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ABSTRACT

Large-scale discontinuities can significantly affect the mechanical properties of rock masses. However,
the tensile behavior of rock discontinuities is often less investigated. To study the statistical character-
istics of failure strength and fracture characteristics of rock discontinuities, Brazilian disc tests were
conducted on limestone specimens with a single natural discontinuity at different load-discontinuity
angles (6). In this study, § = 0° and § = 90° correspond to the discontinuity parallel and perpendic-
ular to loading direction, respectively. The results show that Brazilian failure strength (BFS) can
reasonably represent the tensile strength of rock with discontinuities, by comparing the BFS and tensile
stress in the disc center at peak force. The two-parameter Weibull distribution can capture the statistical
BFS characteristics of rock discontinuities parallel to loading direction (§ = 0°) and at different load-
discontinuity angles (8+0°). All specimens with discontinuity at different load-discontinuity angles
show more plastic deformational behaviour than intact rock specimen. With increasing §, the mean BFS
of limestone with discontinuity increases before reaching a plateau at § = 45°. The single plane of
weakness theory best explains the BFS of fractured limestone with 8. Only a specific segment of pre-
existing rock discontinuity could affect the fracture process. When 8 = 0°, interfacial cracks and
alternative cracks formed. When §+0°, mixed failure mode with shear and tensile failure occurred,
particularly when § = 30° and § = 60°. The findings can contribute to better understanding the failure
and fracture characteristics of rock with discontinuities, particularly the interaction of pre-existing dis-
continuities with stress-induced fracturing.
© 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

can be attributed to the random positions, lengths and orientations
of the flaws (Doremus, 1983; Nohut and Lu, 2012; Zhu et al., 2018;

Most rocks are generally heterogeneous and have random flaw
distributions. Flaws can be microcracks within grains and at grain
boundaries, and larger-scale discontinuities such as joints (Paterson
and Wong, 2005; Zhang, 2010). Because a brittle material’s tensile
failure is governed by the flaws (Griffith, 1921), the tensile strength
ranges widely from specimen to specimen, even if the specimens
are of the same material and tested under the same conditions. This
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Zhou et al., 2019, 2020; Li et al., 2020a, 2021). Therefore, the
description of brittle material tensile strength should be incorpo-
rated with flaw statistics (Lawn, 1993; Lu et al., 2002). Flaw statis-
tics here means the distribution function for flaw characteristics
(flaw size, flaw population, etc.) in a material, including Weibull,
normal, log-normal, gamma and generalized exponential distri-
bution functions (Basu et al., 2009; Nohut and Lu, 2012; Ozaki et al.,
2018). As rock discontinuities can significantly affect the physical
and mechanical properties of rocks under tension (Lee et al., 2015;
Shang et al., 2016; Sharafisaf et al., 2019; Han and Yang, 2021), the
rock discontinuity’s tensile behavior is critically important to the
stability of rock masses (Diederichs and Kaiser, 1999; Ghazvinian
et al, 2012; Shang et al., 2016). Although recent studies have
investigated the tensile strength of rock discontinuities (Shang
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et al., 2016; Cacciari and Futai, 2018; Han et al., 2020a, 2022), it is
still unclear how rock discontinuities in the rock matrix influence
the scattering of tensile strength from specimen to specimen,
which renders a rather difficult assessment of strength properties.
In addition, it is known that the load-discontinuity angle, i.e.
inclination angle, could result in significant anisotropy of rock
mechanical properties (Lee et al., 2015; Chandler et al., 2016). Thus,
it is of great academic interest and engineering significance to
perform statistical studies on the tensile fracture and strength
anisotropy of fractured rocks.

Probabilistic fracture models are usually used to characterize the
strength distributions of brittle materials. The fracture model based
on the nucleation of incipient flaws has been widely utilized to
investigate rock fracture and strength (e.g. Benz, 1994; Wong et al.,
2006; Amaral et al., 2008; Chen et al., 2014), where the flaw size
distribution is usually described by the Weibull function (Weibull,
1939). The application of the Weibull distribution to tensile
strength variations of intact rock or rock-like materials has been
extensively studied. For example, Amaral et al. (2008) conducted
bending tests on granite and found that the Weibull distribution
can capture the probabilistic features of bending strength. Chen
et al. (2014) obtained the tensile strength of concrete by various
methods and found that the variations can be accurately described
by the Weibull distribution. However, very few efforts have been
made to apply the fracture model to characterize the strength
distributions of fractured rock.

To investigate the statistical characteristics of strength and
fracture behavior of rock discontinuities under tension, Brazilian
disc tests were conducted on limestone specimens with a single
discontinuity at different load-discontinuity angles. The two-
parameter Weibull distribution was used to describe the distribu-
tion of failure strength. The interactions of induced fractures with
the pre-existing discontinuity at different load-discontinuity angles
were also analyzed. The findings in this study facilitate the de-
scriptions of fracture strength of fractured rocks in terms of a
reliability function, and provide a rich dataset offering insight into
tensile fracture properties of rock with discontinuities.

2. Theoretical background
2.1. Weibull distribution

Weibull (1951) adopted extreme value statistics to characterize
the strength variation of materials. Extreme value statistics focus
on extreme and rare events, implying that the overall failure is
primarily controlled by the weakest elements (Nohut, 2014; Tang
and Kaiser, 1998). In practice, the two-parameter Weibull distri-
bution function is preferred for its ease of parameter determination
(Nohut, 2014). The cumulative probability of the two-parameter
Weibull distribution is expressed as (Wong et al., 2006):

()] ¥

and a linear form can be obtained by logarithmic transformation:

F(o) =1 —exp

1
In (ln ]_71__(0)) = mlng — mlnoy (2)

where m is the Weibull modulus, and ¢y is the characteristic
strength.

As the true value of F;(¢) for a certain specimen is unknown,
some estimators have been introduced (e.g. Gurvich et al., 1997;
Dirdikolu et al., 2002; Nakamura et al., 2007; Davies, 2017a, b).

Davies (2017a) recommended the following expression as the
probability estimator, due to its simplicity and a relatively small
coefficient of variation:

i-A
(@) =N+1

(OgAgl) (3)

where F;(0) is the probability of the ith value in an ordered set of N
strengths (i.e. the number of test specimens), and A is an empirical
parameter for determining the probability estimator.

