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Abstract: To determine the relationship between slabbing failure and the specimen height-to-width (H/W) ratio and to
analyze the conditions, characteristics, and mechanism of slabbing failure in the laboratory, uniaxial compression tests
were conducted using six groups of granite specimens. The entire failure process was recorded using strain gauges and
high-speed cameras. The initiation and propagation of fractures in specimens were identified by analyzing the
monitoring results of stress, strain, and acoustic emission. The experimental results show that changes in the specimen
H/W ratio can transform the macro failure mode. When the H/W ratio is reduced to 0.5, the macro failure mode is
dominated by slabbing. Low load-bearing ability is observed in specimens with slabbing failure, and the slabbing
fractures are approximately parallel to the loading direction. Moreover, the fracture propagation characteristics and
acoustic emission signals of slabbing failure specimens show typical tensile failure characteristics, indicating that

slabbing failure is essentially a special tensile failure.
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1 Introduction

With the increasing demand for mineral
resources and the consumption of shallow resources,
an increasing number of hard rock mines encounter
deep mining conditions [1]. In deep mining,
slabbing (or spalling) failure occurs in hard rock
rather than shear failure wunder high-stress
conditions [2—5]. FAIRHURST and COOK [6]
provided a detailed description of the slabbing
failure. ORTLEPP [7] conducted a detailed study on
slabbing fracture damage and defined slabbing as a
formation of stress-induced slabs on the boundary
of an underground excavation. CAI [8] found that
onion-skin-type fractures were densely distributed
in the surrounding rock of a cave where the
slabbing failure occurred. In addition to the
surrounding rock of the cave, slabbing failure was

also observed in the hard rock pillar [9]. MARTIN
and MAYBEE [10] investigated 178 hard rock
pillars in Canadian mines. Their results showed that
the strength of pillars with slabbing failure was
much lower than the design strength. Thus, it is
necessary to investigate the failure mode and
mechanism of slabbing, especially in short pillars,
and to propose a reliable strength calculation
method.

Generally, pillars in underground mines and
surrounding rock at the intersection of underground
crossed roadways are under uniaxial stress [11],
similar to rock specimens under uniaxial
compression. Many researchers have conducted
uniaxial compression tests on rock specimens to
reproduce the stress conditions of the pillar to
study the strength and slabbing failure [12,13].
But compared with shear failure, slabbing was
rarely observed in conventional uniaxial compression
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experiments. Several studies used the specimens
containing pre-manufactured initial defects to
investigate the slabbing failure further, and the
relationship between microscopic defects and
slabbing failure has been revealed [14,15]. Apart
from rock specimens with pre-manufactured initial
defects, slabbing failures were also reported in
intact specimens with low slenderness ratios
(length-to-diameter ratio or height-to-width ratio) in
uniaxial compression tests [16,17].

However, there are no unified conclusions
regarding the effects of the specimen slenderness
ratio under uniaxial compressive conditions. From
previous studies of intact cylindrical and prismatic
rock specimens under compression, the main
findings regarding the slenderness ratio effect are
summarized as follows.

(1) Many previous studies have concluded that
uniaxial compressive strength (UCS) increases with
a decrease in slenderness ratio [18—25]. However,
there are different conclusions presented in other
studies. The results of THURO et al [26] show that
the UCS of specimens with a length-to-diameter
(L/D) ratio of 1.0 decreased somewhat compared to
specimens with an L/D ratio of 1.2. LI et al [16]
found that the UCS of prism specimens decreased
when the specimen H/W ratio decreased to 0.5.
They indicated that the decrease in UCS was due to
the slabbing failure. However, it should be noted
that in Ref. [16], only three groups of specimens
(H/W ratios are 2.4, 1.0, and 0.5, respectively) have
been tested, and only in one group (H/W ratio is 0.5),
the slabbing failure is observed. Relatively few
specimen groups with different H/W ratios were
difficult to describe the influence of the H/W ratio
on the UCS accurately. WEN et al [27] indicated
that the post-peak mechanical properties were more
complicated when the L/D ratio of the specimen
was less than 1.0. Thus, there is controversy
regarding the relationship between the UCS and the
slenderness ratio when the L/D ratio or H/W ratio of
specimen is relatively low. Regarding the UCS of
specimens with a low H/W ratio, especially those
with a H/W ratio less than 1.0, further research on
more experimental specimen groups is needed.

