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To improve the resources’ recovery ratio and the economic benefits of open-pit mines, the development of highwall mining is used to
exploit residual coal. ,e design of rib pillar, formed by excavation and mining activities in intact coal seams, is crucial to the overall
stability and safety of the highwall mining operations.,is paper focuses on the damage caused to rib pillars by the large deformation,
occurring with the application of highwall mining in an open-pit in China. A mechanical model was established to investigate the
damaged width of colinear rib pillars based on Hoek–Brown andMohr–Coulomb failure criterion. ,e equations for calculating the
damaged width of the rib pillar were obtained, respectively, by combining theHoek–Brown failure criterion with theMohr–Coulomb
failure criterion.,e failure mechanism for the width of the rib pillar and the factors affecting the colinear rib pillar were analyzed in
detail. ,e results show that the application of theHoek–Brown criterion has a unique advantage in analyzing the damaged width of
the colinear rib pillars, in open-pit highwall mining. ,e instability mechanism and failure process of the rib pillars are described in
combination with the limiting equilibrium method and the ratio of the elastic zone’s width to the width of the entire rib pillar.

1. Introduction

Open-pit mining always plays a considerable role in the
world’s coal mining, which has many advantages such as large
output, low cost, simple mining technology, operating safety,
and so on [1–3].,emain features of Chinese open-pit mines
are the thick cover and shovel-truck mining technology
system which is the most common [4, 5]. Due to higher
stripping ratio under the thick cover, a large number of coals
will be left under the highwalls in Chinese open-pit [6].
“Highwall mining” is practised when the open-pit coal mines
reach their pit limits due to the presence of surface dwellings
or uneconomical stripping ratios. It involves driving a series
of parallel entries separated by rib pillars using a remotely
operated continuous miner into a coal seam exposed at the
highwall [7]. For shovel-truck mining technology system,
transport lines of trucks are usually arranged in the highwalls,
so the slope angle of highwalls will be designed to be very low.

Especially in some regions under poor geological conditions,
the angle of the final highwall will be much lower [8]; hence,
the residual coal under the highwalls will be more. In tra-
ditional mining systems, the coal under highwalls will be
buried by the inner dumping site and coal resources are
normally discarded, which are wasted in vain. For recovering
the residual coal around highwalls, the system of highwall
mining craft, which uses the highwall mining coal machine as
the main mining equipment, has been improved and de-
veloped based on research conducted in the mining industry,
and research and development conducted by the Fola Coal
Company and Superior Highwall Miners, Inc., in the United
States. Considering the extensive use of this craft by major
mining overseas companies, it is demonstrated that this craft
can provide a new approach toward the mining of residual
coal in China’s open-pit mines [9].

Rib pillars in open-pit mines play a key role in providing
support to the superincumbent strata, and maintaining the

Hindawi
Advances in Civil Engineering
Volume 2019, Article ID 6328702, 15 pages
https://doi.org/10.1155/2019/6328702

mailto:rwang@cumt.edu.cn
mailto:yanshuai2003@cumt.edu.cn
http://orcid.org/0000-0001-9766-3721
http://orcid.org/0000-0001-7431-0077
http://orcid.org/0000-0003-4213-6152
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6328702


stability of the highwall mining. To prevent the slope from
collapsing during the process of highwall mining, the width of
the rib pillars is always somewhat large in practice. However,
the width of the rib pillars is typically kept narrow to achieve
the best possible economic benefit frommany open-pit mines
in China. Once the local damage of rib pillars are destroyed,
a large area landslide and slope collapse may occur. Hence,
investigating a reasonable width for the rib pillar is an im-
portant premise and foundation for the successful application
and popularization of highwall mining technology.

Generally, methods used to investigate the instability and
failure of rib pillars can be divided into four types: the empirical
method [10], theoretical method [11, 12], fieldmeasuremethod
[13], and numerical simulation method [14]. However the field
observation is time-consuming and costly. Numerical simu-
lations have great randomness to the field measurements. ,e
theoretical equation method has great universality. Hence, the
theoretical equation method is a powerful tool for studying
rock mechanics in open-pit engineering. Many studies have
investigated the stability of rib pillars based on the empirical
strength equation of the Mark–Bienawski coal pillar to de-
termine its retaining width. In highwall mining, the stability
model of the rib pillar can be used in combinationwith the cusp
catastrophe theory and safety factor requirement of the rib
pillar to calculate the reasonable width of the pillars [9]. ,e
formula for calculating the yield zone width of coal pillar by
using the criterion of Mohr–Coulomb was derived [15]. ,e
linear Mohr–Coulomb failure criterion is widely used to an-
alyze the stability of rib pillars. However, although cracks
naturally exist in the rock mass, in highwall mining, cracks on
the exposed surface are also induced bymining and excavation.
,erefore, rib pillars can be defined as a jointed rock mass.
Moreover, the linear failure Mohr–Coulomb criterion for
jointed rock mass has many shortcomings, such as the fol-
lowing: (i) only the strength condition of the rock mass failure
can be provided, but the mechanism of rock mass failure and
the occurrence and development process of rock mass failure
are not considered; (ii) it is impossible to explain the true
strength characteristics of the rockmass in the tensile stress and
low-stress regions; or (iii) fractured rock mass with micro-
cracks, voids, coarse crystals, and fractured rock mass with
multiple structural planes, and the obtained linear strength
envelope is quite different from the parabolic strength envelope
in actual situations [16]. When conducting rock mass stability
analysis using the nonlinear Hoek–Brown criterion, the dis-
turbance factors caused by mining excavation and the dynamic
change of the rock mass’ mechanical parameters can be
considered. ,erefore, it is important to investigate the dif-
ferences in analyzing the damaged width of a rib pillar using
either the Hoek–Brown criterion or the Mohr–Coulomb cri-
terion. In this study, it was found that using the Hoek–Brown
criterion is advantageouswhen analyzing a rib pillar with joints.

