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Brittleness is one of the most significant properties of geomaterials. However, very few studies have been conducted on factors
influencing the rock brittleness indices. In this paper, conventional triaxial compression tests were carried out to investigate the
effects of confining pressure and bedding angle on the brittleness of slate. From the perspective of energy, brittleness is an index that
could reflect the release rate of energy that accumulated in the slate under the effect of external energy after reaching peak strength.
Therefore, a new brittleness index of slate based on postpeak energy release is proposed herein. The applicability of this index is
illustrated by comparing with other five existing brittleness indices. The following results can be obtained. (1) The confining pressure
exerts a great influence on the brittleness of slate. With the increase of confining pressure, the brittleness of slate decreases sig-
nificantly. The dispersion of brittleness values of slate declines with increasing confining pressure. (2) There is a parabolic relationship
between slate brittleness and bedding angle. As bedding angle increases, the brittleness is intensified and reaches its maximum at a
bedding angle of about 45° and then decreases gradually. (3) In contrast to the previous indices, the brittleness index proposed in this
paper can describe the whole process of the postpeak stage through an index of the energy release, which makes this measure more
suitable for rock that has the characteristics of step-drop or bench-drop at the postpeak stage.

1. Introduction

Brittleness is one of the most significant mechanical prop-
erties of geological materials [1]. On the one hand, brit-
tleness indices are widely used in rock engineering. For
instance, rock brittleness is used to characterize the rock
drilling performance during the tunnelling excavation
process using a TBM [2, 3]; shale brittleness is utilized to
evaluate the mechanical properties and fracturing effects of
shale gas reservoirs [4, 5]. In addition, some brittle rock,
such as granite, has outstanding applications in geological
engineering due to its stability [6]. The thick granite layer in

Beishan, China, was chosen as the underground nuclear
waste disposal base [7, 8], and the underground laboratory of
Atomic Energy Canada Limited was also constructed in a
granite layer [9, 10]. On the other hand, the failure process of
brittle rock generally releases a lot of energy and leads to
dynamic disasters in rock engineering. For instance, the
failure of brittle rock in deep underground excavation
projects regularly triggers rockbursts [11, 12], and the
mining process in deep coal mines with hard surrounding
rock might induce coal bumps [13, 14].

The research on the rock brittleness has significance in
rock engineering. Generally speaking, rock brittleness is a
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concept contrary to rock plasticity, referring to rock frac-
tures at or slightly beyond the yield stress. To characterize
rock brittleness, a number of brittleness indices have been
proposed. These main brittleness indices can be divided into
the following three types, respectively, based on the strength
parameters [15-19], deformation parameters [15, 20-22],
and energy parameters [23-26]. Among these indices,
brittleness indices based on strength and deformation pa-
rameters have a shortcoming, i.e., these indices fail to define
the rock scale from brittleness to ductility [26]. In contrast,
brittleness indices based on energy parameters are gaining
popularity for the conciseness. In general, the aforemen-
tioned criteria have observably promoted research into rock
brittleness; however, research into the factors influencing
rock brittleness indices is insufficient. In respect to con-
finement, some scholars [27, 28] characterized the strength
of intact brittle rock considering confinement using an
s-shaped failure criterion highlighting the transition of
failure modes, while the research [29] revealed the brittle
behavior of soft calcarenites under low confinement regimes
[30]. The drained triaxial tests were conducted on Beaucaire
marl under a wide range of confining pressure and the
brittle-to-ductile transition was described [30]. A study [31]
investigated the effect of bedding structure on the brittle
failure of deep shale. In addition, an evaluation method for
the strength and failure of brittle rock containing initial
cracks was proposed [32]. Besides, [33] the effect of porosity
on rock brittleness was investigated.

The statement above indicates that there are very few
studies considering the factors influencing the rock brit-
tleness indices. There are bedding planes in rock mass related
to geotechnical engineering operations and there are dif-
ferent confining pressures acting on the surrounding rocks
in underground engineering works. Laboratory tests, in-
cluding triaxial compression tests [34], acoustic emission
tests [35], indentation tests [36], and numerical simulations
[37, 38], show that bedding angle and confining pressure
directly affect the mechanical behavior of rock, such as its
strength and failure mode. The study of the influence of
bedding angle and confining pressure on brittleness has
certain significance for supporting design of rock slopes and
underground tunnels, quantitative evaluation of sur-
rounding rock stability, and installation of pipelines and
installation of pipelines and conduits in shallow formations
[38, 39]. Bedding angle and confining pressure have a sig-
nificant influence on the brittleness of rock; however, there is
a lack of research into the brittleness of rocks due to bedding
angle and confining pressure. Therefore, it is valuable to
study the influence of bedding angle and confining pressure
on brittleness.

