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Abstract: A roof-rib pillar support system is often formed in the metal mines that applied to the backfill mining method. In order to
ensure the safe mining, it is of great significance to explore the failure mechanism of the roof—rib pillar support system under backfill
mining. On the basis of considering the side pressure effect of the backfill on the rib pillar, a mechanical model of the roof-rib pillar
support system under backfill mining was established. Furthermore, the catastrophe theory was used to explore the failure mechanism
of the supporting system under the action of the filling body, and the influence of the structural parameters of the support system before
and after filling on the stability of the stope was analyzed. The research results show that under the condition of certain mechanical
properties of the rock mass, the stability of the roof—rib pillar support system under backfill mining is controlled by the stope structure
parameters (roof thickness, stope span, rib pillar width, rib pillar height), the overburden load and the side pressure of the backfill. The
addition of the filling body will reduce the stiffness ratio of the support system, thereby improving the stability of the stope. When the
stope is at an unfilled state, the optimization sequence of the structural parameters of the support system should be roof thickness, stope
span, rib pillar width and rib pillar height. When the stope is at the state of filling, the optimization sequence should be roof thickness,
rib pillar width, stope span, and rib pillar height. The combination of theoretical derivation and numerical simulation is applied in the
supporting project to verify the correctness of theoretical derivation.

Keywords: mining engineering; filling; catastrophe theory; roof; rib pillar; stope stability

1 Introduction production of the stope. Therefore, the studies on the

instability and failure mechanism of the roof—rib pillar

The backill g method has irreplaceable advantages support system under backfill mining are of great signi-

in improving the recovery rate and stope stability, and ficance to the safe and efficient mining of such metal mines.
Many studies related with the stability of such metal

mines can be found. Xie et al.l¥! studied the influence

controlling surface subsidence. In recent years, the backfill
mining method has been widely applied in metal mines!'!.
For metal mines that use the backfill mining method, a of the elastic coefficient of cemented backfill and the

roof-rib pillar support system will be formed in the actual un-topped height on stope stability. Xu et al.! established

production process. For a specific metal mine, the mech- an evaluation method of irregular stope stability by using

anical properties of the rock mass are fixed, and the stability the Voronoi diagram method. Verma et al.”¥! used both

of the support system mainly depends on the structural  the empirical formula method and numerical simulation

parameters of the stope. Most metal mines often use method to analyze the stability of high and narrow coal
empirical equation to optimize stope structure parameters!”. pillar—roof support system. Wang et al.ll combined the
However, the selected parameters are often found not  ponlinear regression method and numerical simulation
to meet the production requirements. On one hand, the method to established the prediction equation of critical
recovery rate will be reduced, which will affect the economic thickness of stage considering the influence of combined
benefits of the mine if the design of parameters is too factors. It can be seen that many scholars have done a
conservative. On the other hand, it will lead to instability lot of research works on the stability of the roof-rib pillar
and destruction of the stope, thus affecting the safety support system, but most of them focus on qualitative
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analysis of ideal elasticity.

Considering that the instability and failure of the
roof—rib pillar support system was a complex nonlinear
problem, the catastrophe theory was applied to study stope
stability. The good application results were achieved!’®],
Xia et al.”) applied catastrophe theory to analyze the
damage of the top layer—pillar support system in the
gypsum mine, furthermore, the influence of relative
humidity on stope stability was considered. Ren et al.l'%!
constructed a three-dimensional mechanical model of
the roof—pillar support system under backfill mining.
Both the catastrophe and creep theories were applied
to clarify the instability failure mechanism of the goaf
group from the perspective of energy conversion. Xu
et al.'! applied the cusp catastrophe theory to analyze
the mechanical mechanism of stope instability by analyzing
the formation and failure mechanism of the roof structure
of the filling stope. Qil'?! carried out a secondary deve-
lopment in FLAC?P based on the FISH language on
the energy basis, and used strength reduction and cusp
mutation methods to check the safety factor of the filling
stope support system. Xu et al.'*! established a pre-warning
model for instability of filling body based on the cusp
catastrophe theory and considered the energy evolution
characteristics.

