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In the mining process of the stage empty field subsequent filling mining method, aiming at the problem of unloading failure and
instability of the excavation face of the high-stress ore pillar, the theory of unloading stress component is introduced and
combined with the energy release theory to explore the unloading failure mechanism of the excavation face of the ore pillar. ,e
results show the following. (1),e degree of accumulation of strain energy in the pillar is related to the tangential stress. After the
peak of the tangential stress, the energy changes from accumulation to release, indicating that energy release is the main cause of
pillar damage. (2) In pillar unloading, there are 4 typical characteristic areas of stress during the loading process: crushing area,
shaping area, elastic area, and original rock stress area. ,e energy accumulation area and the stress component area show good
correspondence, and they all appear from the top to the bottom of the pillar. At 1/4, the starting point of unloading failure can be
determined. (3) ,e mutation mechanism in the process of energy release is related to the time effect of tangential stress. On the
contrary, the greater the tangential stress is, the longer the elastic zone lasts, and the more significant the energy accumulation is.
Also, the increase in tangential stress will lead the energy release time becomes shorter, and a large amount of accumulated energy
is released in a short time, causing local instability and destruction of the pillar, and eventually spreads to the whole.

1. Introduction

,e staged empty field subsequent filling method integrates
many advantages of the empty field method and the filling
method. It has the advantages of large stage height, large
number of ore collapse at one time, and high mining effi-
ciency. It has become one of the main development trends of
large underground mines, especially metallurgical mines.
When returning to the ore body using the staged empty field
subsequent filling method, the ore blocks are divided into
ore houses and ore pillars. Go back to the mining room in
one step, and go back to the mining pillar in the second step
to form an underground space structure system of backfill-
pillar-backfill. During the coordinated bearing process of the
backfill and the pillar, a large amount of elastic strain energy
accumulates in the pillar. As the pillars are mined one by one
in order and then filled, the stress on the unmined pillars

continues to concentrate, and the internal elastic strain
energy continues to build up. In this high-stress state, once
the excavation surface (cutting groove) of the pillar is
formed, the transient release of strain energy causes the pillar
to be damaged and unstable [1], which directly threatens the
safety of construction personnel and equipment. ,erefore,
in-depth analysis of the transient unloading failure mech-
anism of the mining pillar excavation face has important
theoretical and practical significance for preventing un-
derground accidents.

From the energy point of view, the destruction of rock
mass is accompanied by the transfer of energy. By moni-
toring the energy change during the excavation and
unloading of the pillar, studying the law of energy evolution
is an effective way to solve practical problems [2–4]. Scholars
at home and abroad have done a lot of research on the energy
release of rock mass unloading. Cook et al. [5–7] in 1966
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explored and established a method for calculating the in-
ternal energy release rate of a rock mass during excavation
and unloading. Based on this, Klishin et al. [8–11] analyzed
the energy flow law of surrounding rock during the
unloading process of rock mass under different boundary
constraints, aiming at the energy behavior of surrounding
rock. An-Zeng Hua et al. [12–15] , based on the determi-
nation of the energy storage limit of surrounding rock,
analyzed the internal relationship between surrounding rock
failure and energy release and explored the impact of
unloading on surrounding rock at different confining
pressures and at different distances from the excavation
surface. Based on the stress unloading mechanism of deep
mining, Fu et al. [16] established a deep mined-out area
instability analysis model, used the local energy release
theory and cusp catastrophe to analyze the energy evolution
law during the unloading process of the mined-out area, and
obtained the surrounding rock. ,e theory is based on
energy release in the horizontal direction and energy con-
centration in the vertical direction.

,e above research shows that unloading of rock mass
will cause the release of accumulated energy, and the degree
of release determines the degree of rock mass destruction.
For unloading problems encountered in engineering, the
energy migration and accumulation are often difficult to
predict. Existing experimental studies have shown that the
law of energy accumulation and release is directly related to
the changes in the mechanical environment of rock masses.
According to the different stress conditions of the rock mass,
it can be divided into broken zone, plastic zone, elastic zone,
and original rock stress zone, with different forces. ,is can
lead to different patterns of energy accumulation and release
[17]. ,erefore, for energy changes during unloading, we
should focus on studying the characteristics of energy ac-
cumulation and release inside the rock mass when the stress
environment changes, which is of great significance for
revealing the transient unloading failure mechanism of pillar
excavation.

