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Abstract

Rock is a typical inhomogeneous material with a large number of
flaws in different scales; the stress field of the rock in its elastic state
consists of two parts: the elastic stress, which distributes uniformly in the
entire region; and an additional stress, which only exists around the
flaws. Theoretical expressions of the additional stress and local stress are
derived based on the Maxwell model. Core disking which takes place
under the condition that the axial stress is rapidly reduced while the con-
fining pressure is kept unchanged is explained with a new method.
Unloading duration’s effect on core disking is analyzed. A new criterion
for core disking is presented based on attributing the core disking to the
result of the exceedance of local tensile stress over the tensile strength.
Based on our theoretical analysis and the conclusions from published re-
sources, core disking is most likely to occur if the maximum principal
stress is more than five to six times the tensile strength.
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1. INTRODUCTION

Rock core disking is often observed in high stress regions. Many researchers
tried to explain this phenomenon; approaches such as site observations
(Lempp and Muhlhaus 1985, Li and Schmitt 1998), laboratory tests (Bauch
and Lempp 2004) and numerical analysis (Corthesy and Leite 2008, Zhu et
al. 2014) have all been adopted to investigate the mechanism of rock core
disking. Jaeger and Cook (1963) reported that the maximum principal stress
corresponding to core disking is less than the uniaxial compressive strength
of the rock. Therefore, they attributed core disking to the shear stress. But
the phenomenon that there is no shearing trace on the new faces indicates
that core disking should be a tensile failure. Obert and Stephenson (1965) in
the laboratory experiment of conventional triaxial compression test showed
that core disking occurs if the radial stress exceeds half of the compressive
strength of the rock. Thus, they also attributed core disking to the shear
stress, but they also found that the newly generated faces are more likely to
be created by the tensile stress. In addition, Ishida and Saito (1995) reported
that the existing core disking prediction models, which are based on shear
stress criterion, do not work well. Many other researchers also showed that
the core disking is fundamentally a tensile failure phenomenon (Stacey 1982,
Matsuki et al. 2004, Almeida ef al. 2006, Qi and Qian 2009, Lim and Martin
2010).

Based on the extended Hooke’s law and the effective tensile stress,
Bauch and Lempp (2004) found that the effective tensile strain criterion for
rock core disking, which was proposed by Stacey (1982), can be expressed
as
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' is the effective tensile stress,
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where g, 0, and o; are principal stresses, o

¢, ¢,and g are the critical extensile strain, minor strain and axial strain,

axial
respectively. Based on the triaxial extension tests with the cylindrical speci-
mens, Bauch and Lempp (2004) pointed out that the rock core disking is
time dependent and cannot be explained by the critical strain criterion. They
found that in the abrupt mode (with the confining pressure kept constant and
the axial stress reduced rapidly), the core disking can take place even if the
axial strain is far less than 0.1%, but when the reduction rate of the axial
stress is low (approximately quasi-static), the core disking cannot be ob-
served even if the axial strain exceeds 1.5%.

The previous studies have made significant contributions to our under-
standing of the cause for rock core disking; we have learned that both the



1432 H. HUANG et al.

stress state and the unloading duration have direct effects on rock core disk-
ing, but the unloading duration’s effect on rock core disking lacks study.

In fact, the rock is an inhomogeneous material and contains a large num-
ber of flaws in different scales; the mechanical properties of the flaw are dif-
ferent from those of the elastic medium. According to Maxwell model
(Rodionov and Sizov 1982, 1989), both in the loading and unloading pro-
cesses, the flaw will cause an additional stress and there are additional
stress’s concentration and relaxation in the rock, i.e., the additional stress is
time dependent. In addition, the tensile stress which causes the rock core
disking is always regarded as a synthesis of the principal stresses, but little
attention is paid to the additional stress’s effect on rock core disking. What is
more, during the unloading of the axial stress, when the core disking occurs,
the newly generated faces are almost perpendicular to the axial direction of
the cylindrical specimen, which means there must be tensile stress in the axi-
al direction, but this phenomenon is hard to explain with the principal stress.
Thus, to explain the rock core disking in a new way seems meaningful and
necessary.

