks using different types of
jaws including flat jaw, ISRM standard jaw (20=10°) and
jaws with contact angle of 20=15° and 30°. In their
research, a series of Brazilian tests were conducted using
specimens prepared from NX size cores, and the effect of
contact angle and loading condition on indirect tensile
strength were investigated for various rock types such as
limestone, marble, dacite, riodacite, basalt and andesite.
Markides and Kourkoulis (2016) have investigated the
influence of jaw’s curvature on the results of the Brazilian
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Fig. 1 Sample locations on the general map of Iran

test in a detailed study. Garcia et al. (2017) found that the
Brazilian tensile strength is related to loading geometry
overall, the parameter is different at 2o angels of 5°, 10°,
12°,22°, and 25°.

With all these interpretations, the Brazilian test, based
on ISRM (2007) standard, has two concave jaws with arch
diameter of 8.1 cm, which is equal to 1.5 time of the
diameter of a NX-sized core specimen. In beginning of
loading, the force applied by the jaw to the specimen can be
identified linear for the standard jaws the same as flat jaw.
During the test as the force increases, two rectangular
contact area creates between the jaws and the specimen
once the specimen deforms (Jaeger et al. 2009). This state is
correct for both standard and flat jaws. Aonoa ef al. (2012)
analytically assessed the contact angle issue. It is clear that
the contact area of standard and flat jaws changes according
to the specimen hardness, jaw rigidity and load value.
Hondros (1959) investigated the Brazilian test for a thin
disc-shaped specimen loaded by uniform pressure applied
radially over a short strip on the circumference at each end
of the specimen with a definite contact angle (2a). He found
that maximum tensile stress is induced in the center of
specimen under a load with a certain 2a angle. Fairhurst
(1964), adopting an empirical generalization of Griffith’s
criterion and agreeing the Hondros (1959) approach,
quantitatively discussed the validity of the Brazilian test in
accordance with the boundary conditions. He studied the
role of the loaded rim’s length and found that, increasing
the contact angle, fracture could start away from the disc’s
center and proposed an optimum semi-contact angle a equal
to about o= arc tan(1/8). Mellor and Hawkes (1971)
assessed also the effect of the actual distribution of radial
stresses, which it should not be considered uniform.
Moreover, they proposed possible methods for reducing the
contact (friction) stresses. In their study, the use of
curvature jaws with radius more than the radius of applied
specimen is suggested for the first time. Erarslan and
Williams (2012) obtained more accurate results with
curvature jaws possessing the same radius as applied disc-
shaped specimen with a certain contact angle than those
obtained from ISRM standard jaws. They found that the
contact angle affects the fracture toughness of the disc-
shaped specimen so that toughness increases with
increasing contact angle.

The effect of friction between jaws and disc-shaped
specimens is also important in association with fracturing
behaviors of the specimens in the Brazilian test (Lanaro et
al. 2009, Kourkoulis et al. 2013a, b). When the jaws
provide uniformly radial stress, the friction effect at the
center of a specimen is virtually negligible. However,
failure can start in the compression area due to the induced
shear stresses beneath the loading jaws. On the other hand,
the effect of friction is not negligible for non-uniformly
radial stress. Markides et al. (2012) noted that radial stress
has to be considered as non-uniform for obtaining true
outcomes. Markides et al. (2010), Markides et al. (2012)
and Kourkoulis et al (2013b) have presented
comprehensive analytical studies on contact friction and its
influences on the stress distribution and deformation
behaviors of disc-shaped specimens under uniform and non-
uniform loads. Recently, the effect of boundary conditions
on the Brazilian test results is confirmed by many other
researchers (e.g., Ma and Huang 2018, Aliabadian et al.
2019, Yousefi 2019).

Given the above inferences, the contact angle or 2a
angle is an important factor, which is dictated by the
curvatures of the jaws, in the Brazilian test. In the present
research, an attempt has been made to quantify the effect of
this factor on essential aspects of the Brazilian test by using
some rock samples collected from different parts of Iran.
Simultaneous testing of various rocks from three groups of
rocks namely sedimentary, metamorphic, and igneous at six
different 20 angles have been considered in our research
that testing of the rocks at 2a angle equal 45° and 60° is
rarely found in previous research works. Also, investigating
the rate of changes in the values of Brazilian tensile strength
of the rocks with increasing 20 angle is performed for the
first time and a parameter called change ratio (CR) is
proposed in this research. These can be novelties for the
research.

