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Featured Application: The present work is conducive to focused use of the Brazilian test to obtain
the tensile strength and other information of a rock specimen.

Abstract: The fracture behavior of the disc specimens in the Brazilian test is closely related to
the reliability and accuracy of the experimental results. To comprehensively investigate the effect
of various loading methods and rock material types on the failure mechanism of the Brazilian
discs, five different rock types tested with three typical loading methods were employed in this
work. The digital image correlation (DIC) method was applied to record and analyze the strain and
displacement field of the specimens during the loading process. Experimental results indicate that the
peak load and deformation characteristics of the Brazilian discs are strongly affected by the loading
types. The Brazilian test with the Chinese standard is evidently not suitable for measuring the tensile
strength of rocks, and the other two testing methods may lead to an invalid failure mode for rock
materials with high stiffness and tensile to compressive strength ratio. Furthermore, it revealed that
the maximum equivalent stress point of a disc specimen is co-controlled by the material stiffness and
its tensile-compression ratio. The present work shows that it is necessary to select a suitable loading
configuration for each rock type in the Brazilian test.

Keywords: failure mechanism; loading configuration; rock types; Brazilian test; digital
image correlation

1. Introduction

Rock is a brittle material commonly encountered in various geotechnical engineering applications
(tunneling, mining, slope engineering, etc.) [1,2]. Since the tensile strength of rock is generally far less
than its compressive strength, tension cracks play an important role during the failure process of rocks,
which has been confirmed by numerous laboratory tests [3-8]. Therefore, it is of great significance to
study the tensile mechanical properties of rock, especially its tensile strength. In general, the tensile
strength of rock is measured by direct or indirect experimental methods. Compared with a direct
tensile test [9], the Brazilian test is a more favorable method for determining the indirect tensile strength
of rocks because of its simple experimental procedure and data reduction. Since it was introduced
independently by Carneiro and Akazawa in 1943 [10,11], a large number of scholars have carried out
theoretical and experimental research on it. The fundamental problem is the validity of the Brazilian
test, which is closely related to the reliability and accuracy of the experimental results. There are three
commonly used loading configurations in a typical Brazilian test [12], as shown in Figure 1, including
(a) flat loading platens (Type I) [13], (b) flat loading platens with two small diameter steel bars (Type II),
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which was proposed by the Chinese standard [14], and (c) the official International Society for Rock
Mechanics (ISRM) standard method (Type III), which recommends that two steel loading jaws should
be used to contact the disc specimen, and the jaw radius should 1.5 times the specimen radius [9].

Loadmg platen

4
steel rod

Loading platen Curved loading jaw

Figure 1. Typical Brazilian tensile test loading configurations: (a) flat loading platens; (b) flat loading
platens with two small diameter steel rods and (c) curved loading jaws.

Based on the plane elasticity theory and Griffith criterion, the tensile crack should initiate at
the center of the disc and then propagate along the compressive diametral line in the Brazilian test
for isotropic and homogeneous rock materials [12]. In the last few decades, great efforts have been
made to investigate the validity of the Brazilian disc test [15-17]. It was found that the crack initiation
location was often far away from the disc center [18-22]. On the contrary, based on experimental
and numerical studies of rocks, some authors confirmed that the tensile failure of the Brazilian disc
occurs in the center (interior) of the disk and then propagates to its top and bottom surfaces [23-26].
The discrepancy between the above two phenomena may be caused by the inconsistent testing
conditions for experiments or numerical studies.

