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Effect of induction unloading on weakening of rock mechanics properties
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Abstract: The effects of induction unloading such as drilling, blasting, lancing and water-infusion softening on weakening of rock
mechanics properties were investigated. Three stress paths were chosen as test schemes corresponding to the triaxial compressive test,
pre-peak and post-peak unloading the confining pressure tests. The results show that compression deformation is the main cause of
rock failure under loading condition. However, the strong dilatation leads to the rock failure along unloading direction. Rock failure
happens even under little axial stress with confining pressure unloading. Poisson ratio increases with the decrease of confining
pressure during the process of unloading. Elastic modulus increases slowly along with the decline of confining pressure, but
decreases rapidly when unloaded to yielding strength. It shows that the weakening rate of rock intensity tends to be faster with easily

failure under the unloading condition.
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1 Introduction

Underground  stope  excavation results in
unbalancing of rock stress. With continuous propulsion
of mining face, the exposure area of surrounding rock is
increasing constantly. The effects of unloading by
excavation make continually deterioration of rock
mechanics properties [1-2]. In general, collapse of rocks
is incessant with expanding goaf in hard rock mining
under normal conditions. Therefore, one off collapse
would not take place actually. The blasting effect on rock
mass makes the rock integrity break and causes
increasing fractures or crushed zones, which makes roof
rocks can be induced to collapse early or forcefully if
calamitous collapse happens, thus, secondary disasters
(air shock wave, etc) are not enough to injure workers,
and the production can be operated normally. In fact,
induction caving is a time varying process of stress
transference and concentration [3—5]. It is a complicated
process affected synthetically by rock excavation,
dynamic unloading, fractures development and unstable
collapse under gravity. The weakening of rock
mechanical properties is an essential factor of induction
caving technology.

Induction caving of rock mass includes multiple
loading and unloading effects as well as dynamic
unloading. Loading and unloading test research in
different ways can more truly reflect the weakening
mechanism and failure characteristics of rock properties
in the process of induction caving. In this work,
weakening mechanism of rock mechanics properties
under the induction effect was investigated based on roof
induction caving technology of the No. 92 orebody of
Tongkeng Mine.

2 Experimental

With the viewpoint of rock mechanics, in fact, roof
induction caving is unloading confining pressure in a
certain direction before the maximum stress. Therefore,
it is believed that pre-peak unloading is more suitable for
rock failure path of induction caving. For further
comparison, general triaxial compression, pre-peak
unloading and post-peak unloading were tested in
laboratory.

Rock specimens were collected from roof
surrounding rock of (T112—T115) stopes in the No. 92
orebody, Tongkeng mine, the lithology of which was
mainly limestones and silicolites.
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2.1 Test scheme design

The three-dimensional stress state in underground
rock mass changes completed under different ways of
stope excavation. Some scholars have done some
research on the differences between rock unloading
damage and continuous loading damage caused by
excavation, and many achievements have been made
[6—11]. Based on the previous works and combined with
practical engineering condition, 3 test schemes were
designed.

Scheme I: General triaxial test. This scheme was
used to measure the stress level of unloading peak value,
which provided a judgment basis of unloading control in
the process of subsequent pre-peak or post-peak
unloading test.

Scheme II: Test of unloading confining pressure and
constant axial pressure at the pre-peak. The basic process
of test was as follows:

1) Loading o,=03 gradually increased to a preset
value according to hydrostatic pressure (o) is the axial
stress and o3 is the confining pressure);

2) Under constant o3, gy was slowly increased to a
certain stress state before the failure of rock specimen.
The stress o; was between uniaxial compressive strength
and triaxial compressive strength under the same
confining pressure;

3) Under constant oy, o3 was reduced to the value
when rock specimen failed;

4) Axial stress under the control of axial
displacement was loaded until the stress difference (o7 —
03) did not reduce with increasing axial strain. The test
would be over as a result of residual strength of
unloading confining pressure at post-peak.

Scheme III: Test of unloading confining pressure
and constant axial pressure at post-peak. The basic
process of the test included:

1) Loading o,=03 gradually increased to a preset
value according to hydrostatic pressure;

2) Under a constant o3, oy was slowly increased to a
certain stress state before the failure of rock specimen.
The o, then needed to be larger than triaxial compressive
strength under the same confining pressure;

3) With the gradually decrease of o3, rock specimen
was destroyed under steady o;.