2. Methodology

2.1 Sample selection

The number of ten rock samples including three
sedimentary (limestone), three metamorphic (marble and
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Rock mark Name Province / City Quarry name
KHL Khoram-Abad Limestone Lorestan / Khoram-Abad Gohareh
ARL Arsanjan Limestone Fars / Arsanjan Toos Tavoos
BIL Bajestan Limestone Khorasan Razavi / Bajestan Samenolaemeh
NRM Neyriz Marble Fars / Neyriz Tangehana
MHM Mahallat Marble Markazi / Mahallat Bagher Abad
BRS Birjand Skarn Khorasan Jonoobi / Birjand Gorid
KDG Khoram Darah Granite Zanjan / Khoram Darah Alvand 1
NBG Nehbandan Granite Gneiss Khorasan Jonoobi / Nehbandan Chahdashi
NTD Natanz Diorite Yazd / Natanz Granite
NTG Natanz Granodiorite Yazd / Natanz Ooreh

Fig. 2 Specimen preparation; (a) and (b) selected rock samples, (c) the used machine for coring the samples, (d) the rock

blocks after coring, (e) the prepared disc-shaped specimens and (f) wrapping the paper glue around the specimens

skarn), and four igneous (granite, granite gneiss, diorite and
granodiorite) were collected from quarries in different
provinces of Iran. These samples frequently served as
building stones in facades, curb, and flooring stones in
many cities within Iran. They are various in color, luster,
surface texture, and other apparent features. Fig. 1 depicts
the sample locations on the general map of Iran and Table 1
summarized the rock sample information.

2.2 Specimen preparation

Laboratory disc-shaped specimens were prepared from
the selected samples for considered tests. Fig. 2 displays
specimen preparation process in the laboratory. The
diameters of the prepared rock specimens were 54 mm
obtained by a coring machine. A total of 600 specimens
were used for various destructive and nondestructive tests.
The ratio of length to diameter of the prepared disc-shaped
specimens was in accordance with ISRM (2007) namely 0.5
to 0.75.

2.3 Test procedure

The laboratory investigations determined mineralogical
and petrographic characteristics, physical properties, and
Brazilian tensile strength (BTS) at different 2a angles. Fig.
3 presents test plan for mineralogical and petrographic,
physical, and Brazilian tests in the present study. In this
regard, polished thin sections were prepared for optical
microscopy to identify the mineral composition,
petrographic properties, and texture of the rock samples
based on ISRM (2007). The disc-shaped specimens were
provided to determine physical properties. The properties
include dry and saturated unit weights, effective porosity,
water absorption, and specific gravity, that they were
determined for the rocks based on ISRM (2007) suggested
methods. The number of tested specimens of each rock
sample for determining the physical properties was five
specimens.

Brazilian tensile strength (BTS) of the selected rock
samples is obtained according to ISRM (2007). The
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Fig. 5 Different 20 or contact angles in the present research; (a) 20=0° (flat jaw), (b) 2a=10° (standard jaw), (c) 20=15°, (d)
20=30°, (¢) 204=45° and (f) 20=60°
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Fig. 6 Brazilian tensile strength test apparatus and its performance process in this research; (a) and (b) built Brazilian jaws
from MO40 steel in different contact angles and its comparison to standard jaw, (¢) placement specimen into jaws and (d)

insert jaw frame containing specimen into test machine

Brazilian tensile strength test can be carried out on disc-
shaped specimens of rocks with thickness to diameter ratio
(t/D) of 0.5 or between 0.2 and 0.75 in accordance with
ISRM (2007) and ASTM (2008), respectively. In the test,
tensile stress is perpendicular to compressive load axis.
Forasmuch as the load axis is always upright, tensile stress
can be calculated on the horizontal direction (Fig. 4). The
tensile stress is maximum at the center of the disc-shaped
specimen. Thus, the crack initiation occurs at the center of
the specimen. Brazilian tensile strength (BTS) can be
calculated from the following equation:

BTS =£=0.6361 (1)

7Dt Dt

where P is the maximum load recorded during the test. D is
the diameter and t is the thickness of specimen. This
equation is derived from Muskhelishvili’s equations that
give stress distributions in a disc-shaped specimen
diametrically compressed under a line load (Muskhelishvili
1963).