In fact, the results of the Brazilian test are influenced by a variety of internal and external factors.
Researchers attempted to investigate the effect of all the influencing factors on the Brazilian test [12],
such as the intermediate principal stress [27,28], the frictional force between the loading platens and
the disc specimen [29-31], distributions of applied load [32,33], its anisotropic (transverse isotropic)
nature [34-37] and the thickness—diameter ratio of the disc specimen [27,38], etc. Nevertheless,
most studies preferred to examine the effect of loading types on the test results. For example,
Sgambitterra et al. [39] applied three different loading configurations in the Brazilian test to evaluate
their effects on the experimental results. It was revealed that the curved loading type is the most
suitable for determining the tensile strength. Liu et al. [40] investigated the tensile mechanical behavior
and damage evolution process of Beishan granite with different test methods based on the acoustic
emission test system. It was considered that the results of the direct tensile test were more rational
and reliable. Stirling et al. [41] studied the failure mechanism of a sandstone disc under various
testing conditions by DIC, showing that the flattened disc geometry represents the best compliance
with Brazilian test theory. Aliabadian et al. [37] conducted three sets of experiments considering
different load contact configurations to study crack development in transverse isotropic sandstone discs
subjected to the Brazilian test. This study confirmed that the anisotropy angles and load configurations
have strong effects on crack development. Komurlu et al. [42] performed an evaluation on the indirect
tensile strength of various rocks using different types of jaws, and concluded that the determination of
the indirect tensile strength of rocks was dependent on the loading geometry and the rock material.
The major drawbacks of their work are that they focused only on the tensile strength of rock specimens
and the failure patterns of failed discs. In addition, it can be found from the existing literature that most
studies were carried out on a specific type of rock or rock-like material, and some of their conclusions
are different and even contradictory. To summarize, the different findings in the above studies prove
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that no current uniform understanding exists as regards the Brazilian test, and the failure mechanisms
of the Brazilian discs subjected to different loading methods have not been fully recognized. Therefore,
this study intends to thoroughly investigate this knowledge gap by considering various rock types and
loading conditions.

In order to detect possible crack initiation locations in the experiment and to study the development
of surface deformations of rock specimens, traditional measuring instruments including strain gauges,
linear variable differential transformers (LVDTs) and extensometers can be employed. However, these
instruments are not capable of providing detailed information about the fracture behavior of the
specimen. In addition, strain measurements of these instruments are highly localized, and will be
affected by many factors such as temperature, adhesives, etc. [37,41]. To overcome these limitations,
the digital image correlation (DIC) method has been proposed as a non-contact optical measurement
technique to investigate the damage evolution and crack development of rock specimens. It also has
many other advantages, such as operating in real-time, and being full-field and non-destructive [43,44].
The theoretical basis of the DIC technique was first proposed by Chu et al. [45], and has been used in
many fields of material testing. Zhou et al. [46] evaluated the fracture behavior of ductile and brittle
specimens subjected to a uniaxial compression test using DIC. Li et al. [6] analyzed the deformation and
failure processes of marble containing a single hole under uniaxial compression using DIC technology.
Stirling et al. [41] studied the failure mechanism of sandstone disc specimens under three different
testing conditions via DIC. Zhang et al. [47] used DIC to study the deformation and failure behavior
of a rock specimen in the indentation test. Aliabadian et al. [37] applied DIC to investigate the crack
development of a sandstone disc in the Brazilian test. All these works highlighted that DIC technology
is applicable and reliable for characterizing the mechanical deformation behavior and failure patterns
of various rock types.

In this paper, three different load contact configurations were considered, including two
international standard methods (Type I test and Type III test) as well as the Chinese standard (Type
II test). Additionally, five different rock types with diverse brittleness indexes were tested. Finally,
the effect of the load contact configurations on indirect tensile strength and the crack patterns (including
crack initiation and propagation) with respect to various rocks were investigated in the Brazilian disc
tests by combining DIC technology. The key findings of this work are essential in accurately using the
Brazilian test to obtain the tensile strength and other information of a rock specimen.

