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Abstract: Based on the stress redistribution analysis of rock mass during the deep underground excavation, the unloading process of
pre-flawed rock material was simulated by distinct element method (DEM). The effects of unloading rate and flaw inclination angle
on unloading strengths and cracking properties of pre-flawed rock specimens are numerically revealed. The results indicate that the
unloading failure strength of pre-flawed specimen exhibits a power-function increase trend with the increase of unloading period.
Moreover, combined with the stress state analysis on the flaws, it is found that the unloading failure strength increases with the
increase of flaw inclination angle. The cracking distribution of pre-flawed specimens under the unloading condition closely
depends on the flaw inclination angle, and three typical types of flaw coalescence are observed. Furthermore, at a faster unloading
rate, the pre-flawed specimen experiences a sharper and quicker unloading failure process, resulting in more splitting cracks in the

specimens.
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1 Introduction

In deep underground excavations, the excavation
unloading process may exert an important effect on the
deformation and failure of rock mass [1,2]. The
excavation unloading process can be transient or static. If
the drill-and-blast (D&B) method is adopted in
underground excavations, then the unloading of in-situ
stress is a transient process, while the mechanical
excavation method is adopted (e.g. road headers, tunnel
boring machines (TBM)), the unloading of in-situ stress
is a static process [3—5]. The transient unloading process
will lead to sudden energy release and severe rock mass
failure, resulting a significant effect to the stability of
underground engineering [6]. However, the static
unloading process is a gradual energy release process,
therefore, the mechanical excavation method is
considered safer and controllable than the drill-and-blast
method during the deep underground excavations [7].
During the mechanical excavation process, the unloading
rate of in-situ stress implies the excavation advance rate,

a high advance rate can result in a large unloading rate of
in-situ stress. Based on the unloading experiments on
Beishan granite, ZHAO et al [8] found that the
strainburst intensity and the associated acoustic emission
(AE) energy release are dependent on the unloading rate,
and a higher unloading rate results in a stronger
strainburst. HUANG and LI [9] investigated the strain
energy conversion of marble under different unloading
rates. They concluded that the pre-peak conversion rate
of strain energy increases with the unloading rate.
Moreover, the failure mode of rock specimen gradually
changes from shear to tension with the increase of
unloading rate. QIU et al [10] conducted unloading
experiments on Jinping marble. Their results indicated
that the unloading rate has significant influences on the
deformation and failure strength of specimens, and the
limited bearing capacity increases with the unloading
rate. LI et al [11] numerically investigated the excavation
unloading responses of rock around a circular tunnel.
They found that the crack number and maximum kinetic
energy in the surrounding rock tend to decrease with the
decrease of unloading rate.
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These studies help us to realize that the unloading
behavior of rock material closely depends on the
unloading rate, therefore, during the mechanical
excavation process, the choosing of a reasonable
excavation advance rate is important. However, so far,
studies about unloading rates are mainly focused on
intact rock material, while the investigation of unloading
rate effects on non-intact rock material is scarce.

It is well known that the engineering rock mass is
not necessarily intact and always contains discontinuity
structures at multi scales, such as joints, cracks, fissures,
weak surfaces, faults, and even artificially induced flaws.
In recent years, to analyze the influence of discontinuity
structures on the failure of engineering rock mass, rock
specimens containing pre-flaws were adopted to
reproduce the discontinuity structures in engineering
rock mass. Many studies found that the flaw inclination
angle of pre-flaws has demonstrated to be a significant
factor which influences the strength and failure behavior
of rock material. For example, based on numerical
simulations, researchers analyzed the cracking process of
rock materials containing pre-flaws under uniaxial
compression conditions, and they found that flaw
inclination angle can significantly affect the crack
initiation and propagation process [12—15]. For example,
based on laboratory uniaxial compression tests,
researchers found that the failure strength and failure
mode of pre-flawed rock specimens change with the
variation of flaw inclination angle [16—18]. Moreover, by
conducting laboratory conventional triaxial compression
tests, HUANG et al [19] and YANG et al [20] found that
for pre-flawed sandstone and marble specimens, the peak
strength and failure mode are depending on not only the
confining pressure, but also the geometry of flaw
including the flaw inclination angle. However, it needs to
be noted that, up to now, the previous studies of strength
and failure behavior of pre-flawed rock specimens were
mainly carried out under uniaxial or conventional triaxial
compression conditions, while the strength and failure
behavior of pre-flawed rock specimens under excavation
unloading conditions have not been systematically
studied.