In this paper, the expressions for additional stress and local stress are de-
rived; unloading duration’s effect on core disking is analyzed. A new criteri-
on, which is based on attributing core disking to the local tensile stress
exceedance over the tensile strength, is established; the stress condition for
rock core disking is predicted. In the end, the theoretical prediction is tested
by means of both the laboratory test and the statistical data from the pub-
lished resources.

2. ADDITIONAL STRESSES IN AN ELASTIC ROCK
There is a large number of flaws in the rock and the distribution of stress
field in the rock is non-uniform; stress fluctuations occur around flaws both
in the loading and unloading processes. As shown in Fig. 1, the specimen
consists of an elastic medium and a large number of flaws with different
scales.

In the following analysis, several concepts are introduced, including: the
additional stress Ao; which is caused by the flaws and exists in regions

such as region I (as shown in Fig. 1b); the elastic stress o, which charac-

terizes the stress distributed uniformly in the entire region and can be ob-
tained by using the Hooke’s law; and the local stress o';)c, which

characterizes the stress existing in regions such as region I and is the super-
position of the elastic stress o, and the additional stress Agj;. Therefore, the

expression of the local stress o, can be written as
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Fig. 1: (a) Rock specimen, which can be regarded as a composition of two parts, the
elastic medium and the flaws with different scales; (b) Cross section perpendicular
to the axial direction of the specimen: the stress field in region I is influenced by the
flaw and there is stress fluctuation within region I; besides, the scope of regions cor-
responding to different flaws are not the same.

0';/.‘” =0, +Aoc, . (2)

There is additional stress Ac; which is caused by the flaw both in the
loading and unloading processes. The elastic stress is not time dependent,
but the concentration and relaxation of the additional stress are time depend-
ent; thus, we can deduce that the stresses in the regions which are influenced
by the flaws are time dependent. According to Maxwell model, the evolution
of the additional stress can be expressed as (Rodionov and Sizov 1982,
1989)

dAo,
L=k C?é..—ZAO'.. , 3

dt p s l ij ( )
where # is the stress relaxation rate, / is the flaw scale, p is the density of the
medium, ¢, is the velocity of the shear wave, ¢, is the corresponding strain

rate component, k is the stress concentration coefficient. The first term on
the right-hand side of Eq. 3 describes the elastic loading, while the second
term on the right-hand side of Eq. 3 depicts the stress relaxation.
According to Eq. 3 the solution of Agj; is obtained
n 2
so, =Ce T+ K54 ; % @)

where C is an integration constant and depends on the boundary conditions.
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3. CORE DISKING IN TRIAXIAL UNLOADING TEST AND ITS
EXPLANATION

According to Bauch and Lempp (2004), core disking is most likely to take
place in an abrupt mode; therefore, the mechanical model and the unloading
mode which are adopted in our analysis are as follows.

Figure 2 shows that, before unloading, the specimen is in an initial hy-
drostatic stress state, oy, where o, = o, = 0p. During the unloading process,
the axial stress will rapidly decrease from o, to zero, while the confining
pressure is kept constant; the total axial strain and unloading duration are, re-

spectively &, and Ty, the axial strain rate £’ in this process can be expressed
as ¢! =¢,/T, .

When 0 <7< T, the axial strain & (¢#) and the axial stress o (f) can be
expressed as

(5
7 (0)= -2z ()=-o.1-1

where E=2(1+v)pc’ is the Young’s modulus, & (f) and &! are, respec-
tively, the axial strain and axial strain rate at time ¢.
Based on Eq. 4 and the following boundary condition
Aol (1)],.=0 (6)

the evolution of the additional stress corresponding to 0 <¢<T7, can be ex-
pressed as