2. Experimental Procedures

2.1. Specimen Preparation

The tested materials in this work include white sandstone (WS), red sandstone (RS), marble (M),
granite (G) and basalt (B). For each rock type, nine intact Brazilian disc specimens were prepared with
the dimensions of 50 mm X 25 mm (diameter X thickness). These specimens were extracted from
intact rock blocks that were petrographically uniform and lacked obvious cracks or bedding planes.
Therefore, they can be treated as approximately isotropic. Owing to the application of DIC technology
in the Brazilin test, a fine aerosol paint was applied to make a black-on-white speckle pattern on the
specimen surface. Moreover, in order to gain effective correlation, the speckle patterns were carefully
made as non-repetitive, isotropic and high in contrast, as shown in Figure 2a. The detailed procedure
of this work is described in CorelatedSolutions [48]. In addition, three standard specimens of 50 mm x
100 mm (diameter X height) were prepared for each rock type in order to conduct uniaxial compression
tests. The results of the uniaxial compression tests are listed in Table 1.
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Table 1. Testing results of the uniaxial compression tests.

Rock Type Parameter Mean Value Standard Deviation
o; (MPa) 37.7 0.6
White sandstone E (GPa) 9.2 0.2
% 0.15 0.01
o; (MPa) 62.6 0.8
Red sandstone E (GPa) 14.8 0.6
% 0.18 0.01
0. (MPa) 79.2 0.7
Marble E (GPa) 43.7 0.6
v 0.21 0.01
o (MPa) 171.7 0.4
Granite E (GPa) 72.2 0.9
v 0.23 0.01
oc (MPa) 158.4 33
Basalt E (GPa) 61.9 2.1
v 0.25 0.01

2.2. Experimental Setup and Testing Method

The main experimental setup used in the Brazilian test includes the loading device (MTS-Landmark
servo-hydraulic loading system) and an image acquisition device (Point Grey-GS3-U3-12356M-C),
as shown in Figure 2b. Loading was carried out using displacement control at a rate of 0.2 mm/min.
The specimens failed within about 5 min, which is within the recommended time of 1-10 min [13].
During loading, two cameras were used to capture images at intervals of 50 ms (20 fps). As shown
in Figure 2b, the two cameras with 50 mm fixed focal length were installed in front of the specimen,
and the axes of the cameras were at an angle of ~20° from the axis of the specimen. Moreover,
the two cameras were connected to a computer which was later used to analyze the images using
three-dimensional visual image correlation software (VIC-3D). Further details of the camera setup are
described in CorelatedSolutions [49]. To ensure the correct brightness of the specimen surface, two
LED lamp sources were placed on both sides of the specimen. Additionally, image calibration was
carried out before testing with the 3D-DIC technology.

(@)

Figure 2. Cont.
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Figure 2. (a) A typical speckled pattern of specimen WS3-1; and (b) experimental setup for the
Brazilian test.

3. Results

3.1. Tensile Strength and Deformation Characteristic

In the Brazilian test, a circular disk is diametrically compressed along its diameter, resulting in
a constant tensile stress perpendicular to the loading direction in the central part of the specimen.
According to the maximum tensile stress criterion, the formula for calculating the tensile strength o;

(MPa) is [9,13]:
2P P
= — = U. —_— 1
or= 1~ 06365 M)

where P is the failure load (N), and D and ¢ are the diameter and thickness of the specimen respectively
(mm). However, it is believed that rock material properties and load conditions can generate a
significant effect on the determination of indirect tensile strength and fracturing of rocks [38]. In other
words, an invalid Brazilian test may occur because of some certain internal or external factors mentioned
in the introduction. In fact, crack initiation occurring away from the disk center was observed in
some rock specimens in this study. Therefore, the results from this standard formula may not present
well the actual tensile strength of some rock materials, and the equation herein is mainly used for the
purpose of comparison.

According to the experimental data, the Brazilian test results are listed in Table 2. The tensile
strengths of all specimens are calculated by Equation (1), while the brittleness index (BI), which is
commonly used to characterize the failure behavior of rocks, is determined by the ratio of the uniaxial
compressive strength to average tensile strength [50]. For a better comparison, the average tensile
strength of each rock type under different loading conditions is plotted in Figure 3. As can be seen from
Figure 3, the loading method has a significant influence on the tensile strength of rocks. The average
tensile strength determined by the Type IlII test is the highest among the three test types for all rock
types, while the Type II test is the lowest. It can also be found that the tensile strength determined
by the Type I test is similar to the Type III test. The above experimental results are mainly related to
the contact area between the specimen and the platens, and its size depends on the disc material, jaw
material and load level. In fact, curved platens (Type III) have the highest contact area, and the rod
platens (Type II) have the lowest.
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Table 2. Specimen dimensions and the Brazilian test results.

