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Mechanical response of roof rock mass unloading during continuous
mining process in underground mine
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Abstract: Taking the test stopes during continuous mining induced roof caving of Tongkeng ore-body No.92 as example, the
calculation flow of unloading analysis was established. According to the unloading region division method of the affected zone
theory, and the deterioration laws of mechanics parameters of unloading rock mass, the continuous mining process in underground
mine was analyzed by the software MIDAS/GTS, the mechanical response of roof rock mass unloading was studied, and the
differences were analyzed with the conventional simulation. The result shows that the maximum tensile stress, subsidence
displacement and equivalent plastic strain of roof rock mass are 1.5 MPa, 20 cm and 1.5% in the unloading analysis, while 1.0 MPa,
13 cm and 0.9% in the conventional analysis. The values of unloading analysis, which are also closer to the actual situation, are
greater than those of conventional analysis; the maximum step in continuous mining is 48 m, which shows that the induced treatment
of the roof should be carried out after 2 mining steps
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1 Introduction

Rock mass excavation engineering can be regarded
as an unloading mechanical process because of stress
disturbing and stress redistribution of original rock mass
stress field by the release of excavation rock mass [1-2].
In general, good mechanical properties of the structure
planes of rock mass are still maintained in the loaded
mechanical state. But under unloading conditions,
particularly when the unloading quantity is large, and
tensile stress occurs, rock mass quality deteriorated
rapidly, and the rock mass mechanical parameters also
decrease sharply. So, as for the mechanical
characteristics of rock mass, there are inconsistent with
the unloaded and loaded mechanical states [3—7].

Quality deterioration of rock mass caused by
unloading mechanical effect have not been taken into
account in conventional numerical simulation analysis.
That is, the mechanical parameters of rock mass are
constant in the whole numerical analysis process, so the
damage evolution characteristic of rock mass is difficult

to accurately be reflected in mining. Based on the
unloading theory, some slopes, tunnels and hydropower
were studied by many scholars, and many achievements
were obtained. The coupling effects of unloading stress
field and fluid field were simulated using FEA by Al [8].
The conceptual unloading geological model was
established by XU et al [9], and the genesis mechanism
of unloading zone was presented. Under true-triaxial
unloading condition, rock dynamical failure process and
acoustic emission (AE) characteristics were studied by
HE et al [10]. Some concrete example projects such as
excavation of dam foundation, tunnel and large-scale
underground powerhouse [11—18] were investigated by
unloading analysis method. However, there are still two
problems which need to be studied. First, the effect of
scope under unloading is not clearly defined, and the
unloading regions of each steps are not divided either;
second, because the variation law of rock mass quality of
the specific projects and the unloading quantity are not
clear, it can only adopt the mechanical parameters of
final unloading step, and it is difficult to reflect the
varying law of rock mass deterioration.
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According to the unloading rock mass theory, taking
the test stopes during continuous mining induced roof
caving in the Tongkeng pit No0.92 as example, the
unloading mechanical effect of roof rock mass was
analyzed by numerical simulation method, based on the
mechanics parameter deterioration laws of unloading
rock mass.

2 Unloading simulation method

Unloading effect is equivalent to a reversed tensile
stress which is applied to the rock mass under initial
stress [1]. Therefore, it can be seen as a tensile stress
applied to the original rock, and its maximum value is
00tR; (ogtR; is the equivalent tensile strength). So, it can
be decomposed into two steps of unloading problem, that
is, it is superimposed by stress and strain field of
unloading before and after.

The specific calculation process is as follows.

1) The calculation of initial stress field ¢y, and
displacement field wo;

2) The calculation of unloading stress field:

{O’l =010,

M = Hay

(1)

where g, and uy, are stress field and displacement field
and resultant displacement field of Ag;.

3) Adjustment of rock mass mechanical parameters
after unloading;

4) Repeat steps 2 and 3 when the i-th unloading is
calculated until non-convergence is met.