In this paper, conventional triaxial compression tests
were conducted to investigate the effects of confining
pressure and bedding angle on the brittleness of slate. In the
second section, the preparation of the specimens and the test
processes are introduced. In the third section, the experi-
mental results under different confining pressures and
bedding angles are demonstrated. In the fourth section, a
new brittleness index of slate based on postpeak energy
release is presented. The effects of confining pressure and
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bedding angle on the brittleness of slate are analyzed by
using the new brittleness index in this section. In the fifth
section, the applicability of the index proposed by this paper
is illustrated by comparison with five existing brittleness
indices. The new brittleness index based on energy release is
of great significance to the quantitative evaluation of sur-
rounding rock stability.

2. Experimental Setup

2.1. Site Sampling. In order to demonstrate the influences of
bedding and confining pressure on the brittleness of rock,
the selected rock specimens should have a developed bed-
ding structure and relatively high brittleness. So, slate was
selected as the research sample in this case. According to the
sampling situation in the field (Figure 1), the sample is a
sandy slate. The selected sample is composed of detritus and
limestone. In the sample, there is a porous form of ce-
mentation, which is mainly composed of siliceous matter,
calcium carbonate, clay, iron oxide, calcium sulphates, etc.
Testing showed that the slate has a loose structure and poor
weathering and water resistance. Through scanning electron
microscopy and by extracting salient microcrack parameters
of specimens, it is found that the microcrack area ratio of
these specimens in a direction parallel to the bedding plane is
between 0.024 and 0.036, and the microcrack area ratio
normal to the bedding plane is between 0.034 and 0.051 [40],
which indicates that the microcrack density dispersion of
these specimen is small and has good consistency.

2.2. Test Scheme. To study the influences of bedding and
confining pressure on the brittleness of slate, it is necessary
to obtain the complete stress-strain curves of slate under
different bedding angles and confining pressures. The
confining pressures were set to 0 MPa, 10 MPa, 20 MPa,
40 MPa, and 60 MPa: the bedding angles were set to 0°, 15",
30°, 45°, 60°, 75°, and 90°. The experimental scheme is il-
lustrated in Figure 2.

2.3. Preparation of Specimens with Different Bedding Angles.
The specific preparation steps of slate specimens with dif-
ferent bedding angles are as follows:

(1) Firstly, the bulk rock specimens were placed on a
workbench, and then the dip direction and dip angle
(¢) of the sample were measured with a geological
compass. After that, the slate specimens were cor-
respondingly rotated in the vertical plane where the
dip direction was located (the rotation angle is —¢).
Then the rotated rock specimens were fixed by using
clamping device; then the bottom surface of the rock
sample was flattened by a mechanical grindstone.
Then the dip direction and dip angle (¢) of the
sample were measured again with the geological
compass. The specimens were rotated and flattened
again if the bedding angle is greater than 1°. Thus,
slate specimens with horizontal bedding were
obtained.
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FIGURE 1: Rock sample acquisition site and sampling.
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FIGURE 2: Diagram of confining pressure and bedding arrangements.

(2) The slate specimens obtained in Step (1) were placed

on the working platform of drilling machine. As
shown in Figure 3(a), the bedding angle of the
sample was adjusted so that the true dip angle is
equal to the designed angle f, as shown in Figure 2.

(3) The rotated rock specimens were then fixed using a

clamping device to ensure that there was no sliding in
the sample-drilling process. The specimen prepara-
tion and triaxial compression tests should indeed refer
to the ISRM standard (¢ 50 mm x 100 mm); however,
due to the significant influence of the bedding planes
during slate processing, the specimens are often badly
damaged. According to the results of Yang et al. [41],
the triaxial compression strength of rock specimens
measuring ¢ 37 mm x 74 mm is slightly different from

that at ¢ 37 mm x 74 mm; therefore, a core-drill with
an internal diameter of 37 mm was used to drill the
specimens as shown in Figure 3(b). A number of
cylindrical cores with a diameter of 37mm and
bedding angle 3 were obtained as shown in
Figures 3(c) and 3(d).

(4) The true dip angle of the bedding of sample was

adjusted and Steps (2) and (3) were repeated. Finally,
all the specimens with bedding angles of 0°, 15°, 30°,
45°, 60°, 75°, and 90° were acquired: the number of
cores with each bedding angle was no less than 12.

(5) These cores were trimmed and sliced to cylinders with

a height of 74 mm, as shown in Figure 3(e). According
to the ISRM suggested method for preparing speci-
mens for conventional triaxial compression testing,
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FIGURE 3: The preparation of specimens.

the two ends of each specimen were ground to ensure
that both planes are horizontal within accuracy of
+0.05 mm and perpendicular to the longitudinal axis
within +0.25°.