2.2 Test confining pressure design

According to the measurement results of original
rock stress at the horizontal range of 405 m, Tongkeng
Mine, there were 0,=25.4 MPa, 0,=17.1 MPa (horizontal
direction) and ;=7.3 MPa (perpendicular direction). The
ground stress field of the No. 92 orebody in Tongkeng
Mine belongs to mid-level. Consequently, the confining
pressure design values in the test were 10, 20 and 30 Pa,
respectively.

3 Results and discussion

3.1 Test results of general triaxial test

The stress—strain curves of the test results are
shown in Fig. 1 according to Scheme I. Rock failure
takes place under 43.7 MPa axial maximum stress under
non-confined pressure condition, and the state changes
from short brittle to ductility. The stress—strain curve
reflects decreased ladder trend and long continuous
plastic yielding phase due to the non-uniform distribution
of grain fillings within rock specimen and its interaction.
The strain-softening characteristic at post-peak under 20
MPa is obvious, which is an ideal plastic characteristic.
20 MPa is considered to be the brittle-ductility
conversion point.
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Fig. 1 Stress—strain curves of rock specimens under different
confining pressures

Figure 2 shows the Mohr circle based on the test
results in general triaxial compression. Cohesive force ¢
and internal friction angle @ of the rock specimen are
11.62 MPa and 34°, respectively, calculated by
Mohr-Coulomb criterion.

150

120
7=0.670+11.62

90

/MPa

60

30

0 40 80 120 160 200

o /MPa

Fig. 2 Mohr strength curves in general triaxial compression
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3.2 Test results at pre-peak unloading confining

pressure

According to Scheme II, the stress—strain curves
are shown in Fig. 3. There are processes of sudden
decline of axial stress on rock failure under different
confining pressure. It reflects relatively strong brittle
damage characteristic and obvious shear failure plane on
rock specimen.
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curve under loading and unloading tests (confining
pressure is 10 MPa). Axial compression failure increases
the axial stress to reach the carrying capacity of rock
specimen. However, unloading failure decreases the
carrying capacity to reach axial stress of rock specimen
causing yielding damage. Therefore, the deformation
curves under two strain paths are greatly different.
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Fig. 3 Stress—strain curves of rock specimens at pre-peak

unloading

3.3 Test results at post-peak unloading confining

pressure

According to Scheme III, the stress—strain curves
are shown in Fig. 4. It has no intensive failure as the
pre-peak test Scheme II, the brittle characteristic of
which is restrained, because existing plastic deformation
has absorbed much elastic deformation energy [12]. The
failure extent is larger than the pre-peak test results, and
mostly rock specimens are X type shear failure.
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Fig. 4 Stress—strain curves of rock specimens at post-peak
unloading

3.4 Typical loading and unloading test curve and
analysis
Figure 5 shows the whole process of stress—strain
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Fig. 5 Complete stress—strain curves of rock loading (a) and
unloading (b) tests under 10 MPa

As shown in Fig. 5(a), there is an obvious
characteristic of yielding feature during rock under axial
compression test. The axial strain is about 7.6x10°°
before yielding, and the softening stage does not come
until a big plastic deformation appears after yielding,
then the macro failure happens at last. Figure 5(b) is the
stress—strain curves under unloading confining pressure.
The yielding confining pressure of rock specimen is
about 6.5 MPa, which is declined by 3.5 MPa. The peak
value of deformation curve in Fig. 5(b) is obviously less
than that in Fig. 5(a), which illustrates that the confining
pressure decrease in unloading failure is much smaller
than the axial pressure increase in loading failure.

Axial strain & increases gradually with the rise of
confining pressure in the loading test. It is shown that
confining pressure has obvious effect on the rock
carrying capacity. Under the same confining pressure
condition, however, the maximum axial strain decreases
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under unloading condition. It shows strong
characteristics in the test. Lateral deformation &; around
peak value in the general triaxial compression is smaller
than that of unloading test under the same condition.
Obvious lateral deformation increases with the rise of
confining pressure under the unloading condition,
especially at the critical failure point. When unloading to
60%—80% of the primary confining pressure in the test
process, the strain reaches peak value and rock specimen
destroys. Volumetric strain ¢y in general triaxial test
keeps existing during the continuous compression
process, but rock expansion phenomenon absolutely
increases along with the rise of confining pressure under
the unloading condition after unloading stage.