{Ui =0, 110y

Hi = My [y

(2)

where o, and u,; are respectively stress field and
displacement field under the N time unloading stress Ag;;
o; and y; are respectively the resultant stress field and
resultant displacement field of Aa;.

Stress and displacement values of rock mass
excavation for each step can be obtained under certain
conditions by above multi-step unloading calculation.

3 Division of mining-unload disturbance
region

3.1 Theory analysis

Stress is redistributed and secondary stress field is
caused by excavation near the rock mass. The region,
whose deviation of the secondary stress from initial
stress is over a particular value in surrounding rock of
excavation disturbed, is defined as effect region, i.e.,
unloading region.

Mining-unload disturbance region can be described
by [19]:

Oinduced ~ Onatural 2 io—induced (3)

where oiduced 1 the secondary stress component; oy, 18
the initial stress component; 4 is the disturbance factor.

Therefore, mining-unload disturbance region can be
divided by defining only the unloading region as an
effect region whose disturbance factor is over particular
value of /.

3.2 Solution

The theory solution of the secondary stress field and
displacement field caused by round and elliptical cavity
excavation can be solved under the plane strain condition
[19]. The affected region of elliptical cavity is solved by
the theory solution, as shown by Egs. (4), (5) and Fig. 1.

W, = H\Aa|q(q +2)~k(3+29)|

Wi=H\/a‘A(k +¢%) +kq2‘ ©

H; = H\[Aa|k(1+2¢)~ q(3q +2)|

2 (5)
H=H a‘A(k+q )+1‘

where W, and H; must take the maximum value from Egs.
(4) and (5), 4=100/24, g=W/H, a=1 when k<1, and a=1/k
when &>1.

In Fig. 1, p; is the vertical pressure; £ is the lateral
pressure coefficient; W and H are the minor and long
axes of elliptical cavity, respectively; W, and H; are the
minor and long axes of the affected region elliptical
cavity.

——hkp

Affected region

pi
Fig. 1 Unloading graphical solution of oral cavity excavation

4 Numerical models

Some problems existing during mining process,
such as pillar recovery, can not be safe and efficient, with
great loss of resources, difficulty to control the stope roof,
high difficulty and costs to treat goaf, so large-scale
ground pressure activities were induced easily.
Technology of continuous mining-induced caving roof is
presented to these problems [20—21], and its essence is a
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process of roof continuous unloading.

Using the construction stage function of MIDAS/
GTS FEA software, the previous step results of stress,
strain and displacement are introduced into next step
analysis. So, mechanical parameters of unloading rock
mass deterioration can be dynamicaclly adjusted in the
unloading analysis, that is, the mechanical response
analysis of real unloading process can be achieved.

By comparing with the difference of conventional
analysis, numerical simulation programs of continuous
mining can be analyzed in two cases. Case 1 is the
convention analysis, while case 2 is the analysis based on
unloading theory. Basic models and initial material
parameters of two cases do not have any difference, but
in model of case 2, unloading regions have been fixed in
advance, and deterioration mechanical parameters would
be used in unloading regions.

4.1 Model construction
The simplified models shown in Fig. 2 are
established according to test stopes during continuous

mining induced roof caving of Tongkeng ore-body No.92.

The model obeys the following assumptions:

1) Model dimensions are 250 mx500 m;

2) The hanging wall is the lentil limestone, the dip
angle of orebody is 15°, the thickness is 40 m and the
footwall is wide bands limestone.

3) The average height of surface is taken as the
initial height to deadweight loading; therefore, the model
top is level.

The horizontal displacement of lateral boundaries of
calculation model is restricted, the bottom is fixed, and
the surface is a free boundary. The material model is the
elastic-plastic model.  Mohr-Coulomb
strength criterion is used to determine the failure of rock
mass. The vertical ground stress is added through
deadweight of rock mass. The lateral pressure coefficient
is 2.8, and the lateral stress is automatically calculated by
the lateral stress coefficient method of software.