For metal mines that adopt the backfill method, in
order to improve the stability of the stope, the goaf is
often filled in time. Zhu!'* and Kostecki!'*! found that
the side pressure of the filling body can increase the
strength of the adjacent rib pillars, thereby improving
the stability of the stope. In this paper, a simplified
mechanical model of the roof—rib pillar support system
under the action of the filling body was established.
Furthermore, a cusp catastrophe model of the roof—rib
pillar support system considering the lateral pressure of
the filling body was constructed. This model is used to
explore the failure mechanism of the roof-rib pillar
support system under backfill mining, and the results
are applied in a metal mine of northeastern China.

2 Mechanical model

In metal mines that use the backfill mining method,
it is necessary to reserve a roof to carry the overlying
load. When the ore body has a large span, pillars are
usually left in the middle of the stope to reduce the stope
span. In the actual mining process, in order to improve
the stability of the stope, the goaf will be filled in time.
Therefore, a roof—rib pillar support system under backfill

mining is shown in Fig.1.

(DRib pillar; @Filling body; @Surrounding rock; @Sill pillar; ®Roof

Fig.1 Schematic diagram of support system

The analysis of underground stope stability is a
complex mechanical problem. In the case of reflecting
the mechanical nature of the research problem, some
simplifications are made as follows. The length of the
stope in the strike direction is much larger than the width
in the vertical strike direction, thus the complex three-
dimensional mechanical problems can be transformed
into two-dimensional plane problems. Considering that
the surrounding rock has a good restraining effect on
the roof, the roof is simplified as an elastic rock beam
with the bending strength E7 and is fixed at both ends.
The overlying load ¢ is simplified as uniformly distributed
load. The effect of the rib pillars on the roof can be
regarded as the concentrated force F. Since the displa-
cement of the rib pillars is much larger than that of
the stope sill pillars, it is assumed that the stope sill
pillar is rigid. The addition of the filling body can exert
lateral pressure on the rib pillars, thereby improving the
stress state and strength of the rib pillars, which play a
major bearing role in the supporting system. Therefore,
this paper only considers the supporting effect of the
pillar under the lateral pressure of the filling body on
the roof, which is consistent with the experimental model
of Song et al.'®!. In summary, the mechanical model
of the roof-rib pillar support system under the action
of the filling body is established as shown in Fig.2.

q

Fig.2 Simplified mechanical model of support system
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3 Stress—strain relationship of rib pillar under
the action of backfill

According to damage mechanics, Weibull distribution
has strong applicability in describing the stress—strain
relationship of the rib pillar!!”l.

oc=E,¢ exp{—(ij:l (D
60

where o is the stress of the rib pillar; Eois the initial
elastic modulus of the rib pillar; £is the compressional
strain; €, is the average strain; and m is the shape parameter
in the Weibull distribution.

Donovan et al.'® considered the roughness of the
contact surface in the goaf and the unloading deformation
of the goaf to squeeze the filling body, and proposed
that the lateral pressure of the filling body on the rib pillar
satisfies the following:

o, =YhK, +2c K +q,K, (2

where yis the weight of the filling body; 4 is the height
of the filling body; K is the earth pressure coefficient,
which can be corrected according to Table 1; ¢ is the
cohesion of the filling body; and go is the load acting
on the filling body.

Table 1 Earth pressure coefficient correction

Internal friction angle of

the filling body /(°) % 30 3 40 4

Earth pressure coefficient ~ 4.29 6.42 10.2 17.3 335

The damage of the rib pillars is an integral instability
problem. In order to simplify the analysis, the parameters
in Table 2 are substituted into Eq. (1). It can be estimated
that the equivalent lateral pressure of the filling body
on the lateral pressure of the rib pillar is about 5 MPa.
Fig.3 shows the standard rib pillar samples obtained from
the engineering site. In order to obtain the stress—strain
curve of the rib pillar under the side pressure of the
filling body, the INSTRON-1346 rigid electro-hydraulic
servo testing machine shown in Fig.4 was used to compare
the confining pressure of the rib pillar specimen with
the equivalent lateral pressure (5 MPa). A triaxial test
was carried out to simulate the influence of the addition
of the filling body on the stress—strain relationship of
the rib pillars. Figs. 5(a) and 5(b) show the stress—strain
tests and fitting curves of the rib pillar specimens under
different confining pressure states, which represent the
mechanical characteristics of the rib pillar at the unfilled
and filled states, respectively. It can be seen from Fig.5 that