Nowadays, the numerical simulation plays an
important role in investigating the mechanical
characteristics of rock materials under different
conditions [21—-23] owing to its high-efficiency and low
cost. In this work, the distinct element method (DEM)
was used to investigate the strength and failure behavior
of pre-flawed rock specimens under excavation
unloading conditions. First, the stress conditions of
excavation unloading are analyzed, and the mechanical
properties of intact marble are obtained through
laboratory compression experiments. Then the intact

numerical specimen is calibrated referring to the
experiment results of marble specimens. Thereafter,
pre-flaws with different inclination angles are created on
the calibrated numerical specimen, and a stress variation
function based on the stress condition of excavation
unloading is encoded in programs to realize the stress
unloading at different rates. Finally, the effects of
unloading rate and flaw inclination angle on the
unloading strength and cracking properties are
comprehensively discussed.

2 Background

2.1 Stress conditions of excavation unloading

During the mechanical excavation process in deep
underground, the rock mass ahead of the working face
undergoes an in-situ stress redistribution process with the
advancing of the working face: at first, the rock mass is
under a hydrostatic in-situ stress state; then, the
horizontal in-situ stress of the rock mass unloads, and the
vertical in-situ stress increases to a peak value; finally,
the rock mass will suffer the unloading failure (see
Fig. 1). This stress redistribution process reflects the
realistic stress path for rock mass during deep
underground excavation. As shown in Fig. 1, p, is the
hydrostatic in-situ stress, o, is the horizontal in-situ stress,
and o, is the vertical in-situ stress. The peak stress, which
the rock mass suffers before the unloading failure, results
from the vertical in-situ stress concentration. The peak
stress can be expressed as o, ma—k1po, in which k; is the
stress concentration factor during excavation process. To
reproduce the excavation unloading process of rock mass
during the deep underground excavation, numerical
simulations were performed in this study.
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Fig. 1 Excavation unloading stress condition in deep

underground mechanical excavation

2.2 Properties of rock material

The rock material investigated in this study is a
typical marble and was collected from Leiyang city in
Hunan province, China. To obtain the properties of the
marble, laboratory uniaxial and conventional triaxial
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compression experiments were carried out on the marble
specimens. All specimens were cored from the same
block of marble, in order to reduce the influence of rock
heterogeneity on the experimental results. Moreover,
specimens were prepared with dimensions (diameter x
height) of 50 mm x 100 mm as recommended by the
ISRM [24]. All experiments were conducted on dry
specimens at room temperature.

First, using the ISRM suggested method, uniaxial
compression experiments were carried out to determine
compression strength (UCS), elastic
modulus (E) and Poisson’s ratio (v). After that,
conventional triaxial compression experiments were
performed to obtain the
compression strengths (TCS) at confining pressures (py)
of 40 MPa (TCS-40), 50 MPa (TCS-50), and 60 MPa
(TCS-60). These compression experiments were carried
out on servo-controlled test system MTS815, and the
load platens loaded at a rate of 0.15 mm/min until the
failure of specimen.

Figure 2 and Table 1 summarize the results of the
uniaxial and conventional compression
The curves of marble
specimens are plotted in Fig. 2(a). It can be seen that
specimens underwent brittle failure in post-peak during
the uniaxial compression experiment; specimens showed

the uniaxial

conventional triaxial

triaxial

experiments. stress—strain

plastic behavior in post-peak during conventional triaxial
compression experiments. The failure modes of marble
specimens are shown in Fig. 2(b). It can be found that the
marble specimen exhibited spalling failure in the uniaxial
compression experiment, and shear failure occurred in
conventional triaxial compression experiments. The
principal stress plot of marble specimens is shown in
Fig. 2(c). Accordingly, the corresponding failure criterion
parameters of the rock specimen, friction angle (p) and
cohesion (c), were calculated with the Mohr-Coulomb
approach.