Oa unloading rock core disking
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Fig. 2: (a) Triaxial unloading test: cylindrical specimen with initial hydrostatic
stress; (b) abrupt unloading mode: the confining pressure is kept constant while the
axial stress is reduced rapidly; in the end, the core disking occurs.
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Ao (1) =-3—=" [l—e ’ J (7)

at the end of the unloading process, i.e., at time 7y, 0,=0 and ¢, =0; then

Eq. 3 can be rewritten as

B9 Mag, (51T, ®)
—=——A0, >
d(e-1,) 17 ’
Considering the continuity of stress, the solution of Eq. 8 is
g\,
Ao (t):—lklo-” l—e " |e ) )
i 3 0T,

Substituting Egs. 5, 7, and 9 into Eq. 2, the expression of the local stress
can be expressed as

kil -1
Gif(t)zda[l—LJ—li(l—e ! ] (0<z<T))

T,) 30,
(10)
ki 5, A,
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The local stress has direct effect on the stress field in the rock, especially
the stress field around the flaw. Equation 10 shows that the local stress is in-
fluenced by many factors, such as the flaw scale / and the unloading duration
To.

4. PARAMETERS’ EFFECTS ON ROCK CORE DISKING
4.1 Influence of flaw scale

In this section, in order to investigate the flaw scale’s effect on the local
stress, the parameters are as follows: 7,=100s, o¢y=50MPa, #5=
2x10°% m/s, 1=1x10"° ~ 1x107° m; the curves of the local stresses are ob-
tained according to Eq. 10.

Figures 3 and 4 show that, with the other conditions kept unchanged, the
larger the flaw scale, the larger the maximum local tensile stress is. In addi-
tion, for flaws with the same scale, the maximum local tensile stress corre-
sponding to the shorter unloading duration is larger. For example, when T
=100 s, the maximum local tensile stresses corresponding to /= 1x107% m,
5x10°m, 1x10° m, 1x10* m, 1x10° m are about o =5, 14, 15, 15,
15 MPa, respectively, but when T, =400 s, the corresponding maximum lo-



1436 H. HUANG et al.

50 g
£
= 40
2:/;;
“. 304 B /=]e-6
& [=5e-0
20 - —A— [=]e-5
v [=le-4
4 [=le-3

(=]
1

oo oe
o0 ® AAAAAAA

A A A AL

local stress around the flaws o
=)
1

-10 + o ®
AA
TR T AITT T IIIITY
-20 T ¥ T T T T T T T T v T
0 100 200 300 400 500 600
time t/s

Fig. 3. Time-history curves of the local stresses (corresponding to 7= 100 s).

50 Jm
£
40 -
E B [=]e-0
= r o I=5¢6
o 307 0\;._ A— |=]e¢-5
z ] ‘I.\. v I=le-4
< 20- . <« I=le-3
E :‘ “.
= 5‘1 u
= 10 ¥y =
e vl "a
2 TAde n
@ 04 Fheg W EEEEEEER
g ghAe - PY
5 ghe cs s ®®® -8 =
[~ Y a A
g -10 A L aaaaassd
- X
 EEEEEESEES |
-20 T b T & T L T ) T L} T ’ T
0 100 200 300 400 500 600
time t/s

Fig. 4. Time-history curves of the local stresses (corresponding to 7= 400 s).

o =0, 5,10, 15, 15 MPa, respectively. The
increase of the unloading duration will obviously decrease the local tensile
stresses which are caused by the flaws with smaller scales, such as /= 1x10"
%m, 5x10°m, 1x10~ m. So, the unloading duration will directly influence
the stress field in the rock.

. 1
cal tensile stresses are about o.°
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We can also see that, when ¢=0, the local stresses are in compressive
mode, but when 7= T, the local stresses are in tensile mode. The phenome-
non that during the unloading process the local stresses will change from
compression to tension is a new finding in this paper; we can infer that core
disking may occur when the local tensile stress is greater than the specimen's
tensile strength. Therefore, it seems reasonable to establish a new criterion
for rock core disking based on this finding.