Use the theory of unloading stress components to carry
out the transient unloading numerical simulation test of the
pillar excavation under different stress components, estab-
lish the pillar mining model under the subsequent filling
environment according to engineering examples, and ana-
lyze the energy evolution law and its time effect at different
stages of mining. ,e point catastrophe model is used to
obtain the basis for determining the instability of the pillar
energy mutation and focusing on the influence of the tan-
gential stress component on the energy mutation process of
the pillar and further deepen the research on the transient
unloading instability failure mechanism of the pillar
excavation.

2. Cusp Catastrophe Theory Based on Local
Energy Release

2.1. Unloading Local Energy Release (eory. In order to
ensure the ore pillars’ caving laterally, a cutting groove is

arranged in the first mining section of the pillar, and the
excavation of the cutting groove re-adjusts the internal stress
and deformation of the pillar until a new equilibrium state is
reached.,e two stable states before and after excavation are
defined as state I and state II.

First, the variational δ is used to express the stress,
displacement, and surface force vector caused by excavation
[18], and the relationship between it and the unit dis-
placement, stress, and surface force vector before and after
the excavation is expressed as

u
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In the formula, the superscript p is state I and the su-
perscript l is state II.

Use each vector to redefine the energy input of the pillar
before and after the excavation, and on this basis, derive the
expression of the work done by the filling body and the top
pillar to the pillar unit:
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Integrate formula (2) to obtain
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Combined with the physical work done by the unit body
in the pillar, the energy input is
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On the basis of determining the expression of energy
accumulation, the strain energy density of the pillar unit
body at a certain time point in the interval between states I
and II can be expressed as
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1
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After the excavation is completed, the strain energy
density of state II can be expressed as
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In the process of ore deformation and destruction, en-
ergy transfer and release are key factors [19, 20]. From a
mechanical point of view, the deformation and destruction
process of rock is actually a process from local dissipation to
local destruction and finally to the overall disaster. ,ere-
fore, combining the elastic release energy theory [21] (ERE)
and the local energy release rate theory (LERR) to define
energy accumulation, namely,
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According to the principle of virtual work and the
Gaussian divergence theorem [22], Φpe, Φep, and Φee are
integrated in the pillar V:
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(10)

Substituting equation (10) into equation (9) to simplify
the strain energy accumulation expression based on the local
energy release rate,
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In the process of ore body excavation, the transfer of
energy between ore bodies is a dynamic fluctuating process.
,ere will be errors in the calculation of the strain energy
density difference before and after the failure of a single use
unit. ,erefore, the local energy release index is calculated
on this basis. Amend and define the energy release coeffi-
cient (LERCi):

LERRi � Uiπ − Uiπ ,

LERCi �
Uiπ − Uiπ

Uiπ
.

(12)

2.2. Judgment of Instability and Destruction of Pillar.
According to the study of Yang et al. [23] corresponding to
the mutation energy catastrophe criterion, when using the

finite element program to analyze the strain energy of the
rock mass, suppose the strain energy energy of the mth unit
body Gauss point after loading k − 1 times is

Em(k) � 
Vm

δijεijdVm, (13)

where δij and εij is the element stress and Vm is the unit
volume.

On this basis, it is assumed that the strain energy of n
units is


n
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After the excavation is completed, the strain energy
density of state II is represented by equation (6) for poly-
nomial fitting analysis, and the result is
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2
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,at is, the local energy release of the ore body increases
by a polynomial of the fourth degree.,e critical value of the
instability and failure of the pillar adopts the cusp bifur-
cation theory as its criterion. Since the energy stored in the
pillar is controlled by the horizontal and vertical variables,
the following is

n � x −
a3

4a4
. (16)

Substituting formula (16) into formula (15), we obtain
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where p is the control variable in the vertical direction and q
is the control variable in the horizontal direction.

According to the cusp catastrophe theory, the failure
criterion of local energy catastrophe instability is
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When △� 0, the energy mutation model is destroying
the critical value of instability; when △> 0, the energy
mutation model is stable; when △< 0, the energy mutation
model is destabilizing and destroying.