2.2. Tensile strength criteria for rock with weak planes

The ISRM method (ISRM, 1978) inherently assumes that tensile
fracture initiates at the disc center. The indirect tensile strength is
then calculated by the following formula:

0t = 0.636Pmax/(Dt) (4)

where Pnax is the diametral load at failure; and D and t are the
diameter and thickness of the disc specimen, respectively. For rock
with discontinuities of interest in this study, Brazilian failure
strength (BFS) rather than tensile strength will be used to present
the results of Eq. (4), which is adopted to normalize the failure force
to disc diameter and thickness. BFS can realistically reflect the
ability of a specimen with discontinuities to resist Brazilian split-
ting failure (Tavallali and Vervoort, 2010a, b; Roy et al., 2017; Feng
et al., 2020). Whether this value can reasonably represent the
tensile strength will be discussed in later section.

To predict the tensile strength of rock with weak planes, some
criteria have been proposed. For example, the single plane of
weakness (SPW) theory (Lee and Pietruszczak, 2015) assumed that
tensile strength across the weak plane is, in general, much lower
than that of the rock material. As a result, tensile fracturing is likely
to occur along this weak plane if its inclination is less than a critical
value (8°). Lee and Pietruszczak (2015) expressed the tensile
strength as

Otb o *
cos? 8 O =f=8) (5)

om (8 <B<90°)

ot(B) =

where d¢(() denotes the tensile strength of a specimen at §; otm and
oy represent the tensile strengths of the rock matrix and weak
plane, respectively; and §° = cos~! \/Otb/Ttm.

To identify an appropriate criterion for this study, other tensile
strength criteria are also considered, including the Hobbs—Barron
(H—B) criterion (Hobbs, 1967; Barron, 1971):

20'b o *
m (0°<B<p) (6)

Ttm (8" < B<90°)

ot(B) =

with cos 8°(1 + cos ) = 20,/ 0tm.
Additionally, the Nova—Zaninetti (N—Z) criterion (Nova and
Zaninetti, 1990) is given as follows:

Otb Otm
g = - 7
() Oy Sin 2 B+ ogpcos 2 6 7
and the Lee—Pietruszczak (L—P) criterion (Lee and Pietruszczak,
2015) is represented by
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Otm + 0t Otm

7(f) = —

-0
5 b cos(28) (8)

3. Specimen preparation and test set-up

This study used Jingxing limestone from the Hebei Province,
China. All the limestone specimens here are recrystallized dolomite
sparry oolitic limestones. The compressive strength, elastic
modulus and Poisson’s ratio of the limestone are 171.4 MPa,
75.5 GPa and 0.32, respectively (Han et al., 2020b). Stylolites are
irregular planes of discontinuity and ubiquitous geo-patterns
observed in the upper crust, from geological reservoirs in sedi-
mentary rocks to deformation zones, in folds, faults, and shear
zones (Vandeginste and John, 2013; Toussaint et al., 2018). Stylo-
lites are often filled with insoluble materials such as organic matter,
oxides or clay particles (Nelson, 1981; Nicolas, 1987). In this study,
the stylolites were used as the sealed or healed fractures. Conse-
quently, the tensile behavior of fractures that have bonding
strength can be studied. Because of local dissolution along the
stylolite, the removed material may provide the cement that pre-
cipitates in the host rock surrounding the stylolites. Therefore,
stylolite has bonding strength, contributing to the tensile bearing
capacity. Additionally, stylolite is a natural rock—rock interlocked
interface (Toussaint et al., 2018), which also provides some bonding
strength. For the sake of simplicity, the limestone with a disconti-
nuity is referred to ‘fractured limestone’ in subsequent sections.
The thickness of stylolites varies from 0.5 mm to 2.8 mm.

The specimens were cored from the limestone blocks and cut
and carefully polished to ensure that each disc is 24 mm
(+£0.05 mm) thick and 48.05 mm (+0.05 mm) in diameter. The
intact disc specimen density is (2722 =+ 34) kg/m°. The fractured
disc specimen density is (2715 + 20) kg/m>, which is almost
identical to that of intact limestone. Fig. 1 shows some of the
specimens used in this study. For the disc specimens shown in
Fig. 1a, the discontinuity is located approximately in the disc center
and parallel to the loading direction, i.e. the discontinuity-load
inclination angle 8 = 0°. Meanwhile, Fig. 1b shows an example
where (+#0°. Note that the discontinuities do not always pass
through the disc center, and the distance to the disc center (d) also
varies. This is due to the three-dimensional (3D) nature and

P

Rock discontinuity

Rock matrix

(a) (b)

Fig. 1. Brazilian disc specimens with: (a) A discontinuity located approximately in the
disc center (inclination angle § = 0°); and (b) A discontinuity located at a certain
angle with the loading direction (6+0°). P is the diametrical compressive loading. d is
the distance of the discontinuity to the disc center.

randomness of natural discontinuity orientation. The number of
specimens for each testing condition was not the same because a
significant number of fractured specimens broke during the dril-
ling, cutting and polishing processes. The intact Brazilian specimen
is named ‘BI’, as listed in Table 1. The specimen numbers BN-0, BN-
30, BN-45, BN-60, BN-75, and BN-90 in Table 2 denote the Brazilian
disc tests conducted on the specimens at discontinuity-load angles
of 0°, 30°, 45°, 60°, 75°, and 90°, respectively.

Fig. 2 shows a schematic diagram of the testing system used in
this study. A displacement-controlled machine (V] Tech machine)
with a low loading capacity of 100 kN was used to conduct the
Brazilian tests. The loading rate was controlled at 0.3 mm/min. This
Brazilian test procedure was described in detail by Mellor and
Hawkes (1971) and ISRM (1978). A disc-shaped rock specimen
was loaded by standard Brazilian jaws coupled with two guide pins.
The arc of contact was approximately 10° at failure, i.e. 2a = 10°.
During the Brazilian test, the specimen was wrapped with a soft
heat-shrink tube to improve the contact condition. The diameter of
the tube was slightly larger than that of the disc specimen, and the
role of the tube was similar to that of the adhesive paper strip or
masking tape (ISRM, 1978; Erarslan and Williams, 2012). A strain
gauge with a length of 10 mm was firmly glued at the disc center to
record the horizontal strain (tensile strain). In addition, a high-
speed camera, Photron FASTCAM SA-Z, was used to capture the
fracture process during the tests. The frame rate was 2000 frames
per second with a resolution of 256 x 256 pixels.