2.4. Experimental Apparatus. The triaxial quasistatic com-
pression test was carried out using an MTS815.03 testing
machine (MTS Corporation, USA). It is mainly used for
mechanical tests of materials such as rock and concrete. It is
equipped with a servocontrolled, fully automatic, triaxial
pressurization and measurement system (Figure 4). An axial
force up to 4600kN and a confining pressure of up to
140 MPa can be applied.
The experimental process is as follows:

(1) The prepared rock specimens are numbered one by
one with the format sample of “B-n,” where 8
represents the bedding angle of specimen, n denotes
the number of specimens.

(2) After measuring the size of the specimens, it was
placed in the loading chamber. The axial displace-
ment sensors and the circumferential displacement
sensors were installed.

(3) The control mode is displacement-controlled:
specimens were loaded at a rate of 0.01 mm/s. The
predetermined initial confining pressure (0, 10, 20,
40, and 60 MPa) was applied progressively as a static
hydraulic pressure. During the loading process, the
data sampling frequency was 2 Hz. The specimens
were loaded until they were destroyed. During the
experiment, the data were collected automatically
and the complete stress-strain curves were drawn.

(4) After the specimen was destroyed, the test was stopped,
the specimen was removed, and the form of de-
struction of the specimen was recorded and described.

3. Test Results

Some 74 slate specimens were successfully tested in con-
ventional triaxial compression experiments. A three-
dimensional scatter plot of the relationship between com-
pressive strength, confining pressure, and bedding angle is
shown in Figure 5: the compressive strength increases lin-
early with increasing confining pressure. The typical stress-
strain curves of these specimens are shown in Figures 6-10.
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FIGURE 5: A three-dimensional scatter plot of the relationship
between compressive strength, confining pressure, and bedding
angle.

It can be seen from Figures 6-10, that the stress and
strain curves of slab rock are affected by confining pressure
and bedding angle. The compressive strength is enhanced
with the increase in confining pressure. The slate stress-
strain curves show different ways of falling at the postpeak
stage. Some curves exhibit direct drops, as shown in
specimen 0-3 (bedding angle, 0°): some curves drop by one
level, as shown in specimen 30-1 (bedding angle, 0°). There
are also specimens showing multiple steps, as shown in
specimen 75-5 (bedding angle, 75°). It can be seen that the
shape of the postpeak curve varies under different bedding
angles. In summary, the slate stress-strain curve is affected
by confining pressure and bedding angle both at the
prepeak stage and the postpeak stages. The brittleness is
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FIGURE 6: The stress-strain curves of the specimens: confining pressure of 0 MPa.
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FIGURE 7: The stress-strain curves of the specimens: confining pressure of 10 MPa.
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FIGURE 8: The stress-strain curves of the specimens: confining pressure of 20 MPa.
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FIGURE 10: The stress-strain curves of the specimens: confining pressure of 60 MPa.

also affected by confining pressure and bedding angle.
Therefore, the study on the influences of confining pres-
sure and bedding angle on the brittleness of slate is of
significance during the excavation of this type of chamber
in practical engineering works.

4. Effects of Confining Pressure and Bedding
Angle on the Brittleness of Slate

4.1. A Brittleness Index Based on Postpeak Energy Release for
Slate

4.1.1. Energy Accumulation at the Prepeak Stage.
According to the law of conservation of energy, the amount
of work done by an external force on an object is equal to the
amount of energy change in the object:

W = AU, (1)
where W is the amount of the work done by the external

force on the object, and AU represents the amount of the
energy change in the object.

Energy accumulation mainly occurs in the prepeak stage
of the stress-strain curve of slate subjected to conventional
triaxial compression:

EAp

S(A)ds,
0 (2)

Wintc =AUgc =V - 0c - €cps

Waga = 8Usr =V - |

where W, is the energy accumulated at the axial prepeak
stage in Figure 11, W_ ¢ - refers to the energy accumulated at
the circumferential prepeak stage in Figure 11, AU , is the
increment of the axial strain energy at the prepeak stage in
Figure 11, AU, represents the increment of the circum-
ferential strain energy at the prepeak stage in Figure 11, V is
the volume of the specimen, §,, is the axial stress-strain
curve for slate, o is the confining pressure, and &cp is the
circumferential strain on the specimen at the peak stress.
Most of the work done by the external load before the
peak strength is converted to strain energy of the specimens,
and a small percentage of the work is converted to the energy
dissipated in crack propagation and so on. Since slate is a
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hard rock, the uniaxial compressive strength of slate is
usually over 100 MPa. According to the analysis of the stress-
strain curves of the slate specimens, the stage of nonlinear
elastic deformation and the plastic stage of the slate are both
small. Therefore, the energy dissipation in the nonlinear
elastic deformation and the plastic stages is not considered in
the analysis of the brittleness index of slate. The total me-
chanical work done by the mechanical press W, is

Wmf = Wmf-A + Wmf~C’ (3)

EAP
Wmf =V. (JO S(A)ds— UC B €C~P>’ (4)

where W ¢ is the energy accumulated at the prepeak stage.