3. Numerical Test Plan for Subsequent Filling
Energy Release in Phases

3.1. EngineeringBackground. ,is section may be divided by
subheadings. It should provide a concise and precise de-
scription of the experimental results and their interpretation,
as well as the experimental conclusions that can be drawn.
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When an iron mine in East-Hebei area returned to the
mining pillar by the method of subsequent filling in the
empty field, after pulling the cutting groove, a “click, click”
sound similar to the crack of the ice surface was heard on the
spot, and the pillar suffered a large-scale integral collapse
and instability. Although no casualties were caused, the
equipment was buried, causing certain losses.

,e mine adopts the staged empty field subsequent
filling method for mining, and the ore rock has good sta-
bility. ,e ore body is a steeply inclined multilayer ore body,
which has the characteristics of large changes in the
thickness of the ore body and interlayer. ,e height of the
stage is 60m, and the width of the pillar and the ore house
are both 20m, the height of the bottom pillar is 5m, and the
height of the top pillar is 10m. ,e mining method is
adopted, that is, the mining room is firstly mined; then, the
mining pillar is filled, and then, the empty area after the
mining pillar is filled. ,e filling method adopts full tailings
cementation filling, and the mechanical parameters of the
filling body and the ore body are shown in Table 1.

3.2. Establishment of the Numerical Model. In order to
complete the full recovery stage of the empty field subse-
quent filling method, the mining room and pillar mining
model are established, as shown in Figure 1. ,e boundary
condition is to fix the displacement on both sides of the
model and give the corresponding ground stress to the top
column (Figure 1(a)). ,e single excavation time step is
20m, and the mining is carried out according to the
backward mining sequence from both ends to the middle,
that is, the mining room is first, the mining room is re-
covered, and the subsequent filling is carried out, and then,
the pillar mining and subsequent filling operations are
carried out, that is, the mining room is opened first. ,en, it
will be filled, followed by mining pillars 1 and 3 and, finally,
mining pillar 2.

When the stoping proceeds to the last section of the
pillar, the schematic diagram of the model is shown in
Figure 1(b). Due to the bleeding and sedimentation char-
acteristics of the filler slurry, there is an unconnected
headspace between the filler and the top pillar, and the
height of the void is △h� 4m.

3.3. Unloading Mechanical Model and Numerical Solution of
Stress Components. As shown in Figure 1(a), after the
cutting groove is excavated, the unloading effect causes the
stress to redistribute in the pillars and the filling body. ,e
stress reduction zone, the stress rise zone, and the original
are formed in the headspace area where the filling body is not
connected from the outside to the inside. ,e rock stress
zone, and the top of the ore pillar forms a fracture zone, a
plastic zone, and an elastic zone from shallow to deep
[24, 25]. According to the superposition principle, the stress
increment at any point of the pillar can be decomposed into
the sum of the additional stress and the original rock stress.
,e additional stress calculation model of the pillar is shown
in Figure 2. In Figure 2, k is the stress concentration factor,H
is the buried depth of the pillar, L1 is the width of the limit
equilibrium zone, L2 is the distance from the cutting groove
to the boundary of the elastic zone, and c is the bulk density
of the overlying pillar.

,en, the pillar load expression is

qi(x) � kix + bi, (19)

where k1 � (KcH − q1)/L1, b1 � q1 − cH, k2 � − (k − 1)

cH/(L2 − L1), and b2 � (k − 1)cHL2/(L2 − L1).

Regarding the pillar as a homogeneous and isotropic
body, the elastic-plastic finite element method is used in the
numerical calculation, and the stress component at any point
Q(x, z) in the pillar under linear load is obtained through the
principle of elasticity superposition [26]. As shown in
Figure 2, taking the differential dξ at x� ξ, the stress
component caused by the small concentrated force dF at
point Q is as follows:
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Integrate formula (12) on the interval (0, L1) to obtain the
additional stress caused by point Q:
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Table 1: Mechanical parameters of backfill and ore in a certain ore in Eastern Hebei province.