FE models of the two cases are shown in Fig. 2,
where case 1 is conventional analysis model and case 2
is unloading analysis model. The initial mechanical
parameters of rock mass are shown in Table 1.

constitutive

4.2 Division of unloading region

When unloading regions are divided, circumscribed
ellipse of section can be solved, then the affected zone of
ellipse cavity is taken as the unloading region under the

Table 1 Physical and mechanical parameters of initial ore rock

condition that the excavation section is parallelogram.
The affected zone whose disturbance factor (1) is 10% is
determined as the unloading region [22-23], and the
unloading region is shown in Fig. 3.

From Fig. 3, the unloading region increases with the
increase of mining steps and the expansion of the
excavation scope. And the former unloading region is

(a)

g
o
~
N
Lentil limestone E
\j e 0ol g
4 ] . J =
15° Wide bands iy
Mini limestone X
ining —

direction 16//I m

T

T
immmal

s

T
T

P eETEEIEEL]
H(c )b + HH

et

Fig. 2 Numerical calculation model: (a) Geometry model; (b)
Casel; (c) Case 2

Name of ore rock Cohesion/  Bulk dellgity/ Elasticity modulus/ Internal friction Pois.son Tensile strength/
MPa (grem ) angle/(°) ratio MPa
Hanging wall 4.97 2.71 26.8 0.24 1.50
Ore body 10.812 2.68 37.86 46 0.25 2.40
Foot wall 13.864 2.71 50.48 44 0.24 2.39
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Fig. 3 Division of unloading region

always within latter scope, which indicates that rock
mass in some area is unloaded a number of times, and its
mechanical parameters also deteriorate several times.

4.3 Deterioration laws of rock mass mechanical

parameters in excavation unloading process

By wunloading theory, deterioration laws of
mechanical parameters rock mass were obtained in
excavation unloading process by the method carrying out
6 steps of continuous unloading calculations and in each
step unloading quantity of 10% of the initial stress [24].
And the functions of unloading rock mass mechanical
parameters such as internal friction angle, cohesion,
elasticity moduli, Poisson ratio and the unloading
percentage are fitted by polynomial fitting method, the
fitting formulas are shown as follows

n,=2.0531a+0.075 1 o° ~1.478 3 2 +1.000 2
R*=0.999 1 (6)
N, =44.479 o =36.369 o’ +6.513 5 o” —

0.708 9 a+0.999 6,
R?>=0.999 7 (7)

np =50.2533 a*-53.521 4 o’ +17.946 5 a* -

2.848 6 a+1.001,
R*=0.998 2 (8)
n,=-1.1019 6> +0.824 6 &” +0.171 7 ¢ +0.999 5
R?=0.999 0 9)

where 7, 1., ng and 5, are the values of the internal
friction angle, cohesion, elasticity moduli and Poisson
ratio respectively; a is the unloading percentage.

5 Calculation results and anaysis

5.1 Initial stress field
Initial stress state is the result of action by ground

stress without artificial disturbance. It relates
significantly to whether the numerical simulation could
reflect the actual situation or not. These two cases have
the same initial ground stress condition which produces
uniform variation along the height direction (Fig. 4). And
stress has changed near the formation surfaces, and its
tendency is consistent with that of the stress of tilt ore
body. It ensures the validity of comparison of data in

simulation.

(2) (b)

Fig. 4 Initial ground stress: (a) Case 1; (b) Case 2

5.2 Analysis of stress

The yield damage of rock mass is caused by the
effect
engineering. With increasing the mining steps, the area

of secondary stress field in underground
of exposure expands, and the roof is the main area
coming out damage due to no left pillars in continuous
mining. Because rock mass is brittle, and its tensile
strength is far smaller than the compressive strength, the
main damage modes are tensile failure and shear failure
of the roof rock mass. So, the emergence area and
variation law of the tensile stress should be focused in
numerical analysis.