Oy

¢ =2tan ' (\/B)-45], c = (1)

2tan(45+ %)

where B is the slope of the principal stresses plot and gy
is the wuniaxial compression strength (UCS). The
Mohr-Coulomb failure criterion parameters are presented
in Table 1.
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Fig. 2 Uniaxial and conventional triaxial compression tests
results of marble specimens and numerical specimens:
(a) Stress-strain curves; (b) Fracture modes (red markings

indicate microcracks); (c) Principal stress plot

Table 1 Mechanical parameters of marble and numerical specimens

Deformation parameter

Compression strength/MPa

Mohr-Coulomb parameter

Specimen
E/GPa 0 ucCs TCS-40 TCS-50 TCS-60 7 c
Marble 76.4 0.21 1353 273.5 299.6 326.1 31.5 37.9
Numerical 75.6 0.21 136.1 264.2 290.0 313.1 30.0 39.3
Error/% 1.0 - 0.59 34 32 4.0 4.8 3.7
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3 Numerical simulation of excavation

unloading

3.1 DEM fundamentals

The DEM model based on software Particle Flow
Code (PFC, Itasca, Minnesota, USA) mimics the rock
material through a collection of grains glued by cement.
Each grain in the model is regard as a particle and each
cement is regard as a bond. There are two types of bonds,
i.e., the contact-bond and parallel-bond. Since the latter
has been proved to be more realistic for modelling the
brittle rock materials [25,26], the parallel bonded-particle
model is used in this study. The properties of the
particle—bond system are controlled by the particle—
particle contact behavior and the parallel bond behavior.
The particle—particle contact behavior and the parallel
bond behavior are determined by two sets of micro
parameters [27]:

{Ec,(kn / k), ,u}, microparameters of particle

{1:_“0,@n / %S), A, Ec,z_'c}, microparameters of parallel
bond 2)

where E., (K"/k%), u are the elastic modulus, stiffness ratio
of normal stiffness to shear stiffness, and friction
coefficient of particle, respectively; E,, (k" /k*), 1,
o, and 7, are elastic modulus, stiffness ratio of
normal stiffness to shear stiffness, ratio multiplier,
normal strength, and shear strength of bond, respectively.

The failure criterion of the model is controlled by
the parallel bond behavior. The maximum normal and
shear stresses acting on the parallel bond can be

calculated:

_F" M| _
max a +| I|R
Tmax :7 (3)

where F" is the normal force, F°® is the shear force,

Table 2 Microparameters of numerical specimen

M is the bending moment in parallel bond, 4 and R
are the area of bond across section and bond radius,
respectively, and [/ is the moment of inertia. If the
maximum normal stress exceeds the normal strength
(Omax = 0,) or the maximum shear stress exceeds the

shear strength (7,,, >7.), the parallel bond breaks and

max —
hence a microcrack forms.

3.2 Numerical specimen

The numerical specimen is established according to
the properties of marble specimen. At first, a particle
assembly with height of 100 mm and width of 50 mm
was generated. Thereafter, by varying the values of
micro parameters as shown in Eq. (2), a series of
numerical compression tests were performed on the
numerical specimen. During the numerical compression
tests, the loading rates of load walls were set as 0.05 m/s
until failure happened in the specimens. After a series of
“trial and error” calibration tests, a suitable set of
microparameters (Table 2) were obtained. Based on this
set of microparameters, the calibrated numerical
specimen can reproduce the properties of marble
specimen.

The comparison of the properties of the calibrated
numerical specimen and marble specimen can be seen in
Table 1 and Fig. 2. According to Fig. 2(a), the
stress—strain curves of calibrated numerical specimen
agree well with the laboratorial curves of marble
specimen. However, the disagreement which cannot be
ignored is that the numerical curves do not show the
corresponding post-peak strain platform in conventional
triaxial compression tests. Although, there are some
disagreements in the post-peak stress—strain curves of
numerical specimen and marble specimen, the focuses of
this study are on the peak strength and the failure modes.
As shown in Fig. 2(b), the failure modes of the numerical
specimens are highly consistent with the failure modes of
marble specimens: in uniaxial compression test, the
failure mode of the numerical specimen is splitting
failure; in conventional triaxial compression tests, the
failure modes of numerical specimens show shear
failures. Moreover, according to the principal stress