4. Testing results and analysis
4.1. BFS

4.1.1. Effect of inclination angle on BFS
The tensile strengths of intact specimens are listed in Table 1.
The mean tensile strength of intact limestone is (13.01 & 1.12) MPa.

Table 1
Testing results of intact limestone specimens.

Specimen Pmax (KN) BFS (MPa) Failure strain (10-%)
BI-1 22.72 12.54 476.9
BI-2 27.02 14.91 457.67
BI-3 26.68 14.73 405.75
BI-4 26.95 14.88 512.48
BI-5 25.61 14.14 517.29
BI-6 20.7 11.43 373.06
BI-7 24 13.25 436.52
BI-8 21 11.59 429.79
BI-9 21.99 12.14 499.02
BI-10 23.56 13.01 467.29
BI-11 2418 13.35 437.48
BI-12 20.88 11.53 503.83
BI-13 19.66 10.85 497.1
BI-14 26.39 14.57 511.52
BI-15 22.05 12.17 451.9
BI-16 254 14.02 454.79
BI-17 25.75 14.22 454.79
BI-18 23.6 13.03 437.48
BI-19 2221 12.26 465.37
BI-20 22.77 12.57 4721
BI-21 2494 13.77 429.79
BI-22 2191 121 469.21
BI-23 23.47 12.96 -

BI-24 22.82 12.6 475.94
BI-25 2414 13.33 522.09
BI-26 22.14 12.22 462.48
BI-27 23.83 13.15 454.79

Note: Pmax is the maximum diametral load. BFS is the Brazilian failure strength
determined by Eq. (4). The failure strain is the tensile strain at the failure load. ‘-’
indicates that the value cannot be determined from the test because of the cata-
strophic failure of the specimen.
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Table 2
Testing results of fractured limestone specimens under indirect tension.
Specimen Pmax  BFS Failure strain Specimen Pmax  BFS Failure
(kN)  (MPa) (1076) (kN)  (MPa) Strain
(10-5)
BN-0-1 10.66 5.89 600.94 BN-30-9 16.7 9.23 208.65
BN-0-2 1021 5.64 1344.18 BN-30-10 26.37 14.57 352.87
BN-0-3 688 3.8 2452.79 BN-30-11 22.28 1231 220.18
BN-0-4 135 746 1167.26 BN-30-12 15.25 843 230.76
BN-0-5 13.73 7.59 541.32 BN-30-13 19.22 10.62 786.51
BN-0-6 16,5 9.12 183.65 BN-30-14 13.07 7.22 128.84
BN-0-7 118 6.52 192.3 BN-30-15 16.97 9.38 468.25
BN-0-8 16.32 9.02 138.46 BN-30-16 2242 1239 231.72
BN-0-9 17.21 9.51 184.61 BN-30-17 18.04 9.97 156.72
BN-0-10 17.72 9.79 517.29 BN-30-18 21.52 11.89 210.57
BN-0-11 17.43 9.63 236.53 BN-30-19 6.55 3.62 99.03
BN-0-12 14.13 7.81 212.49 BN-30-20 14.22 7.86 145.19
BN-0-13 15.98 8.83 27499 BN-45-1 20.79 1149 43748
BN-0-14 1296 7.16 730.74 BN-45-2 22 12.16  442.29
BN-0-15 16.34 9.03 340.37 BN-45-3 24.86 13.74 533.63
BN-0-16° 536  2.96 1817.23 BN-45-4 228 126 499.98
BN-0-17¢ 452 25 52.88 BN-45-5 20.18 11.15 295.18
BN-0-18 11.31 6.25 173.07 BN-60-1 2298 12.7 405.75
BN-0-19 1495 8.26 772.08 BN-60-2 21.12 11.67 410.56
BN-0-20 14.33 7.92 186.53 BN-60-3 23.76 13.13 348.06
BN-0-21 10.71 5.92 100.96 BN-60-4 14.57 8.05 440.37
BN-0-22 8.25 4.56 216.34 BN-60-5 24.99 13.81 5519
BN-0-23 9.7 5.36 104.8 BN-75-1 23.04 12.73 471.14
BN-0-24 22.57 12.47 304.8 BN-75-2 2097 11.59 353.83
BN-0-25 12.00 6.63 151.92 BN-75-3 25.1 13.87 524.02
BN-0-26 17.35 9.59 230.76 BN-75-4 16.85 9.31 2423
BN-0-27 12.58 6.95 1140.34 BN-75-5 2345 1296 390.37
BN-0-28 17.41 9.62 293.26 BN-90-1 23 12.71 356.72
BN-0-29 13.19 7.29 228.84 BN-90-2 19.89 10.99 277.87
BN-0-30° 6.59 3.64 1367.25 BN-90-3 20.38 11.26 436.52
BN-0-31 17.77 9.82 215.38 BN-90-4 24.79 13.7 421.14
BN-0-32 13.66 7.55 821.12 BN-90-5 26.65 14.73 380.75
BN-0-33 15.85 8.76 250.95 BN-90-6 19.71 10.89 365.37
BN-0-34 22.11 1222 261.53 BN-90-7 24.83 13.72 399.02
BN-0-35 12.56 6.94 1603.78 BN-90-8 22.55 12.46 357.68
BN-30-1 22.08 12.2 504.79 BN-90-9 182 10.06 520.17
BN-30-2 1647 9.1 374.98 BN-90-10 20.39 11.27 4519
BN-30-3 19.69 10.88 546.13 BN-90-11 2544 14.06 446.14
BN-30-4 18.11 10.01 43844 BN-90-12 22.33 1234 27691
BN-30-5 21.79 12.04 521.13 BN-90-13 26.96 14.9 329.79
BN-30-6 16.36 9.04 441.33 BN-90-14 196 10.83 157.69
BN-30-7 23.61 13.05 372.1 BN-90-15 22.31 1233 31249