(2) Some scholars believe that slenderness
ratio effects result from the friction constraint
caused by the end effect; the end of the specimen is
in a triaxial stress state due to the action of the
friction force. The proportion of the triaxial stress

zone in the specimen increases as the slenderness
ratio decreases, resulting in an increase in the
UCS [28—30]. Moreover, some scholars believe that
slenderness ratio effects are related to the volume of
the specimen. As the slenderness ratio decreases,
the specimen volume becomes smaller, and the
distribution probability of microscopic defects
decreases. Thus, the UCS increases [31-34]. To
some extent, both theories explain why the UCS
increases with decreasing slenderness ratio.
Unfortunately, neither of these theories can explain
the sudden decrease in the UCS at relatively low
slenderness ratios.

(3) According to previous studies, the failure
mode is affected by the slenderness ratio of the
specimen. Generally, the failure mode is considered
to be shear in the uniaxial compression test
when using standard specimens with specified
slenderness ratios. A series of classical shear failure
criteria have been proposed to explain the shear
failure of rock specimens [35—39]. However, some
uniaxial compression test results show different
failure modes. Instead of shear failure, slabbing
failures were observed in short specimens under
uniaxial compression [40—42]. Thus, the failure
modes of specimens with relatively low slenderness
ratios require further investigation to explain the
slabbing failure of short pillars in practical
engineering.

Although the
uniaxial compression conditions has been analyzed
in many previous studies, most of them focused on
the UCS (uniaxial compressive strength), and
discussion on the failure modes was limited, such as
LI et al [16]. The decrease in the UCS is only an
intuitive phenomenon when the failure mode is
dominated by slabbing failure. The underlying
mechanical mechanism needs further discussion.
Moreover, the mechanical behaviors of specimens
with relatively low H/W ratios were not fully
considered. The main focus was the UCS in
previous studies, and the failure modes were often
not considered. In particular, the slabbing failure in
specimens with low H/L ratios (<1.0) has rarely
been investigated; the slabbing failure mechanism
is unclear. Therefore, in this study, uniaxial
compression tests were conducted on granite
specimens with different H/W ratios to determine
the relationship between the H/W ratio and the
failure mode and to analyze the mechanism of

slenderness ratio effect in
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slabbing failure. During the uniaxial compression
tests, acoustic emissions were monitored to detect
the fracture initiation and propagation, strain
monitoring points were set to log the local
deformation, and a high-speed camera was used to
record the entire failure process.

2 Experimental

2.1 Specimen preparation

Miluo granite, a typically hard and brittle rock
sourced from Hunan Province, China, was used in
this study. All tested granite specimens were
obtained from a large and integral granite block to
ensure homogeneity among the specimens. Six H/W
ratios were considered in this study; there were six
groups of specimens with different geometric
shapes, as shown in Fig. 1.

Group A: height x width x thickness:
200 mm X 100 mm X 50 mm, with a specimen H/W
of 2.0; Group B: height X width x thickness:
100 mm x 100 mm x 50 mm, with a specimen
H/W of 1.0; Group C: height x width x thickness:
75 mm % 100 mm x 50 mm, with a specimen H/W
of 0.75; Group D: height x width X thickness:
50 mm x100 mm x 50 mm, with a specimen H/W
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of 0.50; Group E: height x width x thickness:
35 mm x 100 mm x 50 mm, with a specimen H/W
of 0.35; Group F: height x width X thickness:
20 mm x 100 mm x 50 mm, with a specimen H/W
0f 0.20.

Groups A, B, C, and D were prepared with
three specimens in each group; Groups E and F
were prepared with four specimens. The average
density of the tested granite specimens was
2623.14 kg/m®. To minimize end effects during the

experiments, all six surfaces of the specimens
were polished carefully wusing a grinding
machine to produce smooth end surfaces

and good perpendicularity. Furthermore, the
lubricant (prepared by placing stearic acid crystals
and Vaseline) was applied to the top and end
surfaces of the specimen to reduce the friction
between the specimen and platens. All tests were

performed on dry rock specimens at room
temperature.
2.2 Test apparatus

The test apparatus is shown in Fig. 2,

consisting of four parts: a servo-hydraulic rock
mechanics testing system (Instron—1346), an
acoustic emission (AE) monitoring system, a strain