6 of 17

Specimens No. D/mm t/mm Prax/kN oi/MPa Mean/MPa BI
WS1-11 48.98 25.09 4.54 235
WS1-2 49.08 25.09 4.26 2.20 2.32
WS1-3 49.09 25.09 4.62 2.39
WS2-1 49.02 25.11 2.94 1.52
WS2-2 49.05 25.10 3.00 1.55 1.52
WS2-3 49.01 25.09 2.88 1.49
WS3-1 49.06 25.09 4.96 2.57
WS3-2 48.99 25.09 4.30 2.19 2.34 16.11
WS3-3 48.98 25.06 4.36 2.26
RS1-1 49.09 25.05 8.79 4.55
RS1-2 49.06 25.05 7.70 3.99 4.15
RS1-3 49.07 25.02 7.52 3.90
RS2-1 49.02 25.04 5.23 2.71
RS2-2 49.06 25.06 6.24 3.23 2.84
RS2-3 49.02 25.03 4.96 2.57
RS3-1 49.07 25.02 10.08 5.23
RS3-2 49.03 25.02 10.10 5.24 5.20 12.04
RS3-3 49.03 25.06 9.90 5.13
M1-1 49.07 25.03 6.19 3.21
M1-2 49.05 25.08 7.35 3.81 3.32
M1-3 49.05 25.01 5.66 2.94
M2-1 49.05 25.08 5.40 2.80
M2-2 49.04 25.04 5.73 2.97 2.90
M2-3 49.05 25.07 5.60 2.92
M3-1 49.39 25.31 8.40 4.28
M3-2 49.03 24.99 7.29 3.80 4.02 19.70
M3-3 48.96 25.01 7.61 3.96
G1-1 48.81 25.10 24.87 12.93
G1-2 48.86 25.08 23.86 12.40 12.88
G1-3 48.84 25.10 25.62 13.31
G2-1 48.89 25.07 17.45 9.07
G2-2 48.89 25.06 16.85 8.76 9.11
G2-3 48.87 2511 18.31 9.50
G3-1 4891 25.11 25.24 13.09
G3-2 48.92 25.12 26.84 13.91 13.49 12.73
G3-3 48.86 25.12 25.97 13.48
B1-1 49.54 25.02 28.36 14.57
B1-2 49.56 24.99 26.26 13.50 13.45
B1-3 49.56 24.98 23.89 12.29
B2-1 49.54 25.00 16.85 8.67
B2-2 49.54 25.00 17.22 8.86 8.63
B2-3 49.59 24.98 16.28 8.37
B3-1 49.52 25.03 28.94 14.87
B3-2 49.53 25.01 31.04 15.96 16.01 9.89
B3-3 49.55 24.96 33.40 17.20

1 Note: The specimen number describes the rock type and testing conditions. For example, specimen WS1, WS2 and
WS3 denote white sandstone specimens tested with Type I[13], Type I [14] and Type III [9] specification, respectively.
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Figure 3. Average tensile strength of different rock types under three typical loading configurations.

Figure 4 presents the load—displacement curves of representative tests of each rock type under
different loading configurations. It can be observed that the loading force rises linearly before the peak
(except for the initial loading stage) and drops rapidly at the peak, which indicates that little damage
occurs inside the specimen during the loading process. In other words, the tested specimens undergo
little plastic deformation during the loading process. When the input energy reaches a critical level, it is
released abruptly via fracture formation [51,52]. In addition, it can be found that specimens tested by
the Type I specification, undergoing less displacement, show a similar stiffness to those of the Type III
specification when the slope is at the linear elastic stage. Moreover, it should be noted that the Type II
test shows the lowest stiff response to load, i.e., specimens tested using the Type II specification exhibit
the highest vertical displacement for the same loading force, which can be observed from the green
horizontal dotted line in Figure 4a. Likewise, the other four rock types show similar performances.
The main reason is that the severe stress concentration caused by the small steel bar placed between
the flat platens and specimen gives rise to the localized premature failure, which in turn causes the
steel bar to penetrate into the disc specimen. Conversely, the Type I specification shows the lowest
displacement for a certain loading force. This may be due to the end restraint effect, which constrains
the compressive deformation and leads to a smaller displacement.
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Figure 4. Load—displacement curves of representative specimens of (a) WS, (b) RS, (¢) M, (d) G and (e)
B for each loading method (WS, RS, M, G, B represents white sandstone, red sandstone, marble, granite
and basalt, respectively).