the Weibull distribution can better describe the stress—strain
relationships between the unfilled state and the filled state
of the rib pillar specimen. The addition of equivalent
lateral pressure changes the stress state of the rib pillar.
The peak strength and peak strain of the rib pillar specimen
are significantly increased, and the post—peak curve of
the rib pillar specimen transfers from brittleness to ductility.
Many scholars have also verified the above phenomena
through the in situ monitoring!'*) and model tests”®”!, which
prove that it is reasonable to use equivalent lateral pressure
to simulate the influence of the filling body on the con-
stitutive relationship of the rib pillar.

Table 2 The mechanical parameters of the filling body and the
height of stope

Density ~ Cohesion Internal friction Height of stope

Types Mkg*m®) /MPa angle /(°) /m

Filling body 1970 0.24 31 -

Parameters of

stope o o o 80

Fig.3 Rib pillar samples

Fig.4 Rigid electro-hydraulic servo testing machine

After the filling body is added, the initial elastic
modulus Eyis increased from 27.02 MPa to 28.70 MPa,
and the average strain &, is increased from 11.25x107°
to 13.28x1073, while the shape parameter m decreases
from 2.98 to 1.98. The initial elastic modulus £y remains
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Fig.5 Stress—strain test and fitting curves of rib—pillar
specimens under different confining pressures

basically unchanged before and after filling. The lateral
pressure of the filling body mainly affects the average
strain &,and the shape parameter m. Therefore, the con-
stitutive relationship of the rib pillar under the action
of the filling body can be written as

kym
o =E,eexp —(kgg j (3)
1€0

where ki and k, are the impact coefficients of the filling
body on the average strain £, and the shape parameter
m of the rib pillar, respectively. When the rib pillar is
at the unfilled state, both ki and k» are equal to 1. The
side pressure of the filling body will cause £ to increase
and k» to decrease.

Taking the unit length in the strike direction of the
roof and the isolation pillar as the study object, the width
of the pillar is B, and the height of the pillar is H. The
load—deformation relationship of the rib pillar at the
filled state is
F=04=—

EB " kym
uexp| —
H ku,
kym
Auexp —[ - j (4)
kyu,

where A is the cross-sectional area of the rib pillar; 4=
EoB/H, is the initial stiffness; u is the compressional
displacement of the rib pillar at the filled state; and ug
is the compressional displacement corresponding to the
peak load at the filled state.

4 Deflection curve equation of rock beam

Based on the simplified mechanical model established
above, the roof can be regarded as an elastic rock beam
fixed at both ends and supported by the supporting force
F of the rib pillar in the middle. Because the stiffness
of the filling body is low, the influence of the addition
of the filling body on the sinking of the roof is ignored.
Under the action of the overburden load and the supporting
force of the rib pillar, it is assumed that the compression
displacement u of the rib pillar is equal to the deflection
of the roof at the midpoint (see Fig.6). Using the dis-
placement method in structural mechanics, the bending
moment Mg at the beam end and the shear force Q452!
can be solved (the lateral pressure on the beam cross
section is assigned as positive affected by the bending

moment).

q q
YYvYvYyvyy Y YyYyvyvevwvy
MAB( A B )MBA_LMCD< c D )MDC
i u [

T T ﬂ
Ous / | /
| ————— |

2
[ 12EI )
q
QAB 7? 13

where E is the elastic modulus of the rock beam; / is the
moment of inertia of the rock beam; and / is the stope
span.

Half of the model can be studied because the model
is symmetric. Taking point A as the origin, the bending
moment M(x) equation of section AB can be solved by
Eq. (5) as

2 2
ME)=M ,+0Q -5 =2 4
2 2
2
q_l+12qu Xx— i+6€Iu (6)
2 / 12 /

Substituting Eq. (6) into the differential equation for
deflection leads to
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2 2
Elw”zﬂ—(q—l+12§]ujx+ i-ﬁ-&?u 7
2 2 [ 12 [

where w” is the second derivative of the differential
equation for deflection; and x is the distance of the point
from 4.