0
o HIW=0T5

- HIP osoH/W 035

Fig. 2 Photographs of test system: (a) Servo-hydraulic rock mechanics testing system, AE monitoring system and

high-speed camera system; (b) Strain monitoring system
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monitoring system, and a high-speed camera system
(FASTCAM SA 1.1). The servo-hydraulic rock
mechanics testing system had a maximum
axial loading capacity of 2000 kN, with a load
measurement accuracy of +0.5%. The AE
monitoring system used PCI-2 acoustic emission
monitoring equipment. The strain monitoring
system was set to monitor local deformation. A
high-speed camera system was used to record the
entire failure process in the experiment, and the
frame frequency of the high-speed camera was set
to 125 frame/s.

2.3 Test procedure

Prior to the uniaxial compression tests, strain
gauges (Model BX120 5BA) were attached to the
rock specimens to monitor the horizontal and
vertical strains at each monitoring point, as shown
in Fig. 3(a). The specimens in Groups A and B were
arranged with three points for strain monitoring,
and the specimens in Groups C, D, E, and F were
arranged with two points for strain monitoring due
to the limited specimen height. All specimens were
instrumented with two AE monitoring probes at the
center; the high-speed camera was aimed at the
specimens, as shown in Fig. 3(b).

In the uniaxial compression tests, an axial
force was imposed on the specimen ends under

Groups A and B
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force-controlled conditions with a constant vertical
loading speed of 120 kN/min for 2 min to cause the
specimen end to contact the testing machine. The
axial force control conditions were changed to
displacement control conditions with a loading
speed of 0.065 mm/min until failure occurred, and a
linear variable differential transformer (LVDT) was
used to measure the evolution of the axial
deformation of the specimens.

3 Results

3.1 Stress—strain curves

The stress—strain curves of the uniaxial
compression tests are illustrated in Figs. 4(a—f) for
specimens with H/W ratios of 2.0, 1.0, 0.75, 0.50,
0.35 and 0.20, respectively. The stress—strain curves
of all specimens showed similar plastic compaction
characteristics in the early loading phase. However,
the curves exhibit significant differences in the
yield phase for different H/W ratios. For Groups A
and B, with H/W ratios greater than or equal
to 1.0, the stress—strain curves do not fluctuate
significantly during the peak phase, indicating that
the failure process in the peak phase undergoes a
short plastic deformation phase before brittle failure
occurs. For Groups C, D, E, and F, with H/W ratios
less than 1.0, a long fluctuation region in the peak
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Fig. 4 Stress—strain curves of specimens with different H/W ratios: (a) Group A (H/W=2.0); (b) Group B (H/W=1.0);
(¢) Group C (H/W=0.75); (d) Group A (H/W=0.50); (e) Group E (H/W=0.35); (f) Group F (H/W=0.20)

phase gradually appears in the stress—strain curves
as the H/W ratio decreases, especially for specimens
in Group F. In the fluctuation region, the stress
increases slowly with the increase of the strain and
undergoes irregular oscillation to the peak value
because slabbing fractures occur early in the
uniaxial compression process for specimens with
low H/W ratios. Because the slabbing fractures are
parallel to the maximum loading direction, the

specimen can sustain further stress after some
slabbing fractures have formed, indicating that
specimens with low H/W ratios experience a long
plastic failure process between the onset of slabbing
fractures and complete failure.

The average peak strain of specimens in Group
A (H/W=2.0) is approximately 0.388%; the average
peak strain is 3.559% in Group F (H/W=0.2), 8
times greater than in Group A. The increase in peak
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strain with a decrease in the H/W ratio indicates that
severer plastic deformation occurs in specimens
with low H/W ratios. The failure process changes
from elastic-brittleness to elastic-plasticity with a
decrease in the H/W ratio.

The average peak stress firstly increases and
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then decreases as the H/W ratio decreases.