3.2. Failure Process Analysis

The standard failure mode during a Brazilian test is that the crack initiates from the disc center
and propagates toward the loading points [9]. To date, the rock fracturing behavior, especially the
crack initiation and propagation, are still a hot issue in rock mechanics [37,39,41]. In this paper, for the
purpose of comparison, representative tests of each loading type were selected for analysis. Table 3
presents the tensile strain contour plots of the specimens immediately prior to failure. Obviously,
the localized tensile strain exhibits two types of distribution characteristics: one is that the tensile strain
concentration area is located at the center of the disc surface, and the other one is that the tensile strain
severely concentrates very near to the loading points. The discussion of these two cases is presented
herein. According to the linear elastic theory, the extension strain at the disc center can be calculated as
follows [12]:

@)

where &, is the extension strain normal to the loading direction, E is the Young’s modulus and v is
the Poisson’s ratio. Therefore, the tensile strain concentration can be considered as the tensile stress
concentration for the first case, which corresponds with the Brazilian test theory. This is directly

Ex) = %(1 +3v)

illustrated in Figure 5, which shows the conversion between the tensile strain and stress contour plot
of a sandstone specimen (RS3-2) using VIC-3D software. However, for the second case, the localized
tensile strain immediately beneath the loading points cannot be fully considered to be induced by
tensile stress owing to the extremely high compressive stress existing on the top and bottom of the
disc. As such, a localized premature failure may occur near the loading points of the disc specimen.
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From the above analysis, it can be found that the results of the Type III test specifications seem to be

more reliable, in accordance with the Brazilian theory.

Table 3. The tensile strain contour plots of representative tested specimens prior to failure.

Rock Type Type I Test Type II Test

Type III Test

&,(um/m)

White sandstone

Red sandstone

Marble
Granite
1800
1425
1046.7
Basalt

2,(pmim)

e (um/mis

& (jum/m)

&,(nm/m)

I 1370
1099.2
|'770

1459.75
155
-149.1
-452.5
-754.3
-1030

|3100
2025
1277.5
581.3

76

B 4452

-988.6
-1595
-2390

750
467.5
163.4
-12
-89.5
-242.2
-325.5
-471.3
-505

12000
5032.5
1530

& (umfm) |

)} 7885

&(um/m)

£o(um/m)

&(um/m)

e(um/m) | I8
464.38

313.75
Eq. (4)and(5)

163.13 1
——

12.5 VIC-3D software
-138.13
-288.75

-439.38
-590

5.18
3.44
1.68
-0.088
-1.85
-3.61
-5.38

-7.14
-8.4

Figure 5. Transition of strain and stress contour diagram of specimen RS3-2.
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The failure analysis of disc specimens tested by Type III specification is described in detail below.
It is well known that the crack propagation in brittle rock specimens is extremely fast, and that the
initial crack location cannot be detected by the naked eye. DIC was sometimes employed to address this
problem [37,53]. Furthermore, the criterion for crack initiation is characterized by a rapid jump in the
strain at a point of interest, or displacement discontinuity along a line crossing the crack. The specimen
WS3-1 is taken as an example to demonstrate this method in this paper. Seven virtual monitoring
extensometers were located at equal intervals along the vertical loading axis (as shown in Figure 6a).
It can be seen in Figure 6b, and in the inset figure, that the tensile strains of all extensometers rise rapidly
almost at the same time, and it is difficult to show the rapid increase sequence of the extensometers
under the current image acquisition interval (20 fps). Based on the above analysis, it can be recognized
that DIC (except a high speed camera) is generally employed to qualitatively, rather than quantitatively,
determine crack initiation in brittle materials. In general, researchers commonly use Griffith fracture
criterion to judge the crack initiation point for brittle materials, specifically, using equivalent stress to
judge the crack initiation point. However, this fracture criterion has occasionally been criticized due to
its applicability to only one specific rock type [54]. Accordingly, the Mohr strength theory is selected in
this paper to calculate the equivalent stress value of the disc specimen, and find the location where the
maximum equivalent stress occurs. The Mohr strength theory can be expressed as [54]:

01— po3 = o¢ 3)

where 01 and o3 are the maximum principal stress and the minimum principal stress respectively, and
is the ratio of tensile (0t) to compressive strength (o). In fact, the maximum principal stress, o1, can be
considered as the tensile stress, oy, on the surface of the Brazilian disc, while the minimum principal
stress, 03, is the compressive stress, oy, correspondingly. Moreover, the tensile and compressive stress
on the disc surface can be derived by the VIC-3D software using the plane stress solution:

Ox = 1_E—V2(€x + vey) 4)

oy = f—vz(ey + vex) (5)

where ¢, and ¢, are tensile and compressive strain, respectively. Consequently, the equivalent stress,
oy, can be derived as:
oM = 0x = oy ©
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Figure 6. (a) Seven virtual extensometers assigned equally along the loading diameter; (b) the lateral

strains history during the loading process.



Appl. Sci. 2020, 10, 5513 110f17

It is well known that the crack initiation point in the Brazilian test is generally located near the
vertical diameter of the disc. Therefore, this paper mainly focuses on the equivalent stress distribution
on this path. For the purpose of a better comparison, the final results are normalized by the maximum
equivalent stress of each rock specimen, and plotted in Figure 7. It was found that the possible crack
initiation points of all specimens are all located in the central part of the disc. In other words, these
specimens can be regarded as exhibiting a valid failure mode [12]. Additionally, the current results
show a good agreement with a previous numerical study performed by Yu and Xu [54]. In other words,
the maximum equivalent stress (individually directed by arrows) based on Mohr theory generally
tends to occur far away from the disc center for an increasing ratio of tensile to compressive strength
in rocks. It can be seen from the insert figure in Figure 7 that the vertical distance between the
maximum equivalent stress point and the center of the disc varies significantly with the ratio of tensile
to compressive strength increasing, and the Basalt specimen exhibits the largest distance while the
Marble specimen shows the lowest one. However, it can be found that the result is aberrant for the red
sandstone specimen, despite the fact that its tensile to compressive strength ratio is slightly higher than
that of the granite specimen. This observation could be explained by the fact that, for relatively hard
materials (e.g., the granite specimen), a smooth transition from the loaded rim to the unloaded part of
the specimen is not allowed, and the fracture tends to occur further away from the disc center [12].
Therefore, it can be recognized that the maximum equivalent stress of a disc specimen is co-controlled
by the material stiffness and the tensile-compression ratio when the loading condition is fixed.

s
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L
=
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y coordinate along the loaded diameter
Figure 7. The distribution of the Mohr equivalent stress along the loaded diameter for different
rock types.