4.2 Relations between the flaw scale and the maximum local tensile
stress

The analysis above shows that for flaws with the same scale, the shorter
unloading duration can cause a larger local tensile stress. If the unloading
duration is too long, there is almost no local tensile stress around a small-
scale flaw, but there is a local tensile stress around it if the unloading dura-
tion is decreased. It seems that more flaws can be “activated” under the short
unloading duration (or at high unloading rate). In this paper, we regard the
core disking as a result of the situation in which the local tensile stress ex-
ceeds the tensile strength. Thus, in order to activate more flaws, a short
unloading duration is needed, which coincides well with the test phenome-
non that the core disking occurs at a high unloading rate. The relations be-
tween the flaw scales and the local tensile stresses are shown in Fig. 5.
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Fig. 5. Relations between the flaw scales and the maximum local tensile stresses
during the unloading process (the numbers on the x-axis corresponding to scales
I=1x10"~1x107m are 0~6, respectively).
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Figure 5 shows that if 7, =10000 s, there is no local tensile stress
around the flaw whose scale is less than /= 1x10" m, i.e., in this situation,
only the flaw whose scale is greater than /=1x10"°m can be activated. In
order to be activated, the flaw scales corresponding to the unloading dura-
tions 7, =10000s, 1000 s, 100 s, 10 s must be greater than /= 1x107° m,
[=1x10°m, 7/=1x10"m, /=1x10"m, respectively. For any flaw scale,
the local tensile stress corresponding to the higher unloading rate is greater
than that corresponding to the lower unloading rate. The range of the activat-
ed flaw scale decreases obviously with the increase of the total unloading
duration from 0.001 s to 10000 s. For example, when 7;<0.01 s, all the
flaws given in Fig. 5 can be activated, but when 7> 0.1 s, only a part of the
given flaws can be activated. Besides, when the unloading duration is short
enough, the local stress would not increase as the unloading duration is de-
creased. For example, the local stresses are almost the same under the condi-
tions of 7, =0.001s, and 7y =0.01 s. It can be inferred that core disking
would not take place when the unloading rate is low, may be because: (i) the
number of the activated flaws isn’t large enough; (ii) the local tensile stress
caused by the activated flaw corresponding to the low unloading rate is not
large enough to exceed the tensile strength.

4.3 Influence of unloading duration

In this section the parameters are as follows: the initial stress gy =50 MPa,
[=1x10°m, n= 2x10% m/s, k=1, Ty=0.1 s ~400 s. The curves obtained
according to Egs. 7, 9, and 10 are presented in the next figures.
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Fig. 6. Time-history curves of the additional tensile stresses.



THEORETICAL EXPLANATION FOR ROCK CORE DISKING 1439

4] 4™ —— T =0.1s

" (t)/MPa

=T =15

T,=10s

A
5’» v T,=100s
<

loc
7z
4
‘A
F i

T=200s
T,=400s

10

o
1

local stress around the flaws ¢

=y
o
1

8]
o

v T T T v T T T T T T T
0 100 200 . 300 400 500 600
time t/s

Fig.7. Time-history curves of the local stresses.

Figures 6 and 7 show that the shorter the unloading duration 7y, the larg-
er the additional stress and the local tensile stress will be. The local stresses
are compressive at =0 while tensile at 7= T, but the additional stresses
are tensile during the whole process of unloading. Both the additional tensile
stress and the local tensile stress reach their maximum values at =7, and
decrease to zero in the end. Besides, the local tensile stresses corresponding
to 7p=0.1 s~10s are all about 17 MPa, which are greater than the tensile
strength of many kinds of rocks.

Considering that there are large numbers of flaws in the rock, and com-
pared to the small-scale flaw, the large flaw can cause a large local tensile
stress; therefore, we can infer that there must be so many flaws around
which the local tensile stress is greater than 17 MPa. Therefore, it is reason-
able to attribute the core disking to the exceedance of a local tensile stress
over the tensile strength.