The differential equation for deflection w of section
AB can be obtained by integrating Eq. (7),

4 3 2 2
w=-2 —(q—l+12—3oux—+ ql +6—2u oW
24E1 \2EI | 6 12E1 [I7 )2

5 Cusp catastrophe model and instability
analysis

5.1 Potential energy function of the supporting system
Under the action of the overlying load, the roof of
the supporting system will deflect and produce the bending
deformation energy Us. The compressive displacement
occurs at the upper end of the rib pillar due to the action
of the roof sinking, thereby generating the compressive
deformation energy U,. The lateral pressure will inhibit
the generation of micro-cracks and energy dissipation
in the rib pillars, thereby affecting the compression variable
energy. The energy of the roof bending deformation energy
Us and compression deformation energy U, is from the
external force work W caused by the overlying load q.
Based on the energy principle, the total potential energy
1T of the support system is composed of the roof bending
deformation energy Us, the rib pillar compression defor-
mation energy U,, and the external force work W:

I=U,~W+U, (9

The bending deformation energy of the roof is

et X (P 12Elg s
US_E]IO[W(X)]dx_E]IO[T_(7+ 5 U X+

272 272 243
[ql L 18Elq  144E°1 uzsz{qz 208

+
3 r’ ° 12 r
272 274 272
BT (L0 g 205 de
r 144 I
245
gl LE (10)
720EI /
The work done by external forces to the support
system is
/ q2]5
W =2\ gw(x)dx = qlu + QED)
Jypwode=qhu+ 2 o

The compression deformation energy of the rib pillar
is

12

kym
u u u
U,= joqu = .[0’1” exp[—(aj }du

Combining Egs. (9)—(12), the total potential energy
of the supporting system under the action of the filling
body can be obtained as

kym
17=125ﬂu2 +J.u/1uexp | du -
/ 0 ku,

2[5

_4
720E1

5.2 Cusp catastrophe model of support system

(13)

qlu

Using the compression displacement u as the inde-
pendent variable to solve the first derivative of the total
potential energy /7 , set /71" = 0, the equilibrium surface
equation can be written as

kym
17'=24f[u+/1uexp -2 —ql=0 (14)
/ ku,

Equation (14) represents the equilibrium equation

of the rib pillar—roof support system under the action of
the filling body. According to the smooth nature of the
balance surface, the cusp catastrophe model needs to
satisfy /7” = 0 at the cusp, that is

ﬂk kym kym—1
m = Hem _[ u j ( u j .
Uy kyu, kyu,

kym
[l—kzm(L] +k2m]:0 (15)
kyu,
From Eq. (15), it can be seen that at the cusp
1
1 kom
u=u, = ku, + hkym (16)
k,m

where u, is the compression displacement of the rib pillar
at the cusp.

The Taylor series expansion is used for the balance
surface Eq. (14) at the cusp. After variable substitution,
the cusp mutation standard form of balance surface
equation that uses X as the variable and ¢ and b as the
control parameters is written as

X’ +aX+b=0
6
S R
i tmrn Y am

6

[ R Ty —
om0 0T =4)

where
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P
U
m 24E]
nzﬂ_: kom+1
? 13/1k2mexp(— 2 j
,m
ql
E= (18
T e kym+1
u, exp| —
1 €Xp f,m
_24E]
1= 13
n, = Ak,m exp(— k2m+lJ
,m

Figure 7 shows the cusp catastrophe model described
by the balanced curved surface of the folding wing. It
shows that the three-dimensional coordinates are the
control parameters (a, b) and state variables. When the
control parameters (a, b) change continuously along the
BB’ direction, the state variable X changes continuously,
and the support system does not change suddenly. However,
when the control parameters change continuously along
the A4’ direction, the state variable X suddenly increases,
and the supporting system is unstable and damaged close
to the edge of the folding wing.