For the purpose of simple description, the results of the Type II tests are analyzed continuously.
For this test specification, two regions of dominant horizontal extension strain were located at the top
and bottom of the disc prior to failure, and the minimum tensile strain was located at the disc center,
as shown in Table 3. In order to quantitatively compare the distribution of tensile strain, the strain
profiles across the vertical diameter are shown in Figure 8. It can be seen that the strain concentration
at the loading points on both ends of the granite and basalt specimen is the most severe, which may
indicate a localized premature failure. The fracturing process of specimen G2-1 is investigated as an
example. Generally, there are three possible crack initiation positions in the Brazilian disc, shown by the
small red dotted circles in Figure 9a, namely C0, C1 and C2. The diameter of these circles is about 5 mm,
and they are sequentially utilized to monitor tensile and shear strain history in these areas using DIC, as
shown in Figure 9b. It can be obviously found that the tensile and shear strain both increase slightly up
to 140 s. At 140 s, the tensile and shear strain both abruptly increase dramatically at the bottom of the
disc, where C2 is located, indicating that a crushing behavior occurs there. In addition, similar results
have been observed in basalt disc specimens. However, the crushing behavior is not evidently observed
in sandstone (white and red sandstone) and marble specimens before the peak load. Furthermore,
owing to the high fracture velocity in these specimens, the location of the first cracking point cannot
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be accordingly confirmed by DIC. However, it is certain that the strain concentration at both ends of
the disc must accelerate the accumulation of damage, resulting in a lower load-displacement curve
response and tensile strength. Therefore, this standard testing method may not be applicable for
determining the tensile strength of rock disc specimens. Further theoretical investigation can give
confidence in this inference. As shown in Figure 8, the critical extension strain values of the central
portion of the disc are very low. Taking specimen WS2-1 as an example, the tensile and compressive
strains at the center of the disc prior to failure are 181 um/m and 387 um/m, respectively. Assuming
linear elasticity, the peak tensile stress at the center of the disk is 1.13 MPa from Equation (4), which is
apparently less than the tensile strength of the specimen with central crack initiation. This indicates
that the failure of the disc ultimately initiated at the bottom or top of the disc, which is counter to the
Brazilian test theory.
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Figure 8. Strain profiles across loaded diameter just before the peak load in Type II tests.
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Figure 9. (a) Three possible crack initiation positions; (b) evolution of tensile and shear strains at these
interest areas.

For the last Type I test, i.e., the ASTM standard specification [13], it resembles a combination of
the above two experiments. To summarize, soft rocks or rock materials with low ratios of tensile to



Appl. Sci. 2020, 10, 5513 13 of 17

compressive strength (sandstone and marble in this paper) exhibit similar cracking behavior to that
of the Type III test. Conversely, crushed regions just beneath the flat platens were observed when a
relatively hard rock with a high ratio of tensile to compressive strength was tested, showing a good
match with the Type II tests (G2-2, B2-2). Nevertheless, the tensile strength determined by the Type I
test is much higher than that determined by the Type II test. This indicates that when smaller angles of
loading contact area are adopted, the measured tensile strength will be lower, which agrees well with
the conclusion of Fairhurst [15].

3.3. Failure Patterns

The failure patterns of representative specimens tested by different loading methods after
reassembly are shown in Figure 10. These specimens are the same as those selected for analysis in
Table 3. Although the specimens are generally split along the loading line, some difference can still
be noticed.

Figure 10. The failure patterns of representative specimens tested by (a) Type I, (b) Type Il and (c) Type
III loading configurations.

In the Type I test, the bottom or top of all the disc specimens seem to show different magnitudes
of crushing behavior, as illustrated by the dotted line ellipse in Figure 10a. Moreover, the edge
crushed zones just beneath the contact surface are especially evident for granite and basalt specimens.
This observation is in compliance with Table 3. For Type Il test, it can be noticed that the failure surfaces
of the specimens are more regular than in the Type I test, as shown in Figure 10b. In fact, due to the
stress concentration around the steel bars, the linear failure surface considered as an ideal split [38]
can be easily formed, which also leads to a smaller tensile strength. In addition, for relatively hard
rocks, wedge-shaped crushed regions (illustrated by the dotted circle) can be clearly observed due
to the more severe stress concentrations existing in the vicinity of the loading points. It should be
noted that these crushed regions have already been formed during the loading process. However,
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the above-mentioned compression failure zones cannot be found in the specimens tested by Type III
specification, indicating that this loading geometry well mitigated the stress concentration beneath
the loading platens, and can be expected to ensure that the crack initiation point occurs in the middle
portion of the disc. For materials with high tensile-compression ratio (red sandstone, granite and
basalt), their dominant fracture is typically accompanied by secondary fractures that open from the
vicinity of the loading points, as shown in Figure 10c. Conversely, the white sandstone specimen with
the lowest uniaxial compressive strength, and the marble with the lowest tensile-compression ratio
tested in this study, eventually failed with only one central crack.