Particle microparameter

Density, Minimum radius, Particle radius Elastic modulus, Friction Stiffness
pl(kg:m™) Rppin/mm ratio, Ryax/Rmin EJ/GPa coefficient, u ratio, k"/k°
2820 0.25 1.5 58 0.65 2.5

Parallel bond microparameter

Elastic modulus, Normal strength, Std. dev. of normal Shear strength,
7,/MPa

E,/GPa &,/MPa strength/MPa

Std. dev. of shear ~ Stiffness ratio,  Ratio multiplier,

strength/MPa ke A

58 94 5

5 2.5 1.0
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relationships of numerical specimens in compression
tests (see Fig. 2(c)), it can be seen that the compression
strength of numerical specimens increases lineally with
confining pressure; this increasing tendency is similar to
that of marble specimen. The mechanical parameters of
the calibrated numerical specimen are shown in Table 1.
It can be found that the mechanical parameters of
numerical specimen, including deformation parameter,
compression strength and Mohr-Coulomb parameters,
are closely equal to those of marble specimen obtained
from laboratory. Based on the comparisons presented in
Table 1 and Fig. 2, it can be concluded that the calibrated
numerical specimen can reproduce the properties of the
marble. Therefore, it is suitable to simulate the marble
specimen by the calibrated numerical specimen.

To investigate the unloading behavior of pre-flawed
rock specimen, pre-flaws were introduced in the
calibrated numerical specimen. In reality, the natural or
artificial flaws of rock mass usually show as flaw
networks. For simplification, in this study, two straight
and open flaws were induced at the center of the
numerical specimen. As shown in Fig. 3, the length of
two flaws (L) is 10 mm, the length of rock bridge (L,) is
14 mm, the bridge angle (f) is 30°, and the flaw
inclination angles (a) are 0° 30°, 60° and 90°,
respectively.

Inducing artificial flaws

N
a=0° a=30° a=60° a=90°

g L

: -

= =

= 7

50 mm \ !
(@) (b)

Fig. 3 Inducing artificial flaws: (a) Numerical specimen;
(b) Pre-flawed specimens

3.3 Unloading procedures

Based on the stress redistribution process during the
underground mechanical excavation described in Section
2.1, the excavation unloading process of rock mass was
simulated. The detailed procedures in unloading
simulation are as follows:

(1) In-situ stress stage: simultaneously increase the
lateral stress (o3) and the axial stress (o7) to the initial
stress level of py, and keep them at the initial stress state
for a while.

(2) Unloading stage: unload the lateral stress (o3)
and meanwhile increase the axial stress (o7) until the
peak stress state of the specimen.

(3) Unloading failure stage: unload the lateral stress
(03) to zero, and at this stage the axial stress (o) will

spontaneously decrease due to the failure of specimen.

During the unloading simulations, the axial stresses
increase at a rate of 0.05 m/s in a displacement controlled
manner, and the lateral stresses unload at a linear path in
servo controlled manner. The stress path for the lateral
stress follows Eq. (4):

Doy, 05t <1,

o3= (—t 4)
PO(I_TO)’ ) Slt<tn

where po is the initial stress, set as 40 MPa; ¢ is the
unloading time; 7, is the initiation moment of unloading,
set as 1 ms; ¢, is the end moment of unloading; T is the
unloading period.

The linear unloading path is uniform, the influence
of different unloading rates can be investigated by means
of changing the unloading period. Choosing
representative unloading periods is critical, therefore, we
considered from two aspects. On one hand, according to
LI et al [11], for unloading simulations in the DEM,
when unloading time is 2 ms or 5 ms, the disturbance of
dynamic unloading observed in the surrounding rock
mass during the unloading process is little and can be
regard as non-transient unloading. On the other hand, the
simulation process in DEM adopts the time-step to
calculate, and a critical and reasonable time step was
internally assigned in the program before the simulation.
In this model, if unloading time is set as 2 ms, then the
unloading rate of lateral pressure can be translated to
4.4x10* MPa /step. It means that 2 ms is low enough to
simulate the quasi-static unloading process in the
mechanical excavation. Therefore, in this study, the
unloading periods (7) of 2, 3, 4 and 5 ms were selected
to investigate the influence of different unloading rates
on unloading failure responses.