4.1.2. Unsteady Dissipation of Energy at the Postpeak Stage.
The slate specimens were destroyed at postpeak stage, and
the energy was released at this stage. The mechanical work
done by the mechanical press was converted into dissipative
energy at the postpeak stage. Besides this, the strain energy
accumulated before reaching peak strength was also con-
verted into dissipative energy until the residual stage. The
mechanical work done by the press is

EAR

EAp
JO Sayde+0c-exp —“

£ap

Br =

Sde+oc (ecr - £C»R):| - [(((GP +0c) - ‘7%)/ 2- E))]

EAR
me-A = V . J S(A)ds,
EAP
Wibe =V -0c- (ecp— SC-R)’
Wb = Wiba * Wipc

€

:V_UAR

(5)

Sayde +oc - (ecp— sC-R))’

EAp

where W, 4 is the work done by press at the axial postpeak
stage from the peak strength to point B in the stress-strain
curve, €, p denotes the strain at point P, W_;  is the work
done by press at the circumferential postpeak stage, and W,
refers to the work done by the press in the postpeak stage.

The residual strain energy after the peak is

Wy =((0p +0¢)’ —03)/ (2 B), (6)
where Wy, is the residual strain energy after the peak, E is the
deformation modulus of the specimen, o} is the compressive
strength, and o represents the circumferential confining
pressure.

From Equations (3), (5), and (6), the increment in
dissipated energy after peak strength is

AUg, = Wie + Wiy = Whrs (7)

where W, is the mechanical work done by the press at the
postpeak stage in Figure 11.

4.1.3. A New Brittleness Index Based on the Unsteady Release
of Energy. 'The brittleness is an index that reflects the release
rate of energy accumulated in the slate under the effect of
external energy input after the peak strength from the
perspective of energy, which is

_ AUdb
me~A ’

Br (8)

where Br is the brittleness of slate, AUy, represents the
increment of dissipation energy released at the postpeak
stage, and W, denotes the mechanical work done by the
press after reaching peak strength.

The brittleness of slate can be obtained from Equations
(5), (7), and (8):

9)

J

4.2. Brittleness Calculation. The brittleness indices of slate
could be calculated by using Equation (9). The calculated
results are displayed in Table 1.

4.3. Correlation Analysis of Brittleness and Confining Pressure.
A three-dimensional scatter diagram showing brittleness,
confining pressure, and bedding angle is shown in Figure 12.

EAR

Eap

S(A)ds

A fitting curve between brittleness and confining pressure is
illustrated in Figure 13.

It can be seen that there is a negative correlation between
the brittleness and the confining pressure from Figure 13.
With the increase of confining pressure, the brittleness of
slate decreases. The conclusion is consistent with the general
understanding among current scholars. With the increase of
confining pressure, there is a transition in the rock from
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TaBLE 1: The calculated slate brittleness indices.

Energy accumulated at Work done by press Work done by press

Energy accumulated at he ci f ial he axial tester at the Residual
Numbers the axial prepeak stage the c1rcur11: erentia tester at ;{ ¢ axia circumferential strain energy Brittleness
(10°J/m?) P repeﬁa sgage postp Sa s§age postpeak stage (10°J/m>)