5. CRITERION FOR CORE DISKING AND ITS TEST
5.1 New criterion for rock core disking

During the unloading process, the local tensile stress will reach its maximum
value at time 7, assume that core disking takes place when the maximum
local tensile stress reaches the crack initiation stress o.;, but considering that
the determination of o, is complex, we replace it with the tensile strength o,
and then the criterion for rock core disking presented in this paper can be
expressed as
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o (t=T))20,. (11)

According to Eq. 10, we obtain the initial hydrostatic stress oy for rock
core disking

O, 2 ;o-p . (12)
Considering that 0.5 <k <3 (Qi and Qian 2009), the initial stress for
rock core disking can be expressed as

0,260, . (13)

Equation 13 shows that, for the cylindrical specimen with initial hydro-
static stress oy, under the triaxial unloading test, the core disking is likely to
occur if the initial stress is more than six times the tensile strength.

In fact, based on our analysis, the initial hydrostatic stress oy in Eq. 10
can be substituted by the axial stress o,, and the radial stress seems to have
no obvious effect on core disking. If the maximum principal stress is in the
axial direction of the specimen, then according to Eq. 13, the maximum
principal stress o, for rock core disking is

0,260, (14)

In the following part of this paper, the presented criterion which is ex-
pressed by Eqgs. 13 and 14 is tested both by the laboratory tests and the exist-
ing data from the published resources.

5.2 Laboratory test of the criterion

5.2.1 Obtaining the tensile strength of the red sandstone by using the Bra-
zilian test

The specimens with no visible flaws were all cored from the same large rec-
tangular block and in the same orientation. The cylindrical specimens are
about 25 mm in height and 50 mm in diameter, in accordance with the
ASMT standard. The data obtained from our test are listed in Table 1.

The data shows that the tensile strength of the red sandstone is about
5.0 MPa; substituting ¢, = 5.0 MPa into Eqs. 13 and 14, the range of the
initial hydrostatic stress and the maximum principal stress for core disking is

o, 230MPa, (15)
o, 230MPa. (16)

Equations 15 and 16 show that, for the red sandstone, during the unload-
ing process of the axial stress, the core disking is most likely to occur in one
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Table 1
Sizes of the specimens and data obtained from the Brazilian tests
No. Diameter | Height | Bearing capacity | Tensile strength
[mm] [mm] [KN] [MPa]
1 49.1 25.4 7.11 3.63
2 49.1 254 10.22 522
3 49.1 25.2 9.83 5.06
4 49.1 253 11.00 5.64
5 49.1 253 6.35 3.26
6 49.1 25.2 10.21 5.26
7 49.1 25.1 9.01 4.66
8 49.1 25.3 7.03 3.60
9 49.1 25.2 7.84 4.04
10 49.1 25.2 7.20 3.71
11 49.1 25.1 7.56 3.91
12 49.1 253 8.52 4.37
13 49.1 25.3 11.02 5.65
14 49.1 25.2 11.01 5.67
15 49.1 25.2 11.90 6.13
16 49.1 25.4 9.00 4.60
17 49.1 25.1 8.89 4.59
18 49.1 253 10.43 5.35
Average value of the tensile strength 4.92 (=5.0)

of the following two cases: (i) the initial hydrostatic stress is greater than
30 MPa; (ii) the maximum principal stress is in the axial direction and is
greater than 30 MPa.

5.2.2 Simulating the rock core disking under the critical hydrostatic stress
and maximum principal stress

The unloading tests conducted by Bauch and Lempp (2004) with the red
German sandstone are good examples for our test; the sizes of the specimens
used in their tests are 70 mm in diameter and 140 mm in height. Two grain
sizes are adopted, one is medium and the other is fine. The tensile strengths
of the two specimens are about 3.9 and 4.9 MPa, respectively. When the core
disking occurs, the measured minimum initial hydrostatic stresses for the
two specimens are, respectively, about 20 and 25 MPa, the ratios of the ini-
tial hydrostatic stress to the tensile strength are, respectively, 5.13 and 5.10,
which are close to our theoretical prediction of 6.
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(a) (b) () (d)

Fig. 8. Unloading core disking: the initial stresses from left to right are:
(@)o,=0,=25MPa, (b)g,=20MPa, ¢,=25MPa, (c)o,=0,=30MPa,
(d) 6, =20 MPa, g, = 30 MPa, respectively.