BN-30-8 24.23 1339 299.99

2 The specimen broke along the interface, as shown in the later section.

The BFSs of specimens with discontinuity are listed in Table 2.
Fig. 3 shows the relationship between the BFS of fractured
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Fig. 2. Diagram of the testing system for the Brazilian disc test.

limestone and the inclination angle 8, with error bars indicating the
standard deviation (SD). As shown in Fig. 3, the BFS of fractured
limestone is lower than that of intact limestone, and increases with
the inclination angle from § = 0° to § = 45°. However, from § = 45°
to 8 = 90°, the BFS remains almost constant, approaching that of
intact limestone. Data scattering is observed for the BFS of fractured
limestone, and is the most pronounced when g = 0° with a cor-
responding coefficient of variation of 31.3%. The coefficients of
variation for § = 30°, § = 45°, § = 60°, 8 = 75°, and § = 90° are
18.96%, 8.34%, 19.1%, 14.52%, and 12.32%, respectively, which are
significantly smaller than that for § = 0°.

It is interesting to find that the dependence of fractured lime-
stone specimen BFS on the load-discontinuity inclination angle is
similar to some transversely isotropic rocks (Lee and Pietruszczak,
2015; Ma et al., 2018). Therefore, the test data in this study are
interpreted with the tensile strength criteria originally developed
for transversely isotropic rocks. In addition to test data, Fig. 3 also
shows the predicted values of the BFS using different criteria. Note
that the values of g, = 7.49 MPa (BFS at § = 0°) and ¢, = 12.15 MPa
(mean BFS from § = 45° to 8 = 90°) were used, and consequently,
the critical angles equal 38.29° and 44.16° for the SPW and H-B
criteria, respectively. For the N—Z and L—P criteria, the curves
were obtained by best fitting the data points, with oy, = 9.51 MPa
and g¢y, = 16.82 MPa for the L—P criterion, and g, = 9.22 MPa and
otm = 12.82 MPa for the N—Z criterion. To some extent, all these
criteria appear to be applicable for limestone with a single
discontinuity, but the SPW criterion appears to agree best with the
test data. To quantify the goodness-of-fit, the standard error was
calculated by

SE_VZWanmdmf ©

where o () and op(f) are the experimental value and the corre-
sponding predicted value at 3, respectively; and n is the number of
data points. A lower SE illustrates a better match.

The calculated SE values are 0.34,1.02, 0.61 and 1.17 for the SPW,
N—Z, H-B, and L—P criteria, respectively. If the same values of
0y = 7.49 MPa and ot = 12.15 MPa were also used for the N—Z

15
Tensile strength of intact limestone (13.01+1.12 MPa)
] |
£ (st)L i
S 12 TR T )
: i S
5 N=1 4
2 1%/
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g 97 g /+
= - . *  Experimental data
& """ P in this study
g (N=35) P SPW criterion
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B =3829°1 | g =44.16°
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B

Fig. 3. BFSs obtained by experiments (mean value + SD) and those predicted by
different criteria at different values of . Refer to the text for details of the criteria. § is
the critical angle used in SPW and H—B criteria. N is the number of specimens.
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and L—P criteria, SE would become 1.67 and 2.9, respectively,
showing a much lower accuracy. SE is the smallest when the SPW
criterion was adopted. For limestones with a single discontinuity
used in this study, the SPW criterion is recommended to capture
the anisotropy of BFS at various g values.

4.1.2. BFS distribution

To apply the Weibull distribution to the test results, N recorded
BFSs were ranked in ascending order for the intact limestone
specimens and fractured limestone specimens with § = 0°, 30°, and
90°. In this study, the cumulative probability of failure is assigned
according to Fj(¢) = i/(N + 1),i.e. A = 0in Eq. (3). This estimator
has been widely used for rocks or rock-like materials (Gurvich et al.,
1997; Chen et al., 2014, 2015). The Weibull parameters m and o
were determined for each testing condition by fitting the experi-
mental data with the linearized form, i.e. Eq. (2).

Fig. 4 shows the linearized Weibull plots of BFS for intact
specimens and fractured specimens with § = 0°, 30°, and 90°. The
Weibull modulus m is the slope of the linear function, and the
characteristic strength o is determined from the intercept. Larger
values of m suggest more homogeneous materials, while smaller
values suggest more heterogeneous materials. The fitting results
are listed in Table 3. RZ is above 0.93 for all measurement sets,
indicating that the linearized Weibull distribution gives a good
approximation of the experimental data. It is herein concluded that
the BFS distribution can be captured by the Weibull distribution
with two parameters m and og. Fig. 5 shows the cumulative prob-
ability plots of BFSs using the parameters listed in Table 3, which
again reveals that the two-parameter Weibull distribution results
in a good match with the experimental data.

As stated previously, the numbers of specimens for different 3
were not the same because of difficulties in specimen preparation.
However, the number of specimens may affect the determination of
Weibull parameters (Gorjan and Ambro, 2012; Nohut, 2014).
Therefore, the effects of the number of test specimens (N) on the
Weibull modulus and characteristic strength were herein studied.
For a certain N, the corresponding number of BFS data points was
randomly selected from the full dataset where 8 = 0" and ranked
in ascending order. Then, using Eq. (2), the most suitable

B=0

p=30

£=90"

Intact limestone
_ﬂ - 0“

| ——p=30

F—— =90

Intact limestone

°
A
- v
*

(=}

In [In (1/(1-F))]

2k

3k

0.8 1.2 1.6 2.0
In (BFS)

Fig. 4. Weibull plots of intact and fractured specimen BFSs. The points indicate the
experimental measurements. The linear function obtained by the best-of-fit is the
linear form of Weibull distribution, i.e. Eq. (2).