0-1# 0.2927 0.0000 0.0000 0.0000 0.0000 5.6147
0-2# 0.2095 0.0000 0.1300 0.0000 0.0086 2.5450
0-3# 0.3059 0.0000 0.5504 0.0000 0.0000 1.5558
15-11# 0.5099 0.0000 0.2632 0.0000 0.2697 1.9124
15-12# 0.2853 0.0000 0.0181 0.0000 0.0000 16.7754
30-11# 0.2431 0.0000 0.0242 0.0000 0.0000 11.0322
30-13# 0.2596 0.0000 0.1332 0.0000 0.0000 2.9487
45-6# 0.2298 0.0000 0.1349 0.0000 0.0000 2.7034
45-7# 0.2008 0.0000 0.0405 0.0000 0.0142 5.6051
45-8#% 0.2221 0.0000 0.0204 0.0000 0.0002 11.8561
60-1# 0.1822 0.0000 0.0310 0.0000 0.0000 6.8827
60-2# 0.2561 0.0000 0.0682 0.0000 0.0202 4.4588
60-3# 0.2573 0.0000 0.1847 0.0000 0.0000 2.3930
75-3# 0.1502 0.0000 0.0786 0.0000 0.0189 2.6709
90-1# 0.4136 0.0000 0.0140 0.0000 0.3559 5.1345
90-3# 0.3040 0.0000 0.0432 0.0000 0.0584 6.6838
0-8# 0.5707 0.0059 0.7587 0.0881 0.0036 1.6768
15-1# 0.5338 0.0045 0.4728 0.0269 0.1616 1.7538
15-2# 0.6155 0.0049 0.1168 0.0253 0.0462 5.0407
30-1# 0.4219 0.0034 0.1319 0.0081 0.1608 2.8893
30-2# 0.5412 0.0035 0.0154 0.0077 0.2033 15.7825
45-1# 0.5012 0.0039 0.1267 0.0144 0.1206 3.7246
45-2# 0.7414 0.0053 0.0181 0.0243 0.1103 15.9934
45-12# 0.4410 0.0052 0.1051 0.0127 0.1050 3.8964
60-4# 0.4670 0.0045 0.0741 0.0120 0.0609 5.7707
75-4# 0.2974 0.0055 0.0596 0.0094 0.0938 4.0332
75-5# 0.4557 0.0063 0.2694 0.0216 0.1993 1.9027
90-5# 0.7290 0.0079 0.0475 0.0253 0.1789 8.6697
90-15# 0.5098 0.0045 0.3157 0.0178 0.1813 1.9987
0-5# 0.7727 0.0152 0.2721 0.0432 0.2222 2.7943
0-9# 0.6931 0.0143 0.4624 0.0395 0.2382 1.9349
15-3# 1.1013 0.0135 0.3235 0.0387 0.2383 3.4198
15-4# 1.0216 0.0128 0.0951 0.0558 0.1516 6.8464
30-3# 0.9627 0.0132 0.0675 0.0650 0.0266 8.1641
30-4# 0.3269 0.0187 0.1497 0.0520 0.0748 2.3430
30-5# 0.6205 0.0078 0.3671 0.0529 0.1834 2.0591
45-3# 0.6600 0.0076 0.0685 0.0291 0.1357 6.4496
45-4# 0.5255 0.0095 0.1420 0.0398 0.1097 3.3396
45-13# 0.5825 0.0142 0.0508 0.0584 0.0100 6.3732
60-6# 0.8563 0.0114 0.0507 0.0277 0.3548 7.5410
60-7# 0.8656 0.0111 0.0224 0.0148 0.4713 11.8739
75-6# 0.3991 0.0070 0.5300 0.0044 0.3469 1.1107
75-7# 0.5409 0.0098 0.0965 0.0926 0.0792 3.4931
90-6# 0.9810 0.0145 0.1263 0.0325 0.2387 5.7626
90-7# 0.6370 0.0108 0.2139 0.0159 0.2754 2.6204
0-10# 0.8492 0.0262 0.2650 0.6138 0.0521 1.9369
15-5# 1.3897 0.0334 0.0554 0.0544 0.5681 8.7839
15-6# 1.1695 0.0256 0.2547 0.1320 0.2562 3.4277
15-9# 1.8193 0.0364 0.7406 0.0674 0.8540 2.2397
30-6# 1.1028 0.0245 0.2972 0.0327 0.5105 2.8697
30-7# 1.0334 0.0264 0.1070 0.0432 0.5571 4.3473
45-5# 0.4858 0.0328 0.0834 0.1437 0.0622 3.0100
45-14# 1.0787 0.0371 0.0695 0.0383 0.4270 7.3877
45-16# 1.1642 0.0427 0.1206 0.0202 0.5456 5.6984
60-8# 1.1881 0.0286 0.0645 0.0327 0.7086 6.2265