4 Numerical simulation results and

discussion

Understanding the stress state and the failure
situation of rock mass ahead of the working face during
the in-situ stress redistribution process is one of the key
components, which enables engineers to determine the
optimal excavation scheme. The unloading rate of in-situ
stress and the inclination angle of pre-flaws (such as
joints, faults or artificially induced flaws) are important
factors which can control the stress state and the failure
situation of rock mass. The results from this numerical
study provide information and insight to allow better
understanding of the effects of unloading rate and
pre-flaws on the unloading failure behavior, including
the unloading strength properties and cracking
properties.



Xi-bing LI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1516—1526

4.1 Unloading strength

Figure 4 shows the stress—time curves of pre-flawed
specimens under different unloading rates. The
unloading rate can be expressed by v=Ao; /At . It can
be seen from Fig. 4 that the shorter the unloading period,
the faster the unloading rate (V2 ms>Vi ms™V4 ms>Vs ms)-
During the unloading process, the axial stress (o)
presents a peak strength, which is defined as unloading
failure strength (o,5). The corresponding lateral stress (o3)
at the unloading failure strength is defined as failure
lateral stress (oys).

To get a better understanding of the failure strength
properties of pre-flawed specimens under unloading
conditions, more specific and quantitative investigations
about the failure strength were carried out. The failure
strength of pre-flawed specimens, i.e. the unloading
failure strength (o,s) and the lateral failure strength (o),
are shown in Fig. 5. According to Fig. 5, it can be seen
that at a same flaw inclination angle, the failure strengths
(oys and oy;) of pre-flawed specimen decrease with the
decrease of unloading period. This indicates that the
bearing capacity of the rock mass is lower when
excavating with a shorter unloading period or a higher
rate. Therefore, increasing the excavation advance rate in
underground excavation operations will decrease the
stress concentration factor (k) during the excavation
process, resulting in rock mass ahead of the working face
failed at a lower strength. On the other hand, at a same
unloading period, the unloading failure strength (o,s) of
pre-flawed specimen decreases with the decrease flaw
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inclination angle. Therefore, inducing artificial flaws
with a smaller inclination angle will be more efficient to
reduce the unloading failure strength of the rock mass.
Moreover, the lateral failure stresses (oi) of the
pre-flawed specimens increase with the flaw inclination
angle when the unloading periods are shorter (2 ms or
3 ms). However, at a longer unloading periods (4 ms or
5 ms), the lateral failure stresses (oys) of the pre-flawed
specimens are nearly the same for different flaw
inclination angles. This phenomenon indicates that the
failure strength is more obviously influenced by the flaw
inclination angle, when the unloading period is shorter.

The specific influences of unloading rate on the
unloading failure strength (o,;) are shown in Fig. 6. It can
be found that the unloading failure strength of pre-flawed
specimens with same flaw inclination angle increases
with the increase of unloading period. The possible
reasons for such increasing trend are that, at a longer
unloading period, the lateral confinement stress on the
pre-flawed specimens is larger (0 2 ws>0s 3 ms™0ls 4 ms™
01s s ms) and the unloading disturbance is smaller, hence
resulting in larger unloading failure strength. The
relationship of unloading failure strength and unloading
period is as follows:

ow=al® (a>0, 0<b<l) (3)

where a and b are the coefficients, the value of b is larger
than 0.0 and smaller than 1.0, which means that the
increasing tendency of unloading failure strength tends
gentle with the increase of unloading period.
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© 0 80
40 40

Fig. 4 Stress—time curves of pre-flawed specimens during unloading simulations: (a) a=0°; (b) a=30°; (¢) a=60°; (d) 6=90°
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Fig. 6 Relationship between unloading strength and unloading
period

The influences of flaw inclination angle on the
unloading failure strength are shown in Fig. 7. It can be
found that for pre-flawed specimens at same unloading
period, the unloading failure strength exhibits an “S”
shape rising trend with the increase of flaw inclination
angle. To further explain the effect of flaw inclination
angle on the unloading failure strength, the stress states
on flaws were theoretically analyzed. The stress state
sketch on pre-flaw is shown in Fig. 8. Through a stress
analysis, the effective normal stress o, and the effective
shear stress 7, on the flaw surface can be obtained.

o, = o-lcosza + a3sin2a

- (6)
=27 Gin2g

where a is the flaw inclination angle, o, and o3 are the
axial and lateral stresses, respectively.