3.2 Failure mode

As shown in Fig. 5, different H/W ratios
produce different failure modes
compression tests.

in uniaxial

#
¥
o

e

Fig. 5 Typical failure results of some specimens in Groups A (a—d), B (e—h), C (i-1), D (m—p), E (q—t) and F (u—x)
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For Groups A and B (1.0<H/W<2.0), shear
fractures dominate the specimen failures. Only one
or two shear fractures are observed on the lateral
wall of the specimen, indicating that shear fractures
connect to each other during uniaxial loading,
eventually forming one or two main shear planes
(Figs. 5(b, f)). The failure of specimens is brittle,
transient, and the same as that of a cylindrical
specimen with a high H/L ratio. Photographs of
specimen residues show that the remaining
specimen pieces have a triangular-cone shape
(Figs. 5(d, h)), confirming that the specimen failure
is dominated by shear.

For Groups C and D (0.5<H/W<1.0), the
specimen failure is controlled by shear and slabbing.
The lateral and top views of the specimens in
Groups C and D indicate more shear fractures than
Groups A and B. Moreover, obvious slabbing
fractures appear on the specimen surfaces, and the
slabbing fractures increase with a decrease in the
H/W ratio.

For Groups E and F (H/W<0.5), slabbing
fractures dominate the failures of specimens. The
lateral views clearly show multiple sets of slabbing
fractures on the specimen surfaces nearly parallel to
the loading direction. The specimen is divided into
many thin flake fragments by numerous closely
arranged parallel slabbing fractures (Figs. 5(s, X)).
In addition, exfoliation is observed on the part of
the specimen surface (Figs. 5(u, v)). When the H/W
ratio increases from 0.35 to 2.0, the angle of the
macro-fracture plane (the angle between the normal
of the fracture plane and the axial direction)
decreases from approximately 90° to approximately
70°, and the number of fractures significantly
decreases.

Comparing the typical failure modes of
specimens in Groups A, B, C, D, E and F, it is
observed that the specimen failure gradually
changes from shear to slabbing with a decrease in
the H/W ratio.

3.3 Failure process

There are obvious differences in the failure
processes of specimens with different H/W ratios.
The failure processes of specimens in uniaxial
compression tests were recorded using a high-speed
camera. To analyze the effect of failure mode on the
failure process, a series of photographs and the
stress—strain curves of three typical specimens with

different failure modes (shear failure, shear—
slabbing mixed failure, and slabbing failure) are
shown in Fig. 6.
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Fig. 6 Stress—strain curves and failure process of

specimens in shear failure (a), shear—slabbing mixed

failure (b) and slabbing failure (c)

For Specimen A2, the failure process was
controlled by shear failure. The first macro visible
fracture occurred in the yield phase of the uniaxial
compression process, indicating the late occurrence
of fractures in the failure process. The fractures



3706 Yu-zhe ZHAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3699-3713

expanded rapidly, and the specimen underwent a
short yield process before suffering a significant
brittle failure. The failure process was transient and
brittle, and a single complete shear failure plane
was formed.

For Specimen C3, the failure process was
controlled by shear—slabbing mixed failure. The
failure process is of elastic-plastic characteristics.
Local fractures appeared in the specimen before the
yield phase, but no complete failure plane was
formed. The number of fractures increased, and
local slabbing fractures appeared on the specimen
surface during the yield phase.

For Specimen F4, the failure process was
controlled by slabbing failure. The failure process
indicates significant plastic characteristics. The
specimen had a short elastic phase and a long
plastic yield phase. The slabbing fracture firstly
appeared at the center of the specimen, gradually
forming slabbing failure planes.
fractures were parallel to the maximum loading
direction, the specimen could sustain further stress.
As loading continued, more slabbing fractures
appeared, expanding to form new slabbing failure
planes. After a long plastic yield phase, the
specimen was finally cut into thin flake fragments
by many parallel slabbing failure planes.

The failure process of the specimen gradually
changes with a decrease in the H/W ratio, and the
yield phase of the specimen gradually becomes
longer. More parallel fractures are generated and
expanded during the yield phase, and the fracture
angle gradually becomes parallel to the loading
direction. The fracture distribution gradually changes
from concentrated to discrete.

Because the

4 Discussion
4.1 Influence of H/W ratio on uniaxial
compression strength

The UCS is an important indicator for
analyzing the failure modes of specimens with
different H/W ratios. To investigate the influence of
the H/W ratio on the UCS of specimen, the
relationship between the UCS and the H/W ratio is
discussed.