A' €4
Equilibrium
Abrupt curved surface
point -
- XAD —
F—Lath B
< D=0
Controlling “—\-+—-_Path 4
surface D<0

Bifurcation set D = 0

Fig.7 Equilibrium surface of cusp-catastrophe model

X is used as a variable to derive the standard form
of the equilibrium curved surface equation, the critical
state equation of the support system can be written as
3X*+a=0 (19

Combining Egs. (16) and (17) can obtain the equation
of the function bifurcation set of the support system, that
is, the projection of the crease of the balance surface on
the a—b plane is

— AR 3 B ’ 2 _
D=4p5(n-1) +27(7(1+k2m—§) =0 (20)

2

where

- 6 Q2D

ky (kym +1)°
5.3 Instability mechanism of support system
Figure 7 shows that the equilibrium point of the system
may cross the function bifurcation set when ¢<0. According
to Eq. (17), the instability conditions of supporting system
can be derived as

24E1 (22)

= <1
7 k2m+1j

m

I’ Ak,m exp(—

It can be seen from Eq. (22) that the instability and
failure of the roof—pillar support system under backfilling
mining are determined by the stope span /, the roof
thickness d, the elastic modulus £ of the roof, the initial
stiffness of the rib pillars A and the action coefficient
of the filling body k», but not other parameters. When
the elastic modulus and thickness of the roof are much
larger, and the stope span /, initial stiffness of the rib
pillars A are much smaller, making a large stiffness ratio
of the support system, and the support system is more
stable. After the stope is filled in time, the lateral pressure
of the filling body on the rib pillars cause the action
coefficient of the filling body to decrease, thus the stiffness
ratio 77 and stability of the supporting system are increased.

When D = 0 in the supporting system, there are 3
real roots in Eq. (17), among them, 2 of them are in stable
states and another is in the unstable state. At this time,
the control parameters (a, b) must have a sudden change
when they cross the function bifurcation set. Therefore,
D =0 is a sufficient condition for the instability of the
support system. When the control parameters (a, b) cross
the right branch (6>0), the state parameter X of the support
system does not change at this time. When the stope
support system is unstable, its deformation appears to
increase suddenly, and the control parameters (a, b) cross
the right branch of the function bifurcation set (56<0),
that is

6 > (1 +k,mn—&)<0 (23)

b -_——
kkym(kym +1)
Therefore, the necessary and sufficient conditions of

the instability in supporting system can be summarized

as

2
D:4ﬁ3(77—1)3+27’B—2(1+k2m—§)2:O
(kzm
, 6 L+ £<0 Q4>
= (1+ -&)<
klom(Kom 41y 2

n<l
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It can be seen from Eq. (24) that under the condition
of certain rock mass mechanical parameters, the stability
of the rib pillar—roof support system under the action of
the filling body is affected by the stope structure parameters,
the overburden g and the action coefficients k1 and k>
of the filling body. Among them, the stope structure
parameters include stope span /, rib pillar height H, rib
pillar width B, and roof thickness d.

5.4 Influence of stope structure parameters on stope
stability

For a specific mine, the mechanical parameters and
external load of the rock mass are determined, so the
stability of the stope mainly depends on the structural
parameters. Based on the material parameters of a specific
supporting project, taking the stope span / (50—70 m
with the interval of 1 m), the height of the rib pillars A
(70-90 m with the interval of 1 m), the width of the
rib pillars B (15-25 m with the interval of 0.5 m), and
the roof thickness d (8—12 m, with the interval of 0.2 m)
are independent variables, the variations of controlling
parameters at the unfilled state (ao, bo) and the filled
state (a, b) are analyzed. Here the, impacts of stope
parameters on ao and a are shown. Fig.8 is the relationship

of stope span / and the controlling parameters ap and a.

Fig.9 shows the relationship of rib pillar height A and
the controlling parameters ap and a. Figs. 10 and 11 are
the correlation among rib pillar width B, roof thickness
d and the controlling parameters ao and a.
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Fig.9 Relationships between rib pillar height and ao, a
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Fig. 11 Relationships between roof thickness and ao, a

The variation law between stope structure parameters
and control parameters will be changed due to the addition
of filling bodies (see Figs. 8—11). In order to analyze the
influence of stope structure parameters on stope stability
under different conditions, applying the method proposed
by Xia et al.’?! in the slope problem, the sensitivity analyses
of the stope structure parameters at the filling and filling
states on the stability of rib pillars—roof support system
are carried out. It shows in Figs. 12 and 13 that the sensitivity
coefficients of stope span, roof thickness, rib pillar height,
and rib pillar width are 2.03, 2.77, 0.89, and 1.79, res-
pectively for the unfilled state. At the filled state, the

sensitivity coefficients of stope span, roof thickness, rib

30
25 F

20 F

Sensitivity coefficient
W
T

1.0 |
0.5
0.0
Stope span Roof Rib pillar ~ Rib pillar
thickness height width

Fig.12 Histogram of sensitivity coefficient in the unfilled
state
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2468