3.5 Rock parameter characteristics under unloading
condition
Rock deformation parameters are generally obtained
by uniaxial compression tests. The ratio of lateral strain
&3 and axial strain ¢; is Poisson ratio, x4, and the ratio of
o, and &3 is elastic modulus E:

EIdO'l/dSI

1
H=dg /ds; M

E=0/g or
H=¢gle or

According to Eq. (1), u'=—¢;/e; is used to get secant
Poisson ratio. The ratio of lateral strain and axial strain at
the same stress difference is still called Poisson ratio [13,
14]. Then the relation of Poisson ratio and confining
pressure under different unloading conditions is shown in
Fig. 6(a). Poisson ratio increases constantly along with
the decreased confining pressure in the whole test
process, and they are not in a linear relationship. When
the unloading value in Fig. 6(a) reaches generally
60%—70% of the primary confining pressure, the rock
specimen is manifested as severe failure and Poisson
ratio has an obvious rise process.

Figure 6(b) shows the relationship between £ and a3,
and the elastic modulus of rock experiences a very slow
growth process with constant axial displacement while
confining pressure o; decreases. It begins to reduce and
has an obvious inflection point when reaching yielding
intensity, and then decreases rapidly.

The intensity rule of Mohr-Coulomb based on
primary stress form is expressed as [15]:

oy=Ko;+N 2)

where K and N are the parameters of intensity rule and K
can be used for evaluating the influence on rock intensity.
The relation between K, N, ¢ (cohesive force) and @
(internal friction angle) is as follows:

{K = tan®(45° +¢/2) 3

N =2ccos¢/(1-sin @)
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Fig. 6 Change characteristics of Poisson ratio (a) and elastic
modulus (b) in process of unloading

Then

o= 2arctan\/_—£
2 “)
_ Ncosg
2(1+sing)

Based on Eq. (4), Table 1 lists ¢ and @ values under
loading and unloading conditions obtained at peak stress.
From the table, it is known that ¢ and @ of unloading are
smaller than those of loading, which shows that the rock
intensity of unloading decreases faster than that of
loading, and the decline rate is gradually reduced along
with the rise of confining pressure.

Table 1 Correlation coefficient and angle of internal friction of
rock under loading and unloading conditions

Test fvpe K/ Correlation Cohesion/ Air?tiiflzflf
YP¢ Mpa coefficient ~ MPa NS
friction/(°)
Triaxial
. 356 429 0968 11.62 342
loading
Unloading 3.36 342  0.985 9.35 32.8
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3.6 Rock failure characteristics under unloading

condition

The results show that there are significant
differences of mechanics properties between rock
loading and unloading. As seen from Fig. 7, lateral
deformation increases along with the rise of confining
pressure, besides, the morphology of rock failure
changes from single shear plane (the first two samples in
Fig. 7) to complex fracture plane (the last two samples in
Fig. 7).

Fig. 7 Fracture photos of rock sample after general
triaxial compression test: (a) 0 MPa; (b) 10 MPa; (c) 20 MPa;
(c) 30 MPa

The failure modes under unloading condition are
basically shear and brittle failure (Figs. 8 and 9). There is
clear single failure plane and an upward trend of failure
plane angle along with the rise of confining pressure.
Rock specimen tends to have X type shear failure,
cataclastic shapes and always powdery debris when
stress intensity reaches a peak value.

Fig. 8 Fracture photos of rock samples after pre-peak unloading
test: (a) 10 MPa; (b) 20 MPa; (c) 30 MPa

(b) (c)

Fig. 9 Fracture photos of rock sample after post-peak unloading
test: (a) 10 MPa; (b) 20 MPa; (c) 30 MPa

4 Conclusions

1) There are stronger brittle failure characteristics
and obvious shear failure surface at pre-peak unloading.
On the contrast, the brittle characteristics are restrained
in the post-peak unloading test, and the softening stage
does not appear immediately, but macro failure does not
happen until it has a considerable plastic deformation.
Rock failure under the loading condition mainly results
in compressive deformation. However, it shows strong
dilatation along the unloading direction under the
unloading condition. So rock failure, even intense brittle
failure, takes place under a smaller axial stress as long as
unloading functions exist.

2) Rock Possion ratio gradually increases along
with the decline of confining pressure in the unloading
process with non-linear relation. Rock has an intense
failure, and Possion ratio has an obvious increase process
when unloading increases from 60% to 70% of the
original confining pressure. At the beginning, rock elastic
modulus increases slowly along with the decline of
confining pressure, but decreases rapidly when unloaded
to yielding strength. The weakening rate of rock intensity
tends to be faster with easily failure under the unloading
condition.
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