4. Discussion

Based on the present study, it can be concluded that the fracture behavior of the Brazilian disc is
not only affected by its loading condition, but also by its material properties. This may serve as an
explanation for the discrepancy in some of the existing findings, which are stated in the introduction.
In addition, it should be noted that the anisotropy of rocks will also have a significant effect on the
failure mode of the Brazilian discs, according to Aliabadian et al. [37]. The tested materials in this work
were treated as approximately isotropic. Therefore, the key findings from this study are not suitable for
those rock types that show anisotropy or transverse isotropy. Furthermore, although the ISRM loading
type is the most suitable test method for the Brazilian test in this paper, it may lead to an invalid failure
mode for rock materials with high stiffness and tensile to compressive strength ratios. For such rock
types, it is necessary to explore loading configurations that are suitable for them, which is another
research direction that will be explored later.

In fact, the test specifications recommended by ASTM and ISRM are feasible in this study if only
the final results of the Brazilian test (i.e., the tensile strength values) are considered. Additionally,
the similar tensile strength values of the rocks measured by these two experimental methods can be
found in some existing experimental results [39,41]. However, most scholars believe that the Brazilian
disc test overestimates the tensile strength of rocks compared to the direct tensile test [55-57]. In this
regard, the Brazilian test with the Chinese standard has occasionally been considered a suitable method
for measuring the tensile strength of rocks, due to its lower load carrying capacity compared with other
loading methods [40]. Of course, this may be unreasonable based on the key findings of this paper.

The macroscopic crack behavior of the rock specimens shows a good agreement with the results
from the analysis performed by DIC. For example, the crushed regions at the ends of the failed discs
indicate the existence of severe stress concentration in these regions. However, it is not recommended
to evaluate the validity of the Brazilian test only by visually observing the post-fracture pattern of the
tested specimen. As shown in Figure 10b, although the sandstone and marble specimens tested by the
Type 1I test specification both show an ideal splitting mode, they are actually invalid failure modes
based on the results of the analysis performed by DIC.

Finally, it has to be pointed out that it is difficult for us to perform the direct tension test in our
laboratory because of its demanding requirements for testing [12,58]. Therefore, there is no way to
compare the results obtained from this paper with the results obtained from the direct tensile test.
This is a deficiency, and is also the next research direction of this work.

5. Conclusions

In this work, combining the DIC technology, five different rock types tested with three typical
loading methods were employed to investigate their effects on the failure load and fracture behavior of
disc specimens in the Brazilian test. The key findings are summarized below:

(1) The failure load and deformation of the Brazilian discs are strongly affected by the loading type.
The average tensile strength determined by the Type III test is the highest among the three test
types for all rock types, while the Type II test is the lowest. Additionally, the vertical deformation
response to load of the disc specimens tested by Type II test specification is the largest, while the
Type I test resulted in the lowest.
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(2) The Type II test is evidently not applicable to measuring the tensile strength of rocks. The other
two testing methods may lead to an invalid failure mode for rock materials with high stiffness
and tensile to compressive strength ratios. In this regard, other testing methods and rock types
need to be further investigated, which is also the next research direction of this work.

(3) In the Brazilian test with the ISRM standard specification, the maximum equivalent stress point
(possible crack initiation point) based on the Mohr theory generally tends to occur further away
from the disc center with the increasing ratio of tensile to compressive strength in rock specimens.
Nevertheless, this is not absolute. It was found that the maximum equivalent stress of a disc
specimen is co-controlled by the material stiffness and its tensile-compression ratio.

(4) Itis not recommendable to evaluate the validity of the Brazilian test only by visually observing
the post-fracture pattern of the disc specimens. In fact, DIC can enable us to understand the
damage evolution process and failure modes of the specimens.
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