60-10# 1.0959 0.0206 0.3090 0.0272 0.9932 1.3665
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TasLE 1: Continued.
E Energy accumulated at  Work done by press Work done by press .
nergy accumulated at . : . tester at the Residual
4 the circumferential tester at the axial . . . .
Numbers the axial prepeak stage K st tpeak st circumferential strain energy Brittleness
(10°J/m>) prepeﬁa s3age pos pga s3age postpeak stage (10°)/m>)
(10°J/m”) (10°J/m”) (10° J/m®)
75-9# 0.9658 0.0254 0.1147 0.3107 0.0711 3.1626
90-8# 1.4660 0.0304 0.2457 0.0320 0.9974 2.7966
90-9# 1.6293 0.0809 0.4541 0.0447 1.0685 2.2866
90-14# 1.2778 0.0278 0.0828 0.0609 0.6480 5.5740
0-7# 1.5891 0.0568 0.8313 0.4532 0.1189 2.1887
0-11# 1.6423 0.0675 0.1200 0.0603 0.6735 6.7483
15-7# 1.8402 0.0450 1.2895 0.3018 0.3981 1.9346
15-8# 1.9970 0.0545 0.9092 0.1012 0.9924 2.0482
30-8# 1.6819 0.0429 0.0757 0.0432 0.9060 7.8858
30-9# 1.1487 0.1494 0.2745 0.2496 0.1915 3.1117
30-10# 1.7628 0.0473 0.5619 0.4387 0.1295 2.6797
45-10# 1.7374 0.0552 0.1132 0.0039 0.9310 8.3590
45-11# 1.5292 0.0542 0.0824 0.0047 1.0035 8.1359
60-11# 1.9065 0.0482 0.1345 0.0044 1.2486 6.3178
60-12# 1.4069 0.0400 0.2523 0.2120 0.1404 3.8142
75-10# 1.5023 0.0336 0.5206 0.5644 0.1481 2.2789
75-11# 1.3861 0.0341 0.3446 0.0175 1.2754 1.3998
90-10# 2.0020 0.0178 0.0707 0.0764 1.0466 7.6166

Brittle degree (a.w)

60.00

40.00

20.00

10.00

FIGURE 12: A three-dimensional scatter diagram showing brittleness, confining pressure, and bedding angle.

brittleness to plasticity. As the confining pressure increases,
the lower the brittleness of the rock and the less prone it is to
brittle failure; therefore, this property is often used in en-
gineering practice. If the exposed rock is subjected to
confining pressure, e.g., by shotcreting, the possibility of
brittle failure by rock bursting can be reduced.

Furthermore, the dispersion of brittleness of slate de-
creases with the confining pressure increasing.

Confining pressure exerts a significant influence on the
brittleness of slate. This is because the energy accumulated at
the axial prepeak stage (W,sa) shows significant linear
growth with increasing confining pressure, while the re-
sidual strain energy at the postpeak stage (Wy) and the work
done by the press in the axial postpeak stage (W,,p.4) show
exponential growth with the increase of confining pressure
(Figure 14). Substituting Wyra, Wipa, and Wy into

Equation (9), it can be found that the brittleness shows
exponential growth with increasing confining pressure.

4.4. Correlation Analysis: Brittleness and Bedding Angle.
A fitting curve between brittleness and bedding angle is
shown in Figure 15. It can be seen that there is a parabolic
relationship between slate brittleness and bedding angle. The
brittleness is minimised when the bedding angle is 0°. With
increasing bedding angle, the brittleness increases and
reaches a maximum when the bedding angle is about 45° and
then decreases gradually thereafter. When the bedding angle
is 45°, the slate specimen is almost destroyed along the
bedding plane according to the Jaeger failure criterion. Due
to the weak strength of the bedding plane, the specimen is
easily fractured along the bedding plane, showing a relatively
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FIGURE 13: Relationship between brittleness and confining
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strong brittleness. In addition, it can be seen from the
comparison that the average value of slate brittleness is 4 to
12 under the influence of confining pressure, and 3 to 6
under the influence of bedding angle. This indicated that the
confining pressure has a much greater influence on the
brittleness of slate than the bedding angle.

Bedding angle has a remarkable influence on the brit-
tleness of slate. It can be seen, from Figure 16(a), that when
the bedding angle increases, the energy accumulated at the
prepeak stage (Wp,s) shows a parabolic relationship
whereby it first decreases and then increases; therefore, when
the bedding angle is 0°and 90°, the energy accumulated at the
axial prepeak stage is larger, while the smallest value occurs
at 45°. From Figures 16(b) and 16(c), it can be seen that the
residual strain energy at the postpeak stage (Wy) and the
work done by the press at the axial postpeak stage (Wp.a)
show a parabolic relationship, whereby it first increases, and
then decreases, with increasing bedding angle; however, the
residual strain energy at the postpeak stage is greater when
the bedding angle is 90° than when the bedding angle is 0°
and vice versa for the work done by press at the axial
postpeak stage. Substituting Wi ea, Wip.a, and Wy into
Equation (9), the brittleness has a parabolic relationship
whereby it first increases and then declines with increasing
bedding angle.