Sensitivity coefficient
w
T

Roof
thickness

Stope span Inter-pillar Inter-pillar

height width

Fig.13 Histogram of sensitivity coefficients in
the filled state

pillar height, and rib pillar width are 3.84, 5.34, 1.68
and 4.19, respectively. Applying the same solution method,
the same variation law can be found for the sensitivity
of by and b.

In summary, when the roof—rib pillar support system
is at the unfilled state, the stope parameters that play a
major role in controlling the stability of the roof—rib pillar
support system are roof thickness, stope span, width and
height of rib pillars. This is in consistent with the results
of Xu et al.l3], proving the reliability of this research.
When the roof—rib pillar support system is at the filling
state, the stope parameters that play a major role in
controlling the stability of the roof-rib pillar support
system are the thickness of the roof, the width of the
rib pillar, the stope span, and the height of the rib pillar.
The main reason for the above phenomenon is that the
stress state of the rib pillars is changed due to the addition
of filling bodies, which improves the bearing capacity
of the rib pillars, making the width of the rib pillars play
a more important role in controlling the stability of the
stope. In the process of optimizing the structural parameters
of the stope filling, the above analysis results can be

used.

6 Engineering application

6.1 Project background

A metal mine located in northeastern China is selected
in the studies. The landform of the mining area is hills
and mountainous, and the overall terrain is high in the
east and low in the west. The strata in the mining area

Table 3 Material parameters of the stope

mainly includes the Yingtaoyuan metamorphic rock for-
mation of the Anshan Group of Archean, the Langzishan
metamorphic rock formation of the Liaohe Group of
the Lower Proterozoic, and the alluvial strata of the
Quaternary of Cenozoic. The Yingtaoyuan metamorphic
rock Formation of the Anshan Group is an ore-bearing
strata in this region, and the ore bodies occur in the chlorite
quartz schist. Most of the faults in this region are covered
by the Quaternary system, and the signs of tectonic
movement are not obvious. The mining area is close to
the high-tech developmental zone, and the backfill mining
method is applied. In the middle of the mining section,
a stope is set along the strike of the ore body. The stope
is divided into two—step mining blocks, and the one—step
mining and the two—step mining are arranged at intervals.
A rib pillar with a width of 20 m is left between adjacent
ore blocks perpendicular to the strike of the ore body.
The cement filling is carried out immediately after the
completion of the one—step stoping, and then the two—step
stoping is carried out and filled with tailings. The material
parameters in the stope is shown in Table 3. When the
mine is mined to the middle section of =860 m, in order
to support the filling body above the middle section of
—780 m and the weight of rocks in the collapse zone, a
certain thickness of roof must be reserved in the middle
section of =780 m. As a result, a roof—rib pillar support
system is formed in the stope. If the support system suffers
large-scale instability and damage, it will seriously affect
the safety production at the —860 m level.

6.2 Theoretical analysis

In order to reasonably determine the roof thickness
d required for mining in the middle section of =860 m,
the roof thickness d is used as an independent variable
(e.g., 8-12 m, with an interval of 0.2 m). According to
Eq. (24), the effects of thickness d on the stability of the
support system in the unfilled and filled states are studied
respectively, as shown in Table 4.