In this research, Brazilian test is performed on the
prepared specimens at different 2a angles (i.e., 2a. = 0°, 10°,
15°, 20°, 45°, and 60°). Ten specimens were tested at each
20 angle, so a total of 600 specimens were subjected to the
Brazilian test. 2a angle, also called contact angle, is central
angle against the arc of a circle whose radius is equal to the
radius of the disc-shaped specimen (Fig. 5). In beginning of
the test, this angle is related to jaw type. For example, for
flat jaw 20=0°. Six pairs of jaws for the Brazilian test with

different 20 angles (i.e., 2a = 0°, 10°, 15°, 20°, 45°, and
60°) were designed and constructed for this research (Fig.
6).

3. Results
3.1 Mineralogical and petrographic properties

Mineralogical, petrographic and textural characteristics
of the rock samples were investigated by thin section
studies based on ISRM (2007) standard procedure. The
investigated rocks are composed of coarse grain crystals
except for the sample of KHL which has a fine grain
texture. The geometry of grains composing the rocks are
angular with equivalent dimensions except the samples of
ARL, BJL, and NRM which are composed of extended
crystals (Fig. 7). The rocks contain various minerals such as
quartz, alkali feldspar, plagioclase, calcite, amphibole, etc.
that they are common in all rock types namely sedimentary,
metamorphic, and igneous rocks. Calcite is the main
mineral in the sedimentary and metamorphic rocks namely
the samples of KHL, ARL, BJL, NRM, and MHM. The
amin minerals in the studied skarn is Amphibole, and in the
igneous rocks are Quartz and Feldspar. The average modal
abundance of minerals in the samples were determined by
point counting method and the results are summarized in
Table 2.

3.2 Physical properties

The average values of physical properties for the tested
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Fig. 7 Microscopic images of the rock samples in plane-polarized light Note: Qtz.,

Plagioclase; Cal., Calcite; Bio., Biotite; Amph., Amphibole; Prt., Perlite; Cor., Chromite

Table 2 Type and mineral composition of the tested rock samples

Quartz; Fld., Alkali felspar; Plg.,

Rock

Mineral content (%)

Rock color Rock name
mark Qtz. Fld. Plg. Cal.  Bio. Amph. Prt. Epi. Sfn.  Cor. Other minerals
Light
KHL yellow to Limestone 10 - - 90 - - - - - - -
cream
ARL Cream to Limestone 5 16 - 79 - - - - - - -
dark cream
BJL Pink Limestone 12 10 - 75 3 - - - - - -
NRM White Marble - - - 96 - - - - - - 4
MHM  Light gray Marble - - - 99 - - - - - - 1
BRS  Dark green Skarn - - - - - 47 - 15 10 21 7
Kpg Creamto Granite 13 35 10 . 12 14 - 10 - - 6
gray
NBG Gray Granite 20 27 15 - 3 - 34 - - - 1
NTD Black Diorite 15 - 38 - 12 24 - 5 - - 6
NTG Gray Granodiorite 10 25 26 - 15 21 - - - - 3

Note: Qtz., Quartz; Fld., Alkali felspar; Plg., Plagioclase; Cal., Calcite; Bio., Biotite; Amph., Amphibole; Prt., Perlite;
Epi., Epidote; Sfn., Sphene; Cor., Chromite

Table 3 Physical properties of the tested rock samples

Description of 4

Description of n.

3 3 o o
Rock mark No. of tests  Value Ya(kN/m’) Yo (KN/M’) 1. (%) W, (%) G (Anon 1979) (Anon 1979)
Min. 25.52 25.81 3.72 141 2.72
Ave. 25.27 25.94 427 1.63 2.74
KHL 5 Moderate Low
Max. 25.87 26.25 4.65 1.77 2.76
S.D. 0.13 0.18 0.35 0.13 0.01
Min. 26.07 26.14 0.48 0.18 2.68
Ave. 26.28 26.30 0.77 0.29 2.70
ARL 5 High Very low
Max. 26.40 26.40 1.30 0.49 2.71
S.D. 0.12 0.10 0.31 0.11 0.01
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Description of y4