Name of ore rock Shear modulus (MPa) Bulk modulus (MPa) Cohesion (MPa) Elastic modulus (MPa) Poisson’s ratio
Ore body 3.32×103 4.62×103 1.72 8.03×103 0.21
Surrounding rock 4.39×103 1.57×103 2.38 6.98×103 0.26
Filling body 1.18×102 1.51× 102 1.05 2.8×102 0.19
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Figure 1: Numerical simulation model diagram. (a) Schematic diagram of boundary conditions. (b) Schematic diagram of stope model
before cutting groove excavation
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Figure 2: Mechanical model of cutting groove excavation unloading under filling condition.
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In the same way, the additional stress caused by the Q
point on the interval (L1, L2) can be obtained.

,e stress state of the pillar after the excavation of the
cutting slot can be characterized by the sum of the additional
stress and the original rock stress, namely,

σz � Δσz1 + Δσz2 + cH,

σx � Δσx1 + Δσx2 + cH,

τxz � Δτxz1 + Δτxz2 + cH.

(22)

4. Analysis of Energy Release Mechanism of
Excavation Unloading

4.1. (e Law of Energy Change during Excavation and
Unloading. ,e law of energy release during the two-step
process of returning to the mining pillar by the subsequent
filling method of the staged mine room is explored. Assign
the model to an ideal elasto-plastic constitutive model to
calculate the initial ground stress. First, carry out the ex-
cavation simulation test of the mining roadway. After the
calculation has gone through 1.8×103 time steps, the initial
energy distribution of the model is obtained as shown in
Figure 3.

It can be seen from Figure 3(a) that when the mining
roadway is formed, strain energy accumulates in a large
amount around the mining roadway and the trench, and
the peak density reaches 1.12 ×104 J/m3; as shown in
Figure 3(b), after the excavation is completed, the top
pillar pressure is borne by the pillar, and the peak strain
energy density in the pillar reaches 4.69 ×104 J/m3; as
shown in Figure 3(c), when the middle pillar is mined,
both sides of the pillar have been filled. At this time, pillar 2
supports the roof under the condition of filling on both
sides, and its internal strain energy density is as high as
2.36 ×105 J/m3, and the strain energy accumulates at the
top of the pillar.

Schemes follow another format. If there are multiple
panels, they should be listed as (a) description of what is
contained in the first panel and (b) description of what is
contained in the second panel. Figures should be placed in
the main text near to the first time they are cited. A caption
on a single line should be centered.

Take a small unit body in pillar 2, and its force in the two-
step stoping process is shown in Figure 4. It can be seen that
the mechanical environment of the ore pillar has undergone
complex changes during this process, and the analysis of the
strain energy release in Figure 3 shows that the ability of the
ore pillar to absorb energy is significantly improved under
the action of the filling body, which changes with the force
environment of the ore pillar. ,ere is a close relationship.

After the excavation of the cutting groove, it is not yet
clear whether the pillar under high-stress load causes the
overall instability due to the sudden change in the energy
release rate of the end face. ,erefore, it is necessary to
determine the mechanical action mechanism and the law of
energy accumulation and release before and after transient
unloading of the excavation face. We conduct detailed
investigations.

4.2. Research on Transient Unloading Energy Release of Pillar
under the Action of Backfill. ,e supporting effect of the
backfill on the pillar is mainly lateral restraint. Due to the
bleeding and settlement characteristics of the backfill, there
is an unconnected headspace area, and the concentration of
each part of the backfill varies greatly. Pillar 2 is divided into
0 from top to bottom: 0–1/4, 1/4–2/4, 2/4–3/4, and 3/4–1,
four partitions, as shown in Figure 5. ,e stress components
of each subarea are calculated, and the effect mechanism of
the filling body on the pillar during the excavation and
cutting groove is analyzed according to the deviation of the
peak point of each stress component.

Combine formula (6) to calculate the energy density of
the pillar after excavation. As shown in Figure 5, the energy
accumulation area is mainly located at 1/4. Because the
filling body is not connected to the top, it is cut at 2/4 and 3/
4. ,e peak stress component is the highest.