Table 3
Weibull parameters for different limestone specimens under indirect tension.
Condition m ao (MPa) R?
8 =0 3.06 8.43 0.97
B8 =30 5.53 11.57 0.97
B =90 8.29 13.12 0.93
Intact limestone 12.73 13.52 0.93
1.0 -
e =0
° [
{ a _ H
e : 4
£ 08 v p=9% )
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§ -0 A
kS —B=30 o A
v
2 0.6 e A
E7 —p=% v
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3 A
£.0.4 Ad ¢
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2 4 *
= 4 @ A v
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= ® \/
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5 °
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2 4 6 8 10 12 14 16
BFS (MPa)

Fig. 5. Weibull cumulative distributions of intact and fractured specimen BFSs. The
points indicate the experimental measurements. The curves are the cumulative
probability function, i.e. Eq. (1), plotted with the Weibull parameters listed in Table 3.

distribution function and hence the Weibull parameters can be
determined. This procedure was repeated 10 times for each N. The
B = 0° dataset was chosen since it contains the largest amount of
test data. In addition, the Weibull modulus at this angle is the
smallest, implying a broader distribution of BFS. As a result, greatest
scattering is expected in this dataset.

Fig. 6 shows the effect of the number of specimens on the
Weibull modulus m and characteristic strength ¢y. The error bar
represents the SD of m and . The mean values of m and o are
close to the ‘true’ values from the full dataset where N = 35. With
an increasing value of N, the SD decreases. When N > 25, the SD is
reduced, as shown in Fig. 6. Therefore, the Weibull parameters
estimated from different numbers of specimens at different values
of § are, to some extent, comparable.

The Weibull modulus of intact limestone is 12.73 in this study,
which is within the range for intact limestones previously reported
by Grange et al. (2008). The results listed in Table 3 reveal that m for
fractured specimens with § = 0° is 3.06, which is significantly
smaller than that for intact specimens, implying a broader or more
heterogeneous nature of fractured limestone BFS with § = 0°. Asm
is related to the microscale flaw length distribution in a material
(Jayatilaka and Trustrum, 1977; Wong et al., 2006), it is postulated
that the presence of the larger-scale fracture (the discontinuity) is
likely to affect the microscale flaw length distribution. The fitting
results also indicated an increase in m with increasing (. This is
probably due to the discrepancy in the length of the discontinuity
in different specimens. It is observed that the discontinuity where
6 = 0° is generally longer than those where §+0°, as most dis-
continuities in the former case crossed the disc center, whereas
most discontinuities where B+0° did not. In addition, the
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Fig. 6. Effects of the number of specimens on: (a) Weibull modulus m (mean value + SD); and (b) Characteristic strength ¢y (mean value + SD).

interactions of the induced fracture with the pre-existing discon-
tinuity can be a controlling factor for the BFS distribution. The
characteristic strength o is reduced when the discontinuity is
present, and it increases with the increase of 8, which is probably
induced by different average flaw sizes (Grange et al., 2008).

4.2. Deformation behavior

Fig. 7 shows the typical diametral force versus strain curves for
intact and fractured limestone specimens from Brazilian disc tests.
In general, the intact limestone specimens showed a linear force—
strain behavior in the tested stress range. The force—strain curves
for fractured specimens are, however, nonlinear, implying that the
fractured specimens showed more plastic behavior. This is similar
to observations during static direct tension tests (Han et al., 2020b).
Apart from the invisible microcracks formed during the test (Han
et al., 2020a), this nonlinearity may be caused by the nonlinear
deformation of insoluble materials. Deformation behavior may also
be influenced by pre-existing macrofractures associated with
cemented interfaces between host rocks and insoluble materials,
which influence the deformation behavior. In addition, an increase
in porosity was reported in the vicinity of stylolites (Heap et al.,
2014; Ebner et al., 2010) and consequently affected the elastic
properties (Eberli et al., 2003), which may also be responsible for
this nonlinearity.

However, for specimens with the discontinuity not crossing the
disc center (Fig. 1b), the stress—strain curve showed a similar
pattern to that of intact limestone specimens. For example, the
stress—strain curve for specimen BN-30-8 in Fig. 7 shows a linear
behavior. This is because the strain gauge was glued at the disc
center, and the strains obtained from the strain gauge are in fact
those of the rock materials.

The failure strains at the peak load for all specimens are sum-
marized in Tables 1 and 2. Intact limestone failure strain varied
from 0.0373% to 0.0522%, with strain anisotropy of 32%. The strain
anisotropy here is defined as

Al, = Emax ~ fmin 00 (10)

€mean

where emax, émin aNd emean are the maximum, minimum and mean
failure strains of each dataset, respectively.
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Fig. 7. Typical diametral force vs. tensile strain curves for intact and fractured lime-
stone specimens from Brazilian disc tests.

The fractured specimen failure strain varied from 0.0052% to
0.2452%, showing remarkably higher anisotropy effects than the
intact limestone specimens.

4.3. Crack path

The crack path plays a significant role in the discontinuity
fracture behavior (Akisanya and Fleck, 1992; Lane, 2003). To study
how the induced fracture interacts with the pre-existing disconti-
nuity, crack paths were analyzed with the aid of a high-speed
camera.

Fig. 8 shows some typical intact limestone crack paths during
the Brazilian disc tests. The diametral cracks (tensile cracks or main
cracks) that developed along the loading direction are clearly
visible. This can be attributed to the intact limestone specimen
homogeneity, which results in a relatively large Weibull modulus.

Fig. 9 shows two types of fractured limestone specimen crack
paths with 8 = 0° during the Brazilian disc tests. Observations of
the induced crack indicated that the insoluble materials thickness
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Fig. 8. Some typical fractured intact limestone specimens after the Brazilian disc tests. The disc diameter is 48 mm.

Interfacial crack

(a)

Alternative crack

Kinking to rock matrix

Initiation point

Kinking to insoluble materials

(b)

Fig. 9. Typical crack paths of fractured limestone during the Brazilian disc tests where § = 0°: (a) Interfacial crack; and (b) Alternative crack.

and the discontinuity roughness should be responsible for such
differences in the crack paths. The interfacial crack represents
debonding between the host rock and insoluble materials, as
shown in Fig. 9a. This implies that fractured limestone failure is
likely controlled by the interfacial fracture intensity factor. When
the test specimens experienced only pure interfacial cracks, lower
BFSs were observed, as marked with an asterisk (*) in Table 2. The

Effective discontinuity segment (sliding segment)

Wing crack

B =30

B =90
(2)

p=15

alternative crack, as shown in Fig. 9b, initiated from a specific
segment of the interface, and then kinked to the host rock and/or
insoluble materials. It is therefore suggested that the crack initia-
tion is again controlled by the interfacial fracture intensity factor,
while the propagation may be controlled by the stress intensity
factors of the host rock and/or insoluble materials around the
specific segment of the interface.