By substituting o=0°, 30°, 60° and 90° into Eq. (6),
the effective normal and effective shear stresses on the

1907 Fitting curves
A T=5ms

1801 % 7=4ms
o T=3ms

170F o T=2ms

150+
140+
130+ 2
0 30 60 90
a/(°)

Fig. 7 Relationship between unloading strength and flaw

inclination angle

Lo,

7

> B

T

Fig. 8 Stress state sketch on pre-flaws

flaws can be calculated. It should be noted that the flaws
are open and slender, which means that the effective
normal stresses on the flaws can make the flaw to close
and induce tensile stress at the flaws, resulting in tensile
cracks around the flaws. The effective shear stresses on
the flaws can result in shear cracks around the flaw.
Figure 9 shows the results of the effective normal and
shear stresses on the flaws with different inclination
angles at the unloading period of 2 ms. According to
Fig. 9, it can be found that compared with other flaws,
the flaws at inclination angle of 0° suffer the largest
normal stress ( T ), and the shear stress is zero
(z’n(oo) =0). In this regard, tensile cracks are most likely
to initiate and propagate around the flaws at inclination
angle of 0°, which results in the lowest failure strength of
the specimen. For flaws at inclination of 30°, the normal
stress is larger than the shear stress (GH(BOO) > z-n(goo)).
For flaws at inclination of 60°, the shear stress is larger
). For flaws at

090’y ~ 0)
) is the smallest and

than the normal stress (rn(ﬁoo) > 0,607y

inclination of 90°, the shear stress is zero (7

and the normal stress (Gn(goo)
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decreasing. This means that for flaws with inclination
angle of 90°, the effective stresses on the flaws will not
result in significant cracking phenomenon. Therefore, the
specimen with inclination angle of 90° failed as a whole
and not influenced by the flaws, and this is the reason
why its unloading failure strength is the highest.

On(0°
120} MO T
“ ,/’
o it
S 80r Tn(30°)
- \
) Tn(60°)

40 .
0 ----- S
& ) Tn(30°)
L < s
Z 40 Sy
L Tn(60°)
80

0 0.5 1.0 1.5 2.0 2.5 3.0
t/ms

Fig. 9 Normal and shear stresses on flaws with different

inclination angles (7= 2 ms)

4.2 Unloading cracking

To understand the fracture behavior of pre-flawed
specimen under unloading condition, the -cracking
properties of pre-flawed specimens at different unloading
rates and flaw inclination angles were analyzed from the
perspective of flaw coalescence behavior and crack
distribution. The coalescence is produced by the linkage
of two flaws through cracks. The coalescence behavior
is vital for the failure of the pre-flawed specimen
and is influenced by the flaw inclination angle. The

2

: ,—ﬁf’;:i::zge

f i

Type II TS/pe I

©

‘ };pe II

Typelll  Typell

classifications of coalescence types under compression
condition are available in many literatures [28-30].
Based on the present study, the flaw coalescence
behavior of pre-flawed specimens under unloading
condition was investigated. Three typical types of flaw
coalescence were observed, i.e., the direct coalescence,
indirect coalescence and no coalescence. As shown in
Fig. 10, for the direct coalescence, the coalescence is
along the direction of the rock bridge, and for the indirect
coalescence, the coalescence is away from the direction
of the rock bridge.

Type ] Type II Type 111
Direct Indirect No
coalescence coalescence coalescence

Fig. 10 Three typical types of flaw coalescence

The coalescence types and crack distributions of
pre-flawed specimens at the end of unloading are shown
in Fig. 11. It can be seen in Fig. 11 that for pre-flawed
specimens with @=0°, the flaws exhibit indirect
coalescence at any unloading rate; at the same time,
cracks mainly distribute and propagate along the flaw
tips and flaw surfaces. This is because for specimens
with a=0°, cracks are easily to initiate and propagate
along the pre-flaws. For specimens with oa=30°, the flaws
exhibit three different types of coalescences under
different unloading periods; moreover, many cracks

Type III

:l"ype I ' Type I

Typel  Typelll

(d)