Description of n,

3 3 0, 0,
Rock mark No. of tests ~ Value Ya(kKNmM’)  yu kN/m’) 1. (%) W. (%) G; (Anon 1979) (Anon 1979)
Min. 25.95 26.00 0.50 0.19 2.66
Ave. 26.06 26.08 0.56 0.21 2.67
BJL 5 High Very low
Max. 26.15 26.15 0.72 0.27 2.68
S.D. 0.07 0.05 0.09 0.03 0.00
Min. 26.18 26.20 0.14 0.05 2.67
Ave. 26.29 26.30 0.15 0.06 2.68
NRM 5 High Very low
Max. 26.49 26.51 0.21 0.08 2.70
S.D. 0.12 0.12 0.02 0.01 0.01
Min. 24.03 24.07 0.19 0.07 2.46
Ave. 25.34 25.35 0.36 0.14 2.59
MHM 5 Moderate Very low
Max. 25.79 52.79 0.58 0.22 2.64
S.D. 0.73 0.72 0.16 0.06 0.07
Min. 29.26 29.26 0.16 0.05 2.99
Ave. 29.78 29.79 0.26 0.08 3.04
BRS 5 Very high Very low
Max. 30.51 30.51 0.32 0.11 3.12
S.D. 0.47 0.46 0.06 0.02 0.04
Min. 24.98 24.98 1.41 0.54 2.59
Ave. 25.29 25.36 1.64 0.63 2.62
KDG 5 Moderate Low
Max. 25.56 25.56 1.83 0.72 2.64
S.D. 0.20 0.23 0.18 0.07 0.01
Min. 25.32 25.32 0.49 0.19 2.59
Ave. 25.42 25.44 0.59 0.23 2.61
NBG 5 Moderate Very low
Max. 25.47 25.51 0.64 0.25 2.61
S.D. 0.06 0.07 0.06 0.02 0.01
Min. 27.35 27.39 0.34 0.12 2.80
Ave. 27.86 27.87 0.53 0.19 2.85
NTD 5 Very high Very low
Max. 28.48 28.48 0.85 0.30 292
S.D. 0.43 0.42 0.19 0.07 0.04
Min. 25.76 25.76 0.60 0.23 2.65
Ave. 26.11 26.14 0.72 0.27 2.68
NTG 5 High Very low
Max. 26.94 27.01 0.90 0.34 2.77
S.D. 0.48 0.51 0.11 0.04 0.05

Note: vq4, dry unit weight; y,, saturated unit weight; n., effective porosity; W,, water absorption; G, specific gravity;
Min., minimum; Ave., Average; Max., maximum; S.D., standard deviation

Table 4 Values of Brazilian tensile strength of the tested rock samples at different 20 angles

Rock BTS (MPa) .
X 2a angle (deg.) No. of tests - S.D. CR (%)
mar Min Ave. Max.
0 (Flat) 10 7.10 8.59 10.27 1.05 -
10 (St.) 10 6.81 8.84 11.50 1.43 0.92
15 10 8.13 12.11 15.92 2.32 12.26
KHL
30 10 24.33 34.70 40.65 5.36 84.69
45 10 26.29 41.96 58.99 11.98 27.21
60 10 27.43 35.27 47.51 5.88 -25.07
ARL 0 (Flat) 10 4.61 5.98 7.34 1.01 -
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Rock BTS (MPa)
X 20 angle (deg.) No. of tests S.D. CR (%)
mar Min. Ave. Max.
10 (St.) 10 4.76 6.29 9.93 1.50 2.59
15 10 8.02 10.52 12.80 1.79 35.48
ARL 30 10 7.78 13.32 20.02 3.48 23.38
45 10 6.19 15.67 22.20 4.68 19.70
60 10 9.89 17.91 25.07 459 18.85
0 (Flat) 10 439 5.64 6.77 0.87 -
10(St.) 10 5.88 7.49 9.13 1.06 11.72
15 10 5.42 8.97 11.67 1.99 937
TBJL
30 10 11.01 14.01 18.03 2.86 32.00
45 10 10.99 18.68 31.42 6.09 29.64
60 10 13.89 21.40 28.76 532 17.27
0 (Flat) 10 4.84 7.14 8.66 1.12 -
10(St.) 10 5.79 7.68 9.70 1.14 6.03
15 10 9.54 11.67 14.83 1.58 44.41
NRM
30 10 9.48 13.97 16.18 2.09 25.50
45 10 17.23 18.89 23.22 1.90 54.82
60 10 12.17 16.13 21.13 2.81 -30.75
0 (Flat) 10 278 3.81 6.46 1.18 -
10(St.) 10 3.84 5.23 6.60 0.91 16.63
15 10 3.58 6.60 9.21 1.90 16.04
MHM
30 10 6.18 8.86 10.59 1.68 26.39
45 10 8.67 12.00 14.32 1.83 36.76
60 10 9.78 12.36 15.57 1.54 4.17
0 (Flat) 10 11.61 18.03 23.09 4.07 -
10 (St.) 10 17.16 20.83 26.39 3.53 7.61
15 10 18.32 2235 27.74 3.52 4.15
BRS
30 10 39.87 51.89 59.48 6.06 80.43
45 10 37.38 53.34 69.05 9.26 3.94
60 10 39.77 54.76 88.94 13.25 3.87
0 (Flat) 10 524 6.76 7.78 0.90 -
10 (St 10 5.97 9.23 10.60 1.29 10.98
15 10 6.90 10.09 12.09 1.61 3.86
KDG
30 10 16.64 22.08 29.53 3.78 53.37
45 10 30.85 34.61 40.63 3.10 55.83
60 10 18.77 29.21 46.10 7.44 24.04
0 (Flat) 10 6.84 9.36 12.31 1.81 -
10 (St.) 10 8.88 11.38 12.94 127 7.07
15 10 10.53 13.46 16.49 1.78 7.30
NBG
30 10 21.67 27.26 34.03 3.93 48.40
45 10 19.00 3291 51.69 10.65 19.83
60 10 23.06 37.87 49.94 9.01 17.40
0 (Flat) 10 737 12.78 18.37 3.24 -
NTD 10 (St.) 10 8.22 13.51 17.61 2.75 2.86
15 10 11.78 18.58 23.17 3.98 19.82
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Table 4 Continued