Across the parent rock

Across the
insoluble materials

Crack path

£ =30° (Specimen BN-30-19)
(b)

Fig. 10. Typical crack paths of specimens with a discontinuity during the Brazilian disc tests where §+0°: (a) Wing cracks; and (b) No wing cracks (pure shear failure).
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Fig. 10 shows the crack paths for specimens with discontinuity
when $+0° during the Brazilian disc tests. Fig. 10a shows that
almost all the fractured limestone specimens failed in a similar
manner, and that although the pre-existing discontinuity crosscuts
the specimen, there is only a specific segment of the discontinuity
that affects the fracture behavior. This specific segment is defined in
this study as the effective discontinuity segment. This effective
discontinuity segment first experienced a shear failure resulting
from the local shear stress (strain) concentration. The shear
behavior was identified by the relative movement of the two
separated parts of the disc captured by images by the high-speed
camera. The sliding of infilled flaws subject to diametral-
compressive load was also reported in a recent investigation with
the digital image correlation technique (Sharafisaf et al., 2019).
However, it should be noted that in some tests, the effective
discontinuity segment may also fail in tension, as demonstrated in
Fig. 10a at § = 75°. As the failure process was fast, it was difficult to
capture the entire fracture process with the high-speed camera.
Wing cracks were produced at the tips of the sliding segment
because of tensile stress (strain) concentration. This implies that
the effective discontinuity segment plays a role in transferring the
stress (strain) concentration from shear mode to tensile mode. The
wing cracks kinked to the rock matrix and propagated in a curved
path, starting their extension from the tips and continuing towards
the loading points. A similar phenomenon was also observed dur-
ing the Brazilian disc tests in disc-shaped specimens with a pre-
existing flaw (Haeri et al., 2014; Sharafisaf et al., 2019).

There is only one specimen that experienced a shear failure
mode at § = 30° (specimen BN-30-19), as shown in Fig. 10b.
Compared with the other specimens, no induced wing cracks were
observed. This is probably because the shear strength of the
discontinuity in this specimen is lower, and consequently, the shear

I—Rock matrix

Element load (F¥ and M®)

| Interface
| (elements)

Load jaws

crack cannot be diverted and kinked into the rock matrix. The
findings from rock with multiple weak planes may provide evi-
dence for understanding this failure pattern. Pure shear failure does
occur when the shear strength of weak planes is low (Tan et al,,
2015).

5. Comparisons between BFS and tensile stress of disc center
at failure

It is noted that the induced fracture in a significant number of
specimens did not pass through the center of the disc specimen,
especially for fractured specimens with the discontinuity-load
inclination angle $+0°. This may challenge the applicability of
Eq. (4) to calculate the tensile strength in fractured specimens. To
examine whether the [SRM (1978) suggested equation, i.e. Eq. (4), is
a reasonably accurate approximation of fractured rock specimen
tensile strength, a numerical Brazilian disc test using the 3D par-
ticle flow code (PFC3D) was further conducted on specimens with
the same dimension as those in the experiments, as shown in
Fig. 11. The numerical test allows comparisons of the strength
determined by Eq. (4) with the tensile stress at the disc center
when the peak force was reached.

To simulate rock with discontinuities, two stages should be
performed: (1) modeling of the rock matrix; and (2) modeling of
the rock matrix with discontinuities. Rock matrix is an assembly of
rigid bonded particles, such as blocks or spheres, in 3D in the
particle-based discrete element modeling. Based on previous
studies (e.g. Li et al., 2020b, 2022), the flat-joint contact (FJC) model
is used to model rock matrix because it can surmount the three
intrinsic problems raised by the contact-bond or parallel-bond
contact model: (1) linear strength envelope, (2) low ratio of uni-
axial compressive strength to tensile strength, and (3) low internal

" Rock discontinuity

P

Discontinuity

Fig. 11. Numerical models of Brazilian disc tests on (a) intact specimen and (b) specimen with a discontinuity.
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Table 4
Microparameters of the flat and smooth joint models for the rock and the
discontinuity.

Materials Parameters Value

Rock Bulk density (kg/m?) 2720
Minimum particle radius (mm) 0.5
Ratio of maximum to minimum particle radius 1.5
Installation gap ratio 0.3
Number of elements in radial direction 1
Number of elements in circumferential direction 4
Bonded element fraction 0.9
Gapped element fraction 0
Effective modulus of bond (GPa) 105
Ratio of bond normal to shear stiffness 4.5
Mean bond tensile strength + SD (MPa) 34 + 6.8
Mean bond cohesion strength + SD (MPa) 420 + 84
Friction angle of bond (°) 0
Friction coefficient of bond 0.2
Effective modulus of particle contact (GPa) 105
Ratio of particle normal to shear stiffness 4.5
Friction coefficient of particle 0.2

Discontinuity =~ Normal stiffness (GPa/mm) 5.8
Shear stiffness (GPa/mm) 5.8
Tensile strength (MPa) 4.75
Cohesion (MPa) 13
Friction coefficient 0.7

friction angle in reproducing hard rock mechanical behaviors. The
behavior of weak planes, i.e. the discontinuity in this study, is
modeled using the smooth-joint contact (SJC) model developed by
Mas Ivars et al. (2011). The SJM has been adopted successfully in
simulating the mechanical behavior of rock discontinuities
(Bahaaddini et al., 20134, b; Yang et al., 2015; Xu et al., 2018). The
SJC presents a catastrophic failure, while the FJC shows a progres-
sive failure. In addition, the SJC does not resist the relative rotation
(Mas lIvars et al., 2011). Detailed descriptions of FJM and SJM
models, such as the strength envelope and force—displacement
relationship, can be found in Mas Ivars et al. (2011).