Fig. 11 Fracture results of pre-flawed specimens under unloading conditions: (a) 7=2 ms; (b) 7=3 ms; (c¢) 7=4 ms; (d) 7=5 ms
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distribute and propagate around the flaw tips. For
specimens with a=60°, at different unloading rates, the
coalescence types of the flaws are all direct coalescence;
furthermore, the distribution of cracks forms a shear
band whose tilt angle is same as the flaw inclination
angle. For pre-flawed specimens with a=90°, there are
no coalescences between the flaws; moreover, the crack
distributions of the specimens are not mainly around the
flaws, instead, the cracks formed a shear failure band,
just like the failure mode of intact specimens in
conventional triaxial compression tests. This kind of
crack distribution can be explained by the stress state of
flaws: for flaws at a=90°, the effective normal stress on
the flaws decreases and the effective shear stress is zero,
therefore, the formation of cracks is not controlled by the
flaws. According to the above cracking properties
analyses, it can be concluded that the flaw coalescences
for specimens with o=0°, 60° and 90° are not influenced
by the unloading periods, while the flaw coalescences for
specimens with a=30° are obviously influenced by the
unloading period. Therefore, if the rock mass ahead of
the working face contains natural whose
inclination angle is 30°, engineers should be more
careful during excavation processes, because the
coalescence behavior of natural flaws is complex and
unpredictable. ~ Moreover, the overall cracking
distributions are generally similar for the pre-flawed
specimens with varying unloading periods, while the
overall cracking distributions are obviously different for
pre-flawed specimens with varying flaw inclination
angles. This phenomenon indicates that under unloading
conditions, the flaw inclination angle plays a more
important effect on the cracking distributions of
pre-flawed specimens than the unloading rate.

Although the overall cracking distribution of
pre-flawed specimen is less related to the unloading rate,
it is obvious that there are more axial splitting cracks
when the pre-flawed specimens are unloaded at faster
unloading rates. The axial splitting cracks are parallel to
the axial direction and marked by dashed lines in Fig. 11.
The occurrence of splitting cracks indicates that the
failure of the specimen is brittle and quite quick [31]. In
this study, the axial splitting cracks mean that the failure
process is more brittle and quick for pre-flawed
specimen at a faster unloading rate. To verify this
phenomenon, the built-in energy tracing module was
activated to track the released kinetic energy, Ey, of
specimens. As shown in Fig. 12, the kinetic energy
evolutions of specimens with a=0° indicate that the peak
kinetic energy will increase with the increase of
unloading rate. In addition, for the specimen unloaded at
a faster unloading rate, the release process of kinetic
energy is a more sudden process. Therefore, it can be
concluded that the specimen will experience a sharper

flaws

and more sudden failure response and energy evolution
when the unloading rate is faster. This conclusion
indicates that the failure and energy evolution process of
rock mass ahead of the working face can be controlled
by the excavation advance rate.

3:5

3.0

251

201

EJ)

1.5

1.0

Fig. 12 Kinetic energy evolution of pre-flawed specimens at
different unloading periods (a=0°)

5 Conclusions

(1) The unloading failure strength of pre-flawed
specimen exhibits a power-function increase trend with
the increase of unloading period. Moreover, with the
increase of flaw inclination angle, the unloading failure
strength increases in a “S” shape, and this increasing
tendency is verified by the stress state analysis on the
flaws.

(2) The cracking properties of pre-flawed specimen
under unloading condition closely depend on the flaw
inclination angle. At any given unloading rate, three
typical types of flaw coalescences were observed in
specimens with different flaw inclination angles.
Furthermore, at a faster unloading rate, the pre-flawed
specimens will experience sharper energy evolution and
unloading failure process, resulting in more splitting
cracks in the specimen.

(3) From the perspective of applications, the present
work can provide some wuseful information for
mechanical excavation in deep underground engineering.
First, increasing the excavation advance rate in
underground excavation operations will decrease the
stress concentration factor during excavation process,
resulting in the rock mass ahead of the working face
failed at a lower strength. Second, inducing artificial
per-flaws with a smaller inclination angle in the rock
mass ahead of the working face will be more efficient to
reduce the wunloading failure strength. Third, the
unloading cracking characteristics of rock mass
containing pre-flaws can be predicted according to the
flaw inclination angle. The failure and the energy
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evolution process of rock mass ahead of the working face
can be controlled by the excavation advance rate.
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