It can be seen from Table 4 that the stiffness ratio
of the support system decreases with the decrease of the
roof thickness when other parameters are constant, meaning
that the support system is more likely to be instability.
In the unfilled state, when the roof thickness d decreases
from 11.6 m to 11.4 m, Dy changes from —0.002 1 to

E Ey Stope span /  Rib pillar height #  Rib pillar width B Overburden rock density  Filling body density po  Mining depth Z
/GPa /GPa “ /m /m /m p/kg * m>) /(kg * m™) /m
24 27 0.21 60 80 20 2700 1970 860
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Table 4 Relationships between roof thickness and stability of support system

Roof thickness Filled state Unfilled state
d/m Stiffness ratio 77 b D State Stiffness ratio 77, bo Dy State
8.0 0.040 3 —0.182 8 0.1049 Instability 0.0218 —0.102 4 0.056 8 Instability
8.2 0.043 4 —0.1810 0.094 1 Instability 0.023 4 -0.101 8 0.054 3 Instability
8.4 0.046 7 -0.179 0 0.0829 Instability 0.025 2 -0.1011 0.051 8 Instability
8.6 0.050 1 -0.176 9 0.0713 Instability 0.0270 —0.1003 0.049 1 Instability
8.8 0.053 7 -0.174 7 0.059 3 Instability 0.0290 —0.099 6 0.046 4 Instability
9.0 0.057 4 -0.172 4 0.047 0 Instability 0.0310 —0.098 8 0.043 5 Instability
9.2 0.061 3 -0.170 1 0.0343 Instability 0.033 1 —0.098 0 0.040 5 Instability
9.4 0.065 4 —0.167 6 0.021 4 Instability 0.0353 —0.097 1 0.037 5 Instability
9.6 0.069 7 —0.1650 0.008 1 Instability 0.037 6 —0.096 2 0.034 3 Instability
9.8 0.074 1 —0.162 3 —0.005 5 Stability 0.040 0 —0.095 3 0.0310 Instability
10.0 0.078 8 —0.159 4 -0.0193 Stability 0.042 5 —0.094 3 0.0277 Instability
10.2 0.083 6 —0.156 5 —0.0333 Stability 0.045 1 —0.093 2 0.0242 Instability
10.4 0.088 6 —0.1535 —0.047 5 Stability 0.047 8 —0.0922 0.020 7 Instability
10.6 0.093 8 —0.1503 —0.061 8 Stability 0.050 6 —0.091 1 0.017 1 Instability
10.8 0.099 2 —0.1470 —0.076 3 Stability 0.053 5 —0.089 9 0.013 4 Instability
11.0 0.104 8 —0.143 6 —0.090 9 Stability 0.056 6 —0.088 8 0.009 6 Instability
11.2 0.110 6 —0.140 0 —0.1055 Stability 0.059 7 —0.087 5 0.005 8 Instability
11.4 0.116 7 —0.136 4 -0.1200 Stability 0.063 0 —0.086 2 0.0019 Instability
11.6 0.1229 -0.132 6 -0.134 6 Stability 0.066 3 —0.084 9 -0.002 1 Stability
11.8 0.129 4 —0.128 6 —0.148 9 Stability 0.069 8 —0.083 5 —0.006 1 Stability
12.0 0.136 1 —0.124 5 —0.1632 Stability 0.073 4 —0.082 1 —0.0102 Stability

Note: 77,and Do are control parameter and function bifurcation of the support system at the unfilled state.

0.001 9, which means that the control parameters (ao, bo)
cross the function bifurcation set. Thus the supporting
system is unstable and damaged because it satisfies the
necessary and sufficient conditions for instability in
Eq. (24). Meanwhile, the roof thickness is reduced from
9.8 m to 9.6 m in the filling state, and the support system
will be unstable and damaged. Compared with the unfilled
state, the addition of the filling body can significantly
reduce the critical instability thickness (15.5%) of the
roof, thereby increasing the recovery rate of mines.
Considering that the backfill mining method is planned
in this project and the timely filling is required during
the actual mining process, the critical instability thickness
of the roof in the support system is set as 9.8 m.
6.3 Verification of the numerical simulation
Considering that the geological conditions of the mining
area and the occurrence conditions of the ore body are
very complicated, the numerical simulation software
FLAC?P is used to verify the theoretical analysis results.
According to the geological survey section map of the
mining area, the rock masses with similar lithology are
merged and simplified, and there are six types of lithology
including iron ore, carbonaceous phyllite, chlorite phyllite,
chlorite quartz schist, gneissic granite etc. According to
the geological survey and rock mechanical test, combined
with the classification of engineering rock mass, the

mechanical strength parameters of different rock masses
are initially determined (see Table 5).