Many previous experiments have shown that
the UCS increased with a decreasing slenderness
ratio (L/D ratio or H/W ratio), and have indicated
that the increase in the UCS was caused by the end

effect [43]. However, our experimental results
present that the UCS does not always increase with
a decrease in the H/W ratio, decreasing when the
H/W ratio is less than 0.50 (as shown in Fig. 7). The
change in the UCS is not only affected by the end
effect, but also by the failure mode of the specimen.
When the H/W ratio of the specimen is less than
0.50, the failure mode changes from shear failure to
slabbing failure; most previous experiments did not
consider such a low H/W ratio. Because the
slabbing failure is controlled by the tensile stress
and the tensile strength of the rock itself is much
less than the compressive strength, slabbing fracture
occurs quickly, leading to rapid destruction. The
UCS of a granite prism specimen increases first and
then decreases with a decrease in the H/W ratio.
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Fig. 7 Variation of UCS with H/W ratio for six groups of
prism specimens

When the H/W ratio of the specimen is less
than 0.50, the UCS in the same group is more
discrete because the specimen is thinner and more
sensitive to initial defects. High UCS discreteness
in relatively low H/W ratio specimens was also
reported in previous experiments [16,20].

4.2 Influence of H/W ratio on strain

To deeply analyze the local strain changes in
different parts of the specimen, monitoring points
were set for strain detection at different locations on
the specimen (as shown in Fig. 3). The obtained
strain—time curves for specimens with different
H/W ratios are shown in Fig. 8. The strain—time
curves of each monitoring point reveal different
variation rules with changes in the specimen H/W
ratio. For specimens with a H/W ratio greater than
1.0, the horizontal and vertical strains at monitoring



Yu-zhe ZHAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3699-3713

0.2

0.1

e

Strain/%

+ —— Point I
— — Point II
—mim Il’oint I

0 100 200

Vertical strain

300 400 500

Time/s

600

0.4 T

|
03} (
Horizontal strain !

-

0.2

0.1 sEE

Strain/%
=
\}
1
'
]
\
\

—— Point IV

03l — — PointV . A
. Vertical strain =~ =~

0.4

0 100 200 300 400 500 600
Time/s

700

0.5
0.4
0.3
0.2
0.1
0 e LLL T rs e ey T I
=0.1
-0.2

“0.3F _ point 1V
~04 = = PointV

Horizontal strain

Strain/%

Vertical strain ™

5 i i 1 1 1 1 1 i
0 100 200 300 400 500 600 700 800 900
Time/s

3707

0.4
(b) |
03 4
L Jh
62 Horizontal strain __-" 1]
(8 T s Ll - |
©
2
g
)
/
. - -
—— Point I P R |
04+ - = goint HI Vertical strain \|l :
—05 - IOInt 1 1 1 L [}
0 100 200 300 400 500 600
Time/s
0.2
(d) !
0.1 Horizontal strain ,’
0 ke e e
x -0.1
= i
g -02 [
«n I
-0.3 :
- —— Point IV e
04r __ pgiﬁtv Vertical strain  ~_|
—05 1 1 1 1 1 1
0 100 200 300 400 500 600 700
Time/s
0.5
(f) . . M
04r Horizontal strain —._ _~ ~
03
0.2
. 0.1
=L
E Y O s PO |
s
& 0.1
-0.2
—— Point IV
03— _ point v 2
-04 ) X Fs
~05 Vertjlcal strain™™_ 2 |
0 200 400 600 800 1000
Time/s

Fig. 8 Strain—time curves of specimens with different H/W ratios: (a) Specimen Al (H/W=2.0); (b) Specimen Bl
(H/W=1.0); (c) Specimen C1 (H/W=0.75); (d) Specimen D3 (H/W=0.50); (e) Specimen E4 (H/W=0.35); (f) Specimen

F4 (H/W=0.20)

Point II (the front surface along the width) are
greater than those at monitoring Point III (the side
surface along with the thickness) and reach the first
peak. For specimens with a H/W ratio less than 1.0,
the strain at Point IV (the front surface along the
width) gradually decreases with a decrease in the
H/W ratio, eventually to a value less than that of
monitoring Point V (the side surface along with the
thickness), indicating that the failure of specimens
with a high H/W ratio starts from the front surface

along the width, whereas specimens with a H/W
ratio less than 1.0 begin to break from the side
surface along the thickness.