A disc specimen (diameter = 48 mm and thickness = 24 mm)
and a cylindrical specimen (diameter = 50 mm and
length = 100 mm) were generated, consisting of 26,546 and
119,931 particles connected by FJCs, respectively. The specimens’
porosity was fixed at 39.2% using the particle deletion method to
eliminate the effect of porosity on strength and elasticity (Li et al.,
2018). The same particle size distribution was used for the two
specimens, with a maximum to minimum particle diameter ratio of
1.5. The behavior of rock with a discontinuity under indirect tension
was modeled by inserting a weak plane at different load-
discontinuity angles into the rock matrix. After inserting the
weak plane, the FJCs are assigned as the SJCs between particles
lying on opposite sides of a discontinuity plane, and the pre-
existing bonds are removed at the corresponding positions. In
addition, the experimental load jaws were built with the computer-
aided design and imported in the numerical model to ensure that
the contacts between the load jaw and specimen are the same with
the experiment. The numerical specimens generated for Brazilian
disc tests are shown in Fig. 11.

The micro-properties of FJC and SJC for reproducing the rock
with and without a discontinuity were calibrated against the

Table 5
Comparisons between experimental and numerical results of intact rock specimens.

D. Han et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 1810—1822

20

/| Experimental BFS

B Numerical BFS
B 1cnsile stress (o_,) at disc center

S
T
NN
NN

A Y

S
FNNNNNNNN
NNNNY

AN

BFS (MPa)
NNNNNN

A
AT S
AN IS

0 A
Intact 0° 30° 45° 60° 75° 90°

Fig. 12. Comparison of experimental and numerical BFSs and tensile stress at the disc
center when peak force was achieved. BFSs are calculated by Eq. (4). Numerical BFS and
tensile stress gy, are obtained from the numerical test.

experimental results obtained from uniaxial compression tests on
the cylindrical specimen and Brazilian disc tests on the disc spec-
imens without and with a discontinuity at different load-
discontinuity angles. Note that the mean value of experimental
BFSs of specimen with/without discontinuities at different
discontinuity angles was taken as the basis for calibration. The
loading velocity was maintained at 0.015 m/s, which has been
proved to be slow enough to promise a quasistatic equilibrium for
each step within the specimen (Li et al., 2020b). The calibration of
microparameters in this study follows the procedures proposed by
Li et al. (2020b). The calibration steps are briefly listed as follows:
(1) adjusting the bond tensile strength and conducting Brazilian
disc test to match the Brazilian tensile strength; (2) adjusting the
bond and particle moduli, the bond cohesion and tensile strength,
the ratios of bond and particle normal to shear stiffness and

Effective discontinuity segment Kinking to

insoluble materials

Pre-existing discontinuity Kinking to rock

(insoluble materials) matrix

Induced fracture

Fig. 13. Diagram of fracture pattern subject to diametral load where §+0°. 7 is the
local shear stress.

Uniaxial compressive strength Poisson’s ratio

Young’s modulus Brazilian tensile strength

Experimental Numerical Error Experimental Numerical Error Experimental Numerical Error Experimental Numerical Error
(MPa) (MPa) (%) (%) (GPa) (GPa) (%) (MPa) (MPa) (%)
1714 167.5 2.28 0.32 0.31 3.13 75.5 74 1.99 13.01 13.03 0.15
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\
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Fig. 14. The model and field observations: (a) Model for understanding the relationship between fractures and the maximum principal stress; and (b) Field observations of
extension fractures formed after a slip on the pre-existing fracture surface. Photos are modified from Peacock and Sanderson (2018), Mitchell and Faulkner (2009), and Blenkinsop
(2008). a1 is the maximum principal stress. The red arrow indicates the sliding portion of the pre-existing fracture.

conducting uniaxial compression test to match uniaxial compres-
sive strength, Young’s modulus, and Poisson’s ratio; and (3) cali-
bration on BFSs of rock with discontinuities. The BFS is correlated to
cohesion and tensile strength of SJC. The BFS of specimen at § = 0°
is largely determined by the tensile strength of SJC, whereas the BFS
at § = 90° is closely related to the cohesion of SJC. The cohesion
and tensile strength of SJM are adjusted until the BFSs at all values
of B are approximately equal to the experimental BFSs. The
microparameters of FJM are listed in Table 4. The mechanical
properties of intact specimens are listed in Table 5. The relative
error is less than 3.13%, which indicates that the adopted micro-
properties can well reproduce the mechanical behavior of rock in
this study. After inserting a discontinuity at different load-
discontinuity angles in the disc specimen, it is then used to

P
(@

calibrate the mechanical properties of the fractured specimen. The
calibrated microparameters of SJM are listed in Table 4.

Fig. 12 shows the comparisons among the numerical and
experimental BFSs, and the tensile stress at the disc center. The
tensile stress gyyg Of the disc center at failure is often regarded as
the disc tensile strength under Brazilian test conditions. In this
study, oy is the average value of three measurement spheres
located at the center in numerical tests (Li et al., 2020b). As shown
in Fig. 12, BFS can reasonably represent the tensile resistance of
specimens with a discontinuity. Other investigations on specimens
with discontinuities have also drawn this conclusion (Tavallali and
Vervoort, 20103, b; Roy et al., 2017; Feng et al.,, 2020). In addition,
numerical studies under Brazilian test conditions have shown that,
although shear failure contributes to initial microcracking, the

» (mm)

Shear stress
Maximum shear stress

-0.17
i S Inclination plane -0.02
(ol R 0.12
=30 027
% - x (mm) 0.42
6 /) 6 12 18 4 0.56
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-18 4
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Fig. 15. Shear stress on the plane at an inclination angle §: (a) Shear stress state; and (b) Analytical solution of shear stress distribution on the inclination plane at /=30° when d
increases from 0 mm to 22 mm. The applied force P = 10 kN. oxx and oy, are the horizontal and vertical stresses obtained from the isotropic closed-form solution of stress

distribution under Brazilian test conditions (Claesson and Bohloli, 2002; Ma et al., 2018).



1820 D. Han et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 1810—1822

failure of rock with discontinuities is mainly dominated by tension
(Xu et al., 2018; Li et al., 2020b). Therefore, the BFS obtained with
Eq. (4) can adequately represent the tensile resistance of intact and
fractured rocks.