From Fig. 5 and distributional characteristics of
tensile area, some results can be obtained.
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Fig. 5 Variation curve of roof tensile stress
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1) At the beginning, due to the artificial disturbances,
excavation rock is non-unloading rock. The tensile area

is small, and the tensile stress is also small, only 0.1 MPa.

The tensile area distributes in the sides of excavation
area due to the effect of excavation shapes and sizes.

2) After excavation, stress concentration is found in
corner rock mass of excavation area, and the stress
concentration is significant in the lower left corner
especially. So, to ensure the safety of corner rock mass,
certain security measurements should be taken.

3) The distribution area scope and value of tensile
stress increase gradually with the increase of the
excavation steps, and the increase speed of case 2 is
faster than that of case 1. The reason is that the
deterioration of rock mass caused by excavation
unloading is considered in case 2 but not in casel.

4) The variation of tensile stress is sharper than
other steps in step 2 and step 3. It indicates that there is a
large possibility of mergence to roof damage, which
should be highlighted.

5) The maximum roof tensile stress is more than
1 MPa in step 3, and about 1.3 MPa in step 4. From Fig.
1, the tensile strength is 1.5 MPa, therefore, the goaf
emerged in step 1 and step 2 should be operated by
induced caving technology after step 3 to ensure the
safety of engineering. That is, the maximum step is 48 m.

5.3 Analysis of displacement

The roof displacement increases gradually with the
advance of the mining steps and enlargement of goaf
area. The maximum displacements of two cases merge in
step 5, which corresponds with the actual situation.

From Fig. 6, the displacement and slope of
displacement curve in case 2 are obviously larger than
those in case 1. The reason is that the deterioration of
rock mass caused by excavation unloading is considered
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Fig. 6 Displacement curves of roof

in case 2 but not in case 1. Meanwhile, the interaction
between the deterioration of rock mass and variation of
displacement is also an important factor. On one hand,
the deterioration of rock mass develops with the
variation of roof displacement; on the other hand, roof
displacement would bring about a greater change due to
the deterioration of rock mass.

5.4 Analysis of plastic zone

The scope of plastic zone expands with the advance
of excavation steps. From Fig. 7, the plastic zone is
arcuation, and mainly distributes in roof. The height of
plastic zone arch of case 2 is 20% larger than that of case
1. It indicates that plastic zone of case 2 is larger, and the
effect on the roof overlying strata is also more significant,
which facilitates induction caving of roof.

(a) (b)

Fig. 7 Plastic zone distribution of step 5: (a) Case 1; (b) Case 2

Figure 8 shows the curves of equivalent plastic
strain. From Fig. 8, equivalent plastic strain increases
with the advance of excavation steps; the maximum
variation rate emerges in step 2 and step 3, and inflection
point comes in step 3. The speed of equivalent plastic
strain of case 2 is larger than that of case 1, therefore,
rock mass quality of case 1 deteriorates faster than that
of case 2.
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Fig. 8 Curves of equivalent plastic strain
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6 Conclusions

1) The specific simulation process of mining-unload
excavation was established according to rock mechanics
theory. Mining-unload disturbance region was divided
based on the affected region theory.

2) Based on the continuous mining-induced caving
roof case of the No.92 ore body in Tongkeng mine, the
dynamic  mechanical parameters reflecting the
deterioration rule of unloading rock mass were used, and
the numerical model of unloading analysis was
established.

3) Underground continuous mining process was
simulated by unloading and conventional methods in the
No0.92 ore body in Tongkeng mine, meanwhile, the
results obtained were compared. From the results, the
values of tensile stress, displacement and equivalent
plastic strain of unloading analysis are greater than those
of conventional analysis, and are also closer to the actual
situation.

4) The maximum step in continuous mining is 48 m
from simulation results; it shows that the induction of the
roof should be carried out after 2 mining steps.
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