5. Discussion

With the development of rock mechanics, many kinds of
brittleness indices have been proposed based on stress-strain
curves for different purposes and research objectives;
therefore, in this section, the applicability of the index
proposed here is illustrated by comparison with five existing
brittleness indices.

The typical brittleness indices are as follows:

(1) Br is a brittleness index based on the area under the
stress-strain curve

Advances in Materials Science and Engineering

A

Br=—,
A,

(10)

where A, is the area under the line that the slope of it is Esq
(Eso is the deformation modulus at 50% compressive
strength), and it passes through the point of peak com-
pressive strength and A, is the area under the stress-strain
curves.

(2) Brisa brittleness index based on the axial peak strain
and the axial residual strain:

Br= (€A~R_£A~P)) (11)
€AP

where ¢, p is the axial peak strain and ¢, y refers to the axial
residual strain.

(3) Br is a brittleness index based on compressive
strength and residual strength

Br= (0ap—0aR) (12)

Eap
where 0, p is the compressive strength and o,y is the re-
sidual strength.

(4) Brisa brittleness index based on the relative amount,
and absolute rate, of stress drop at the postpeak stage

(UA»P_GA-R) 1g|KAc| (13)

Br= S
Oap 10

where 04.p represents compressive strength, o,y is residual
strength, |Kac| is the slope of the line AC where A is the onset
of yielding, and C is the residual point of the yield process.

(5) Br is a brittleness index based on peak strain, re-
sidual strain, and the residual strength

Br = SAR €A~P’ (14)
EaP ~ EAM

where ¢, p is the axial peak strain, ¢, ; represents the axial

residual strain, and e,y is the strain at the prepeak stage

such that the stress is equal to the residual strength.

It can be seen from Figure 17 that the elastic modulus,
peak strength, and residual strength of specimens 30-13 and
60-3 are similar before their peak compressive strength was
mobilized. In the earlier stage of the postpeak stage, the
stress-strain curves of the specimens are similar: in the
postpeak stage, the stress on 30-13 drops at a constant rate,
while there are multiple stress-drops seen on specimen 60-3.
The mechanical work done by the press, on the two spec-
imens, before their peak strength is similar but there is more
energy released from sample 60-3. As a result, the brittleness
of specimen 30-13 should be greater than that of 60-3.
Therefore, a good brittleness indicator can not only reflect
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FIGURE 14: Relationship between energy, or work, related to brittleness and confining pressure. (a) The energy accumulated at the axial

prepeak stage. (b) The work done by press at the axial postpeak stage. (c) The residual strain energy at the postpeak stage.

the conclusion that brittleness of 30-13 is greater than that of
60-3 in a qualitative sense, but also could distinguish the
brittleness of the two specimens quantitatively.

The brittleness values of specimens 30-13 and 60-3 were
calculated by using the proposed brittleness index and the
five existing brittleness indices mentioned above (Table 2).

It can be seen from Table 2 that the brittleness values of
samples 30-13 and 60-3 calculated by the brittleness index
proposed by this paper are 2.948 and 2.372, indicating that
there is a significant difference between the brittleness of the
two specimens. Therefore, the brittleness index proposed by
this paper can distinguish the brittleness of the two specimens;
however, the brittleness values calculated using the five brit-
tleness indicators mentioned above were very similar. Some
results show that the brittleness of sample 30-13 calculated by

the five brittleness indicators is less than that of specimen 60-3.
This is contrary to the facts; therefore, the new brittleness index
was deemed more suitable for this particular slate.

To investigate the applicability of the five existing brit-
tleness indicators mentioned above for slate, the brittleness
of the slate specimens was calculated using the five brit-
tleness indicators. The relationship between the magnitudes
of brittleness and confining pressure was obtained and the
results are demonstrated in Figure 18.

It can be seen from Figure 18 that the brittleness values of
the specimens calculated by different indices all decrease with
increasing confining pressure. The conclusion is consistent
with the facts as observed experimentally; however, the
brittleness values calculated by indices (1), (2), (4), and (5) all
decrease within a small range with increasing confining
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TaBLE 2: The brittleness of specimens 30-13 and 60-3 under each brittleness index.

30-13 60-3
Indices proposed by this paper 2.948737 2.392955
Index (1) 1.696666 2.116477
Index (2) 0.57311 0.550092
Index (3) 0.988135 1
Index (4) 0.164287 0.170261
Index (5) 0.578172 0.550092
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FIGURE 18: Brittleness based on different indices and confining pressures: (a) index (1), (b) index (2), (c) index (3), (d) index (4), and (e)

index (5).

pressure, which cannot reflect the effect thereof. For index (3),
although effect of the confining pressure on the brittleness
calculated by index (3) is obvious, the brittleness values of
different specimens under different confining pressures are all
within 0 to 1: this indicates insufficient ability of index (3) to
distinguish the brittleness of different specimens. The re-
lationship between the brittleness calculated by the brittleness
index proposed by this paper and confining pressure is shown
in Figure 18: the effect of confining pressure is obvious, and
with the increase of confining pressure, the variation in
brittleness decreases and the difference between different
specimens is obvious.