6. Discussion

Fig. 13 shows the fracture pattern of a fractured limestone disc
subject to diametral load where $+0°, in particular where § = 30°
and 60° (Fig. 10). The findings in this study suggested that only a
specific segment of the pre-existing discontinuity, i.e. effective
discontinuity segment, is reactivated when subject to diametral
compressive loading. The sliding of the reactivated segment thus
results in extension fractures at its tips. The induced fractures are
close or parallel to the direction of the maximum principal stress,
which can be attributed to stress concentrations caused by move-
ment around the pre-existing discontinuity. It is believed that the
interfacial fracture intensity factor controls the initiation of induced
fractures, and the fracture toughness of host rock and/or insoluble
materials controls their propagation, although this needs further
research. The interfacial crack between two materials is governed
by the elastic mismatch between the two materials (Akisanya and
Fleck, 1992).

The findings in this study can provide a preliminary model to
understand natural, complicated fracture networks. Fig. 14 shows
the mechanism of this model and some field observations. In this
model, extension fractures are formed after a slip on the reactivated
segment of pre-existing fractures. This model is one of the five
models that aim at understanding the relationship between dis-
continuities and the associated extension fractures (Blenkinsop,
2008). In nature, it is also common that specific segments of pre-
existing discontinuities such as joints and faults are reactivated
(Fletcher and Pollard, 1981; Peacock et al., 2018; Rotevatn and
Peacock, 2018), resulting in a fracture network. Field observations
(Blenkinsop, 2008; Mitchell and Faulkner, 2009; Peacock and
Sanderson, 2018) determined that some extension fractures
formed after a slip event, similar to those shown in Fig. 14b. The
model also explains the formation mechanism of some complicated
fracture networks such as brittle kink-band and en echelon calcite
veins (e.g. Rispoli, 1981; Kim et al., 2001, 2003; Kattenhorn and
Marshall, 2006; Peacock et al., 2017, 2018; Peacock and
Sanderson, 2018; Rotevatn and Peacock, 2018).

The distance of the discontinuity to the disc center (d in Fig. 1),
which is also related to the trace length of the discontinuity, might
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Fig. 16. Effect of d on the BFSs obtained from the numerical model test when $=30°.

be a key factor that affects the fracture process and thus the BFS of
fractured limestone. Although affected by rock discontinuity, shear
stress distribution in intact Brazilian disc could also provide
collateral evidence. Based on the stress analysis of an infinitesimal
element on the plane at an inclination angle § under Brazilian test
conditions, as shown in Fig. 15a, the shear stress on this plane can
be calculated as © = oxsinB + oyycosB, where gxx and gy, are the
horizontal and vertical stresses, respectively, obtained from the
isotropic closed-form solution of the stress distribution (Claesson
and Bohloli, 2002; Ma et al., 2018). For example, under an applied
force of 10 kN, Fig. 15b shows that the maximum shear stress on
this plane increases when d increases from 0 to a specific value, e.g.
approximately 10—12 mm at § = 30°. This indicates that the
fractured specimen will be more vulnerable if shear failure is
involved. Below this value, the maximum diametral load is likely to
decrease with increasing d. Above this value, the maximum diam-
etral load may increase and eventually reach a plateau. The nu-
merical modeling results also confirm the above trend, as depicted
in Fig. 16. Additionally, whether shear failure occurs depends on the
weak plane shear strength, as observed by Tan et al. (2015).
Therefore, the influence of d on the maximum diametral load de-
pends on the shear strength of the discontinuity and the shear
stress state on the discontinuity plane, which can be confirmed by
conducting numerical model tests on specimens compromised of
different discontinuity strengths. Many other factors affect the
stress state, such as variations in discontinuity thickness, me-
chanical properties of the interface and insoluble materials, and the
elastic mismatch between the host rock and insoluble materials.
Further studies should be conducted by performing numerical
studies to identify the influences of d on the stress distribution and
fracture process. Quantified relationship between d and BFSs can
also be experimentally established by conducting Brazilian disc
tests on artificial rock discontinuity with known morphologies,
physical and mechanical properties.

Some rock structures cannot meet the earthquake-resistance
standards if accurate tensile resistance is not considered (Hashiba
et al.,, 2017). Rock discontinuity weakens rock masses; therefore,
its tensile properties play a dominant role in rock mass failure. The
findings in this study provide a database for rock discontinuity
tensile properties although more types of rock discontinuities
should be studied. Additionally, rock discontinuity increases the
plasticity of fractured rock masses, which may also play a role in
reducing potential rockburst. Moreover, tensile cracks arising at the
back edge of slope is part of the collapse mechanism of slope
(Huang et al., 2015; Huang, 2015; Tang et al., 2017, 2019). Tensile
cracks are induced by sliding due to the low tensile resistance of
geomaterials. The findings in this study show that rock disconti-
nuity can have high tensile resistance. If rock discontinuity tensile
resistance was ignored, rock stability design might be inaccurate. In
addition, although rock discontinuity leads to a decrease in Bra-
zilian failure strength, it meanwhile allows an increase in tensile
deformation. As slope failure often involves large deformation, rock
discontinuity may reduce potential slope failure because rock
discontinuity allows continuous deformation at a relatively high
stress level.

7. Conclusions
The main conclusions of this study are as follows:

(1) Rock discontinuities parallel to loading direction (§ = 0°)
and at different load-discontinuity angles (§+0°) show a
more plastic deformational behavior than intact rock.

(2) The mean BFS of fractured rock increases with increasing
inclination angle from § = 0° to § = 45°. However, from
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B =45° to § = 90°, the BFS remains almost constant,
approaching that of intact rock. The SPW theory is recom-
mended as the BFS criterion for rock with a single
discontinuity.

(3) The two-parameter Weibull distribution can capture the
variations in the BFS of rock discontinuity and rock speci-
mens with a discontinuity. In addition, both the Weibull
modulus and the characteristic strength are much smaller
than those of intact limestone.

(4) When § = 0°, there are two types of crack paths, namely,
interfacial cracks and alternative cracks. When =+ 0°,
particularly those with § = 30° and 60°, failure is caused by
induced wing cracks at sliding discontinuity tips.
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