According to formula (20), the distribution curve of each
stress component of the pillar at different heights from the
top pillar is calculated. ,e peaks of the horizontal and
vertical stress components have similar distribution rules,
and the peak points are shifted to different degrees, but the
vertical stress component varies with the height. ,e peak
intensity rises as the descending height, and the horizontal
stress component decreases as the height drops, as shown in
Figure 6. ,e stress has a single peak distribution. Due to the
transient excavation unloading effect of the cutting groove,
the pillar (3/4 position) is greatly affected by the lateral
restraint of the filling body, and the degree of plasticity is
low. As the distance to the top pillar gets closer (1/4 point),
due to the characteristics of bleeding settlement where the
filling body is not completely connected to the top, the lateral
restraint on the pillar is significantly reduced, the peak point
appears to move outward, and the stress in the crushing zone
is lower than the original rock stress, and plastic failure is
relatively large, as shown in Figure 6(a).

,e shear stress presents a double-peak distribution,
peak point one moves from x� 1.9×103 time step to
x� 0.8×103 time step, peak point two moves from
x� 5.0×103 time step to x� 6.2×103 time step, and the peak
value gradually decreases with the depth. Comparing the
various stress components in the crushing zone, the peak
shear stress in the crushing zone is larger, and the closer it is
to the top pillar, the more obvious, indicating that the top of
the pillar is more likely to produce a shear failure zone than
other stress components.

,rough the above analysis of the various stress com-
ponents, it is found that the vertical stress and the tangential
stress have a greater impact on the stress state of the pillar,
and the distribution of the tangential stress is more con-
sistent with the accumulation of strain energy in the pillar.
Because the accumulation and release of energy have ob-
vious time effects, the effect of the time of stress component
action must be considered to correspond to the local release
rate of variable energy.

Based on the time series of the energy accumulation and
release of the pillar, the axial stress on the pillar is used as the
basis for the calibration time, and the time effect of the sudden
change of energy release is analyzed in combination with the
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stress state. Set up three excavation points, as shown in Fig-
ure 7, namely: 1.0×103 time steps before the peak axial stress;
excavation at the peak; and 1.0×103 time steps after the peak.

It can be seen from Figure 7(a) that the strain energy
density is always at a relatively low level during pre-peak
excavation. At this time, the pillar waiting time is short, the
tangential stress acts on the pillar within a short time, the
energy accumulation in the shear failure zone is not sig-
nificant, the final energy release rate reaches 9.3 kJ/m3, and a
small amount of plastic zone appears at 1/4 of the pillar.
Figure 7(b) shows that the energy release rate during peak
excavation rises to 16.9 kJ/m3, and the strain energy release

time is significantly shortened. At this time, a large number
of plastic zones have appeared at 1/4 of the pillar. In
Figure 7(c), it can be seen that, with the increase of the
waiting time of the mine pillar, the accumulation of strain
energy is greatly increased, the energy release time is
shortened, and the local energy release rate reaches 25.9 kJ/
m3, which has formed a “catastrophic” release, and the entire
pillar has plastic failure.

Comparing (a), (b), and (c), it can be seen that the time
effect of energy accumulation is more significant, which is
manifested as the more energy accumulated in the shear
failure zone with time, the more energy is released after
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Figure 3: Energy density distribution in each stage of stoping. (a) Energy distribution after the formation of the exit roadway. (b) Energy
distribution after mining. (c) Energy distribution before excavation of cutting groove.
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excavation; the greater the tangential stress, the shorter the
local energy release time; the large amount of accumulated
energy released in a short time will cause mutations, which
will lead to the instability of the pillar.

4.3. Criterion of Instability and Failure of Pillar Based onLocal
Release Energy. ,e cusp catastrophe model analysis of the

local energy release rate can determine the degree of in-
stability and damage of the pillar. According to formula (15)
in Section 2.2, the 4th order polynomial fitting of the local
energy release rate before the peak, at the peak, and post-
peak excavation is performed. We get the following 4th
degree polynomial:

before the peak : LERC2 � 3.54x
4

− 51.19x
3

+ 260.47x
2

+ 237.74x + 79.29, (23)

peak : LERC1 � 5.94x
4

− 84.21x
3

+ 382.17x
2

− 316.73x + 174.62, (24)

post − peak : LERC3 � − 0.44x
4

+ 19.92x
3

− 242.59x
2

+ 1250.1x + 40.44. (25)

In-depth analysis of the mutation mechanism of local
energy release is carried out to verify the degree of influence
of energy release on the instability of the pillar. According to
the cuspmutation discriminant formula (18), the coefficients
ai of the main parts and the control variables p and q are
calculated, and the local energy release rate fitting formulas
(23), (24), and (25) are obtained, and the polynomial co-
efficients calculated the discriminant value △ (Table 2)
which can effectively reflect the degree of local energy
release.