Combined with the specimen failure modes
and strain—time curves, it is found that for
specimens with H/W ratios >1.0, shear failure is
dominant, and the shear fracture first appears on the
side surface of the specimen. However, as the H/W
ratio decreases, the tendency toward slabbing
failure becomes obvious. The failure surface of
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slabbing is approximately perpendicular to the side
of the specimen, and the slabbing fractures first
appear on the side surface. Monitoring point V (on
the side surface) has a large strain value and reaches
the first peak.

4.3 Influence of H/W ratio on acoustic emission

It is known that there are two types of
rock fracture modes: tensile and shear. SHIOTANI
et al [44] reported that tensile fracture and shear
fracture could be distinguished by analyzing the rise
time amplitude (RA) of AE signals during the
fracture process. For rock materials, the RA value is
often combined with the average frequency (AF)
value to distinguish the fracture type [45]. The
values of RA and AF for the AE signal can be
expressed as

RA=t/A4,, AF=N,;/1,

where ¢ is the rise time, Am.x 1S the maximum
amplitude, Nag is the AE ringdown-count, and #4 is
the duration time.

Tensile fracture is generated by the extension
of the original defect (fracture) at the fracture tip
under the action of tensile stress, resulting in a short
rise time and a high-frequency AE waveform. The
development of shear fracture is the opposite,
inducing an AE waveform with a long rise time
and a low frequency. Thus, tensile fracture is
characterized by low RA values and high AF values,
and shear fracture is characterized by high RA
values and low AF values, as shown in Fig. 9.

Figure 10 shows the RA—AF relationships of
six typical specimens with different H/W ratios
during uniaxial compression tests. For specimens
with H/W ratios of 2.0, 1.0, 0.75, and 0.50, the AE
data are clustered near the RA-axis; the AE signals
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Fig. 9 Relationship among fracture type and RA value
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of the specimens are characterized by high RA
values and low AF values. Thus, the shear fracture
is the main fracture that develops during the failure
process of high H/W specimens. Moreover, with a
decrease in the H/W ratio, the RA value of the AE
signal gradually decreases, indicating an increasing
number of tensile fractures in the failure process.
Thus, with a decrease in the H/W ratio, slabbing
failure gradually develops, and the failure mode
changes from shear failure to shear—slabbing
mixed failure, as shown in Figs. 10(c) and (d). For
specimens with H/W ratios of 0.35 and 0.20
(Figs. 10(e) and (f)), the AE data are clustered near
the AF-axis; the AE signals of the specimens are
characterized by low RA values and high AF values.
Thus, the tensile fracture is the main fracture that
develops during the failure process of low H/W
specimens.

Based on the experimental results, it is
confirmed that slabbing failure is a special type
of tensile failure. The RA results for low H/W
specimens show typical tensile characteristics (low
RA values and high AF values) that are similar to
the experimental results of the Brazilian split test.
Shear fractures rarely occur during the entire
slabbing failure process, and specimens do not
undergo the shear failure process. However, the
failure process of shear—slabbing mixed failure is
based mainly on the propagation of shear fractures.
Thus, compared with shear failure and shear—
slabbing mixed failure, the mechanism of slabbing
failure is fundamentally changed.

4.4 Failure mechanism

According to the experimental results, tensile
failure (slabbing failure) occurs during the failure
process of specimens with H/W ratios less than 0.50
in uniaxial compression tests. In this section,
the cause and mechanism of slabbing failure in
uniaxial compression tests are discussed from the
perspective of fracture propagation.

It is known that a natural rock mass is a
heterogeneous material and usually contains a large
number of randomly distributed micro-fractures.
Some researchers have simulated micro-fractures in
rock materials by adding artificial pre-fractures in
the specimens and performing uniaxial compression
tests on pre-fracture rock specimens to study
the micro-fracture propagation law. WONG and
EINSTEIN [46], and ZHU et al [47] summarized
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seven fracture propagation models for pre-fracture
specimens under uniaxial compression. It was
found that fracture propagation always manifests in
two stages: the tensile wing fracture propagation
stage and the shear secondary fracture propagation
stage.