BTS (MPa)
Rock 20 angle (deg.) No. of tests S.D. CR (%)
mark Min. Ave. Max.
30 10 27.91 38.71 51.70 7.66 78.81
NTD 45 10 34.94 4439 70.18 10.96 2221
60 10 32.11 3833 53.44 8.03 23.69
0 (Flat) 10 5.50 8.25 11.92 1.84 -
10 (St.) 10 8.57 11.78 16.05 2.15 10.06
15 10 10.04 14.53 18.79 2.54 7.86
NTG
30 10 18.21 30.25 37.28 6.25 44.87
45 10 36.69 44.68 53.30 6.16 41.16
60 10 35.88 43.30 52.09 531 -3.95

Note: BTS, Brazilian tensile strength; Min., minimum; Ave., Average; Max., maximum, S.D., standard deviation; CR,
change ratio; St., standard

Fig. 8 Failure patterns of the sample of KHL under different 2a angles; (a) 2a=0° (flat jaw), (b) 2a=10° (standard jaw), (c)
20=15°, (d) 20=30°, (e) 2a=45°, (f) 20=60° and (g) all specimens

rock samples are outlined in Table 3. BTS are listed in Table 4.

3.3 Brazilian tensile strength
4. Discussions
Fig. 8 shows failure patterns of the sample of KHL in . ) . )
different 2a angles. In all states, the failure patterns are In this research, mineralogical, petrographic and textural
similar to each other; this means that tensile cracks are characteristics of the rock samples were investigated. It is
always created in vertical direction. The average values of found that nine samples of ten studied rocks are composed
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of coarse grain crystals and only one rock has a fine grain
texture which is the sample of KHL. The most important
minerals composing the rocks are quartz, alkali feldspar,
plagioclase, calcite, and amphibole which are common in
all rock types. The studied rocks have moderate to very
high dry unite weight and low to very low porosity based on
Anon (1979) classification. Minimum and maximum values
of dry unite weight were obtained for the samples of KHL
and BRS equal to 25.27 and 29.78 kN/m?, respectively.
Minimum and maximum values of porosity are for the
samples of NRM and KHL equal to 0.15 and 4.27%,
respectively. These results were expected according to the
cognitive that we had from the samples obtained from hand
specimen observations and their behaviors during
laboratory tests. These results are comparable with the
results presented by Khanlari et al. (2014) and Fereidooni
(2016).

Brazilian tensile strength for the tested rocks is obtained
between 3.81 MPa at 20=0° for the sample of MHM, and
54.76 MPa at 20=60° for the sample of BRS. This range of
values is logical and it is similar to the values presented in
previous research works (i.e., Cai 2010, Mishra and Basu
2012, Perras and Diederichs 2014, Komurlu and Kesimal
2015, Markides and Kourkoulis 2016, Ma and Huang
2018).