Based on their tests and our prediction, the sizes of the specimens adopt-
ed in our test are also 70 mm in diameter and 140 mm in height, and the ini-
tial stresses chosen for our tests are as follows

(a) 0, =0,=25MPa, (b) 0, =20MPa, o, =25MPa,

17
(¢) o, =0,=30MPa, (d) o, =20MPa, o, =30MPa, 1n

where 20, 25, and 30 MPa are, respectively, about 4, 5, and 6 times the ten-
sile strength; both according to our analysis and the tests conducted by
Bauch and Lempp (2004), core disking is impossible to occur if the initial
stress is only 4 times the tensile strength. In the abrupt mode, core disking
occurs under the given stress conditions and the phenomena observed in our
test are shown in Fig. 8.

Figures 8a and 8c show that the core disking can occur if the initial hy-
drostatic stresses are, respectively, 5 and 6 times the tensile strength. Fig-
ures8b and 8d show that if the axial stresses are, respectively, 5 and 6 times
the tensile strength, the core disking can occur although the radial stress is
less than the critical stress. Thus, we can deduce that the initial hydrostatic
stress for rock core disking is about 5 to 6 times the tensile strength. Under
the non-hydrostatic stress condition, core disking can occur in the situation
in which the maximum principal stress is in the axial direction and is about 5
to 6 times the tensile strength.

5.3 Data from published resources to test our prediction

As mentioned above, in the abrupt mode, the ratios of the initial hydrostatic
stress to the tensile strength for rock core disking reported by Bauch and
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Lempp (2004) are of about 5.13 and 5.10, respectively. Considering that the
rock core disking is simultaneously influenced by factors such as the unload-
ing duration, the local tensile stress and the test conditions, besides, the in-
ternal structure of the rock is also far more complex; therefore, we can infer
that when ignoring these factors, our prediction is acceptable. Thus, the ini-
tial hydrostatic stress o for rock core disking is gy > (5 ~ 6) g,,.

In addition, Lim and Martin (2010) also reported their statistical results
of rock core disking observed in the Underground Research Laboratory,
Canada. Their study shows that the initiation of core disking is controlled by
the maximum principal stress, core disking is most likely to initiate if the
maximum principal stress o; is about 6.5 times the tensile strength o, i.e.,
oi/o, > 6.5. Considering that the distribution of the in situ stress around the
URL may be irregular and the drilling direction in their tests may not always
parallel to that of the maximum principal stress, besides, the statistical re-
sults are only based on granite, therefore, our prediction is close to their sta-
tistical results, and we can infer that core disking is most likely to occur if
the maximum principal stress is greater than six times the tensile strength,
ie, 01>60,.

6. CONCLUSIONS

Rock core disking is a time-dependent tensile failure phenomenon. This pa-
per reveals that during the unloading process, there are local tensile stresses
caused by the flaws; the expression for the local tensile stress is derived, and
the effects of both the flaw scale and the unloading duration on the local ten-
sile stress are analyzed. A new criterion for rock core disking is presented
and the following conclusions are drawn.

O In the abrupt unloading mode, there is local stress in the axial direction of
the cylindrical specimen and the local stress will change from compres-
sive to tensile during the process. Both the additional tensile stress and
the local tensile stress will reach their maximum values at the end of the
unloading process.

0 In proper initial stress state, the core disking can occur only at the high
unloading rate, which may be due to the following reasons: (i) the high
unloading rate can activate more flaws; (ii) at the high unloading rate, the
local tensile stress caused by any activated flaw is large.

O In this paper, the premises of both our theoretical prediction and labora-
tory test are that there is no visible flaw in the hard rock. At present, our
prediction has only been tested by the red sandstone; therefore, in order to
extend its application to other kinds of hard rocks, further experimental
study is required.
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0 At high unloading rate, core disking is most likely to occur under the fol-
lowing two stress conditions: (i) the initial hydrostatic stress is greater
than 5 to 6 times the tensile strength, i.e., 0o > (5~ 6) 0, ; and (ii) the
maximum principal stress is greater than 6 times the tensile strength, i.e.,
01>60,.
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