Based on the fracture propagation law for
pre-fracture specimens, the failure mechanism
of intact rock specimens containing randomly

distributed micro-fractures can be further deduced.
As shown in Fig. 11(a), the micro-fractures of
the prism granite specimens underwent two fracture
propagation stages in the failure process. For
specimens controlled by shear fracture, tensile wing
fractures appeared at the end of the micro-fractures
and extended. The fracture extension direction
gradually paralleled the loading direction. At this
stage, the specimen began to enter the plastic phase,
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and the RA value of the AE signal showed tensile
characteristics. The extension of tensile wing
fracture reached its limit and stopped, and the
specimen entered the shear secondary fracture
propagation stage. Secondary shear fractures
continued to extend, penetrating the specimen as
loading continued. Complete shear failure surfaces
were eventually formed, leading to shear failure.

As shown in Fig. 11(b), for specimens
controlled by slabbing fracture, the fracture
expansion law is significantly different from that
for shear failure due to the geometric shape of the
specimen. For specimens with a low H/W ratio, the
expanding micro-fractures are only tensile wing
fractures. Since the specimen is very short along the
fracture extending direction, the extension of the
tensile wing fracture is sufficient to cause the
failure of the entire specimen. The expansion of
secondary shear fractures does not have a chance to
occur. With the expansion and connection of the
tensile wing fracture, a series of tensile failure
surfaces parallel to the loading direction were
formed, causing slabbing failure. A specimen with
lower H/W ratio is more conducive to forming a
tensile failure surface caused by tensile wing
fractures, which is more likely slabbing failure.

According to the mechanism analysis of
slabbing failure, the experimental results in this
study can be explained as follows.

(1) The large decrease in UCS in specimens
with H/W ratios less than 0.50 (Fig. 7) is due to a
fundamental change in the failure mode from shear
failure to tensile (slabbing) failure.

(2) Specimens that experience slabbing failure
have long yield platforms which have significant
oscillations in their stress—strain curves (Fig. 4).
Their UCS wvalues are more discrete (Fig.7)
because the extension direction of the tensile wing
fracture and tensile failure surface always tends to
be parallel to the loading direction, resulting in
specimens with an unstable load-carrying capacity
after slabbing failure surfaces have been formed.

(3) The RA—AF diagrams of the AE signals in
Groups E and F are significantly different from
those in Groups A, B, C and D (Fig. 10), which is
caused by the special failure mechanism of slabbing.
Tensile wing fractures and secondary shear
different chronological orders
during the propagation of micro-fractures. For the
specimens in Groups E and F, the failure mode is
slabbing developed from tensile wing fracture.
Micro-fracture extension stops at the tensile wing
fracture extension stage, and secondary shear
fracture does not occur. Thus, only the AE signals
of tensile wing fractures can be detected, and the
RA—AF characteristics of the specimens only show
tensile fracture ones. On the contrary, the failure
modes of specimens in Groups A, B, C and D are

fractures have
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shear failure or shear—slabbing mixed failure
generated from both tensile wing fractures and
secondary shear fractures. Both AE signals in
tensile and shear fractures are indicated. However,
the RA—AF behavior finally presented is shearing,
which is the characteristic of the secondary shear
fractures dominating and causing eventual failure of
the specimen.

5 Conclusions

(1) For specimens with H/W ratios greater than
0.50, the UCS of the specimen increases gradually
with a decrease in the H/W ratio; while for
specimens with H/W ratios less than 0.50, the UCS
decreases with a decrease in the H/W ratio.

(2) The stress—strain curves of specimens with
different H/W ratios have significant differences in
the peak plastic phase. For specimens with H/W
ratios greater than or equal to 1.0, the stress—strain
curves do not fluctuate significantly at the peak
phase; for specimens with H/W ratios less than 1.0,
the stress—strain curves exhibit long yield platforms
with significant oscillations.

(3) For specimens with H/W ratios greater than
0.50, the failure changes from shear mode to shear—
slabbing mixed mode with a decrease in H/W ratio,
and the AE signals indicate shear fracture
characteristics. For specimens with H/W ratios less
than 0.50, the failures are controlled by the slabbing
mode, with AE signals indicating tensile fracture
characteristics.

(4) For specimens with low H/W ratios,
slabbing failure is caused by the extension of tensile
wing fractures. In practical application, short pillars
with low H/W ratios should be avoided, especially
in fractured rock masses. The strength design of
short pillars and low H/W ratio rock structures
should consider the impact of slabbing failure and
use appropriate strength reduction to ensure rock
mass stability and engineering safety.
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