When using standard jaw with 20=10°, Brazilian tensile
strength of the rocks is between 5.23 MPa at 20=0° for the
sample of MHM and 20.83 MPa at 2a=60° for the sample
of BRS. As expected, this range is smaller than the range
obtained at all contact angles (20=0°-60°). Generally, the
value of Brazilian tensile strength increases with increasing
20 angle from 0° to 60° for the studied rocks. According to
the graphs presented in Fig. 9, the relationships between 2a
angle and Brazilian tensile strength are direct linear with
determination coefficient (R?) between 0.78 and 0.99. This
achievement is confirmed by the results presented in
Komurlu and Kesimal (2015) and Markides and Kourkoulis
(2016). The black curves show BTS changes between two
consecutive values of 2a angle (for example, between 15°
and 30°). These changes which may be positive or negative
with different rates, are not distinguishable from the dashed
lines. It is noteworthy that for five samples of the rocks,
Brazilian tensile strength is decreased at 20=60°. In other
words, for five samples, Brazilian tensile strength is
completely additive while, in the other five samples it is
decreasing. There is not detected any specific reason such
as origin, lithology, mineralogy or rock texture for
decreasing the parameter at 20=60°. Maybe it is related to
test condition in the laboratory.

There is a parameter is proposed to investigate the rate
of changes in Brazilian tensile strength of the rocks with
increasing 2o angle. This parameter is called change ratio
(CR) and it can be calculated from the following formula:

BTS, —BTS,

CR=——"——-01 %100

BTS. —BTS,, 2)
where, BTS, is Brazilian tensile strength at a certain 2a
angle (for example 30°), BTS, is Brazilian tensile strength
at previous 2a angle (for instance 15°), BTSmax and BT Swin
are maximum and minimum of Brazilian tensile strengths of

the rock sample (the former is at 2a4=45° or 60°, and the
latter is at 20=0°). The values of CR obtained from the
above formula for the studied rocks are illustrated in Fig.
10. As can be seen, CR is low in 2a range between 0° and
10°. This indicates that the value of Brazilian tensile
strength of the rocks tested by flat (20=0°) and standard
(20=10°) jaws, which are suggested by ASTM (1996) and
ISRM (2007), respectively, are near to each other. In fact, it
does not matter which jaw (flat or standard) is used when
we want to perform Brazilian test for a rock sample.
Because, both jaws are suggested by the standards and
provide close values for Brazilian tensile strength of the
rock. Maximum value of CR in 2a range between 0° and
10° is obtained for the sample of MHM equal to 16.33%,
and CR is less than 10% in most samples in this range.

Maximum value of CR for one sample of ten studied
rocks is in range of 20=10°—15°, for six samples is in range
of 20=15°-30°, and for three samples is in range of
20=30°-45°. Therefore, CR in range of 20=15°-30° has
maximum value for most studied rocks. In 2a range
between 45° and 60°, the value of CR decreases even; it has
negative value in five samples. This means that Brazilian
tensile strength decreases in this range for these samples.
There is not exist any clear relation between CR rate from
one side and lithology, mineral content, crystal size, density,
and porosity of the rocks from other side. Since the CR has
not been presented in previous research works, finding any
possible relation between the parameters needs to test more
rocks from various types, mineral contents, crystal sizes,
densities, and porosities as well as a good data analyzing. In
any case, this is clear that in some samples the value of CR
is negative in 20=45°-60°.

5. Conclusions

* The tested rocks are composed of various common
minerals such as quartz, alkali feldspar, plagioclase, calcite,
amphibole, etc. often with coarse-grained texture.

* These rocks are moderate to very high in dry unite
weight and low to very low in porosity according to Anon
(1979).

* Brazilian tensile strength is determined for the rocks at
different contact angles by using the built steel jaws for this
purpose. Overall, the parameter is between 3.81 MPa at
20=0° for the sample of MHM, and 54.76 MPa at 2a4=60°
for the sample of BRS.

* The value of Brazilian tensile strength increases with
increasing 2a angle up to 60°. For five samples of the rocks,
Brazilian tensile strength is only decreased at 20 = 60°.

* The relationships between 20 angle and Brazilian
tensile strength of the rocks are direct linear with very good
determination coefficient (R?).

* A parameter namely change ratio (CR) is proposed to
investigate the rate of changes in Brazilian tensile strength
of the rocks between two consecutive values of 2a angle
(for example, between 15° and 30°). These changes may be
positive or negative with different rates.

» There is not exist any clear relation between CR rate
and mineral content or texture of the rocks.

* By using standard jaw with 20=10°, Brazilian tensile
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strength of the rocks is between 5.23 and 20.83 MPa.
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