To sum up, no matter whether it is a reflection of the
stress behavior in the postpeak stage of a single specimen, or

the rules of the effect of confining pressure of all specimens,
the brittleness index proposed by this paper is more suitable
for use on slate samples. This is because most previous
indices are based on data at peak compressive strength and
residual strength. From the conventional triaxial compres-
sion tests of slate (Section 3), it can be seen that the stress-
stain curves of slate indicate different types of postpeak
behaviors; however, considering only the two points of
compressive strength and residual strength, it is difficult to
describe the brittleness of slate, for two points cannot reflect
the true postpeak behavior with sufficient accuracy. In
contrast to the previous indices, the brittleness index based
on postpeak energy release proposed in this paper can de-
scribe the whole postpeak stage by considering the energy



Advances in Materials Science and Engineering

released in the postpeak stage. Therefore, for rock exhibiting
characteristic step-drop, or bench-drop, in the postpeak
stage, the brittleness index based on postpeak energy release
proposed in this paper is more suitable.

6. Summary and Conclusions

Brittleness is an important indicator of failure in geological
materials. The brittleness is an index that could reflect the
release rate of energy that accumulated in the slate under the
effect of external energy after the peak strength from the
perspective of energy. Therefore, a brittleness index based on
postpeak energy release for slate was constructed in this
paper, which is defined as the increment of dissipated energy
released at the postpeak stage divided by the mechanical
work done by the press tester after reaching the peak
strength. Then conventional triaxial compression tests of 74
specimens were carried out to reveal the effects of confining
pressure and bedding angle on the brittleness of slate. The
following results were obtained:

(1) The confining pressure exerts a significant influence
on the brittleness of slate. With increasing confining
pressure, the brittleness of slate shows a rapid de-
crease. The dispersion of brittleness values of slate
decreases with increasing confining pressure.

(2) There is a parabolic relationship between slate
brittleness and bedding angle. The brittleness is the
smallest when the bedding angle is 0°. With the
increase of bedding angle, the brittleness increases
and reaches its maximum when the bedding angle is
about 45°, and it then decreases gradually thereafter.

(3) Most previous indices are based on data at com-
pressive strength and residual strength points;
however, considering only these two points makes it
difficult to describe the brittleness of slate, for use of
only two points cannot reflect postpeak stage be-
havior with sufficient accuracy, especially for the
rock that undergoes different types of postpeak stress
decrease, such as slate.

(4) The brittleness index based on postpeak energy re-
lease proposed in this paper can describe the whole
of the postpeak stage through an index based on the
energy released in the postpeak stage. Therefore, for a
rock that exhibits characteristic step-drop, or bench-
drop, in its postpeak stage, the brittleness index
based on postpeak energy release proposed in this
paper is more suitable.

Abbreviations

D: Diameter of specimens

H: Height of specimens

exp:  Axial strain of the specimens at the peak strength

Op: Compressive strength

exr:  Axial strain at the eventual residual stress

ecp:  Circumferential strain of the specimens at the peak
stress

15
og: Residual strength
ecr:  Circumferential strain at the eventual residual stress
E: Deformation modulus of the specimens
Eg: Secant modulus
Ww: Amount of the work done by the external force on
the object

AU: Amount of the energy change in the object

W ara: The energy accumulated at the axial prepeak stage

AU »: Increment of the axial strain energy at the prepeak
stage

V: Volume of the specimens

S Axial stress-strain curve

S(c)>  Confining stress-strain curve

W nrc: The energy accumulated at the circumferential
prepeak stage

AU : Increment of the circumferential strain energy at

the prepeak stage
oc: Confining pressure

W The energy accumulated at the prepeak stage

W b.a: The work done by press tester at the axial postpeak
stage

Wyg:  Residual strain energy

AU gy Increment of dissipation energy released at the
postpeak stage

W obc: The work done by the mechanical press at the
circumferential postpeak stage

W The work done by the mechanical press at the
postpeak stage

Br: The brittleness of slate

Ay The area under the line such that its slope is Es

Ay The area under the stress-strain curves

Ezp: The deformation modulus at 50% compressive
strength

B: Bedding angle

eanm:  Strain at the prepeak stage that the stress is equal to

the residual strength
Sig.:  Significance
F: F-test value.
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