It can be seen from the table that the pillars are rel-
atively stable after excavation before the peak (△> 0), and
the pillars have been destabilized and damaged after

excavation at the peak and after the peak (△< 0), and the
absolute value of the discrimination after the peak is
obviously greater than that at the peak. Excavation means
that the degree of damage to the pillars excavated after the
peak is the most severe.

,e cusp mutation discriminant value effectively verifies
the time effect of energy accumulation and release. ,e
longer the stress component is, the more energy is released
when the excavation surface is unloaded and the more se-
rious the damage is.

In summary, the underground space structure system
of filling body-pillar-filling body is formed during the
filling mining process of an iron mine in east East-Hebei.

Calculation time step (m3)

36
32
28
24
20
16
12

8
4
0

15
10

20
25
30
35
40
45
50
55

2 4 6 108 12

Shear stress
Axial stress

Peak axial stress
Strain energy density

A
xi

al
 st

re
ss

 (M
Pa

)

St
ra

in
 en

er
gy

 d
en

sit
y 

(k
J/m

3 )

10
Excavation surface

unloading

LE
RC

3=
25

.9 8

6

4

2

0

Ta
ng

en
tia

l s
tre

ss
 (M

Pa
)

(c)

Figure 7: Local energy release rate curve of the pillar. (a) Excavation in front of the peak. (b) Peak excavation. (c) Excavation after the peak.

Table 2: determination value of local energy mutation of pillar.

Excavation point a1 a2 a3 a4 △
Before the peak 237.74 260.47 -51.19 3.54 2.03×105

Peak − 316.73 382.17 − 84.21 5.94 − 2.83×106

Post-peak 1250.1 242.59 19.92 − 0.44 − 2.13×109
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Because the filling body is not connected to the roof, the
top exposed pillar is not covered by the filling body, and a
good lateral direction is not formed. Constraints result in
a sharp increase in the tangential stress component of this
part, resulting in a large accumulation of strain energy,
and the longer the ore pillar is to be mined, the longer it
supports the stope and the more internal energy accu-
mulates. At the moment of excavation of the cutting
groove, the exposed area of the pillar suddenly increases,
causing an “abrupt increase” in the energy release rate and
causing damage to the strain energy accumulation place
(1/4 of the pillar from the top to the bottom). ,e damage
increases with the strain energy. ,e change of the release
path is transferred to the empty surface of the cutting
groove, which eventually leads to the overall collapse of
the pillar.

5. Conclusion

(1) Using the theory of stress component to decompose
the high stress on the pillar into horizontal stress,
vertical stress, and tangential stress, we point out that
the tangential stress component is the main reason
for the accumulation of strain energy in the pillar,
reasonably partitioning the pillar (0, 1/4, 2/4, 3/4, 1).
It is found that the highest tangential stress is 1/4
zone, and the initial failure position of the pillar after
transient unloading is determined.

(2) By adjusting the unloading point to change the time
of high stress acting on the pillar, it is found that the
duration of the tangential stress component directly
affects the strain energy density, which is manifested
as the longer the time, the higher the strain energy
density; the cusp catastrophe model shows unload-
ing. ,e higher the front strain energy density, the
more serious the plastic failure after plastic
unloading, indicating that the degree of failure is
determined by the strain energy density.

(3) In the actual mining process of the two-step mining
pillar, measures such as realizing filling and roofing
were taken to effectively reduce the peak tangential
stress component at the top of the pillar and to
optimize the mining sequence of the pillar to reduce
the duration of high stress acting on the pillar to
reduce the strain energy density at the top of the
pillar before excavation of the cutting groove, so as to
avoid accidents after transient unloading of high-
stress pillars.
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