Table 5 Physical and mechanical parameters of rock mass

Density Deformation Poission’s Cohesion Frictional Tensile
Tpes g emsy MOduls e MPa angle /) Steneth
€ /GPa s /MPa
Fault F1 2020 0.50 038 007 2200 0.09
Gneissic 2800 18.00 023 170 4400 144
granite
Carbonaceous ) 12.00 027 120 3928 1.14
phyllite
Chlorite quartz ., 49, 17.00 024 160 4298 1.39
schist
Iron ore 3410 30.00 021 200 4707 1.57
Chlorite 2770 10.00 029  1.00 3995 093
phyllite
Fillingbody 1970 0.36 028 024 3100 033

The three-dimensional numerical model of the mining
area is shown in Fig.14. In order to eliminate the influence
of boundary effect, the dimension of the model is
3 400.0 mx2 071.2 mx420.0 m (lengthxwidthxheight),
with a total of 920 012 meshes. The Mohr—Coulomb
constitutive relationship is used in the model, and the
instability and failure behavior of the stope is studied
only considering the self-weight stress field. To obtain
the real stress field and displacement field in the middle
section of —860 m before the excavation of the stope, the
simulation steps strictly follow the actual mining sequence
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and immediately backfill, and each step is calculated to
a balance state.

Fig. 14 Three-dimensional numerical calculation model

Mining activities will cause deformation and dis-
placement of surrounding rock, and stope instability is often
accompanied by roof falling. For the roof—rib pillar support
system, the failure of the rib pillars that play the main
supporting role causes the structural instability of the
supporting system. Fig.15 shows the relationship between
the displacement D, at the center of the rib pillar and
the roof thickness d. It can be seen from Fig.15 that the
displacement D at the center of the rib pillar increases
with the decrease of the roof thickness d. When the roof
thickness is reduced from 12.5 m to 9.0 m, the displace-
ment D, of the rib pillar at the center slowly increases.
When the roof thickness d decreases from 9.0 m to 8.5 m,
the displacement D, of the rib pillar at the center increases
sharply with the amount of 7.09 cm, which is 177.75%
of the displacement of the rib pillar at the center with
d =9.0 m. The rib pillar is in the unstable state, and the
structural instability of roof—rib pillar support system occurs.
When the stope is filled in time, the critical instability
thickness of the stope roof is 9.0 m, which has a good
match with the previous theoretical analysis with the critical
instability thickness of 9.8 m. The numerical simulation

results verify that the theoretical derivation is correct.

22 r
20 F
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g 12F
10
8+
6 |
4

2 1

13 12 11 10 9 8

Roof thickness d /cm

Fig.15 Relationship between roof thickness and D.

7 Conclusions

The purpose of this paper is to study the failure cha-
racteristics of the roof—rib pillar support system under
backfill mining. The Weibull distribution is applied to
describe the stress—strain relationship curve of the rib
pillar under the action of the backfill. Based on a simplified
mechanical model, the catastrophe theory is used to analyze
the damage mechanism of the support system. The
sensitivity of stope structure parameters that affect the
stability of the support system is investigated and the
following conclusions are drawn.

(1) When the mechanical parameters of the rock mass
are fixed, the stability of the rib pillar—roof support system
under backfill mining is affected by the stope structure
parameters (e.g., the roof thickness, the stope span, the
inter pillar width and the height of the rib pillar), the
overlying load and the confining pressure of the filling
body. The filling body will reduce the stiffness ratio of
the support system, thereby improving the stability of
the stope.

(2) During the adjustment of the stability of the
roof—rib pillar support system, if the stope is in an unfilled
state, the optimization sequence should be roof thickness,
stope span, rib pillar width and the height of the rib pillar.
If the stope is in the filling state, the optimization sequence
should be roof thickness, rib pillar width, stope span,
and rib pillar height. For a backfill stope, the width of
the rib pillars play a more important role in controlling
the stability of the stope.

(3) By applying the theoretical derivation to the sup-
porting project, finally the roof thickness is selected as
9.8 m. The theoretical results are verified by numerical
simulation. The results show that the critical instability
thickness of the roof is 9.0 m when the stope is filled
in time. The numerical simulation results have a good match
with the theoretical results, proving that the theoretical

derivation is correct.
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