,erefore, this paper focuses on the rib pillars in open-pit
highwall mining. ,e damaged width of rib pillars was used to
monitor with borehole camera exploration device (BCED) in an
open-pitmine inChina. Amechanicalmodel is used to calculate
the damaged width of rib pillars based on the I-II composite
crack in fracture mechanics using the Hoek–Brown failure
criterion andMohr–Coulomb failure criterion. Accordingly, the

formulas for calculating the damagedwidth of the rib pillar were
obtained respectively under different criteria. ,e differences of
the two criteria were compared and analyzed by considering the
damagemechanism for the width of the rib pillars.,emodel is
validated by fieldmonitoring. Finally, the instability mechanism
of rib pillars in open-pit highwall mining is explained. ,is
paper verifies the advantages of applying the Hoek–Brown
criterion to analyze the damaged width of rib pillars.

2. Analysis of a Practical Case

,is paper is based on the geological background of an open-
pit mine in China. ,e open-pit mine is located in
Shuozhou, Shanxi province, China (Figure 1(a)). In this case,
the average thickness of the coal seam was 3m, and the
burial depth of the coal seamwas 122m [9]. According to the
actual data for the open-pit mine, the width of the cavern
was 3.5m and the width of rib pillar was 4.0m.

As illustrated in Figure 2(a), a horizontal exploratory
borehole 2m deep and 28mm in diameter was drilled in the
belt line of rib pillar. A YTJ20 borehole camera exploration
device (BCED) was used to monitor the damage in rib pillar
(Figure 2(b)). Figure 2(c) shows probe images at different
depths in the borehole. ,ere are many inclined and inter-
secting cracks found around the borehole. ,e coal mass near
the working face has failed and become a fractured zone. In
addition, based on the results of the borehole probe, it can be
inferred that the deformation of the rib pillar adjacent to the
gob side is larger or equal to that on the coal mass.

Rib pillar deformation is large and approximately sym-
metrical during highwall period. ,e collected data on the rib
pillar deformation can be summarized as follows: (1) the rib-
to-rib convergence is larger than the roof-to-floor conver-
gence. ,e maximum and average roof-to-floor convergences
are 189mm and 152mm, respectively. ,e maximum and
average rib-to-rib convergences are 873mm and 546mm,
respectively. (2) ,e damaged width of rib pillar convergence
is larger. ,e maximum damaged width reaches 916mm, and
the average damaged width is 343mm.,e large deformation
is mainly caused by abutment stress, causing the rib pillar to
become unstability.,erefore, the damaged width of rib pillar
should be studied to determine which rib pillar sizes.

,e intact parameters obtained by performing com-
pression tests and Brazilian tests on small specimens are
listed in Table 1. ,e mechanical parameters for the coal
material and its surrounding rocks are as follows.

3. Rib Pillar Bearing-Load Model in
Highwall Mining

,e damage of rib pillar is a gradual failure process in open-pit
highwall mining. Because there exist many similarities be-
tween the analysis of rib pillars in strip mining and highwall
mining, the distributive stress characteristics of rib pillars in
highwall mining can be explained by analyzing the stress
characteristics of rib pillars in strip mining: (i) When coal is
not mined, the coal body is subjected to the uniformly dis-
tributed load of the overburden rock. (ii) ,e supporting
pressure zone and the local damaged zone are formed within
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a certain range of the pillar when the rib pillar is �nished on
one side, and during this period, the peak value of the sup-
porting pressure does not exceed the limit strength of the
pillar. (iii) After mining has �nished on both sides of the pillar,
if the pillar can maintain a stable state, the vertical stress of the
pillar will have a saddle type distribution. Damaged zones and
elastic core zones exist on both sides of the rib pillar and at the
center of the rib pillar.�e stress distribution of the core area is
approximately shaped as a parabola. (iv)�e damaged zone on
both sides of the rib pillar gradually expands under the in-
�uence of othermining caverns.�e central stress of the elastic
core area reaches the limit strength of the rib pillar, and the
stress distribution of the core area is in the plateau stage, which
is the critical state for the instability failure of the rib pillar. If
the central stress of the elastic core area is slightly increased,
the pillar will quickly lose stability [17, 18].

A bearing model of the rib pillar was established
according to its stress distribution characteristics during
highwall mining (Figure 3). �e schematic diagram shows
that there is no lateral stress in the rib pillar and that the load is
mainly applied from the overburden. For a certain rib pillar,
its interior can be divided into the elastic core zone of the
middle part and the yield zone of the symmetrical distribution
on both sides. According to the limiting equilibrium method,
the rib pillar supports the weight of the overlying strata, which
are equally divided between the upper rib pillars and the
adjacent pillars [19]. Assuming that the average thickness of
the overlying strata is H, bulk density is c, width of the rib
pillar isWp, and cavern width isWe, the (in-plane) load of the
rib pillar is expressed as follows:

P � cH WP +We( ). (1)

(a) (b)

(c) (d)
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Figure 1: Mine location and highwall of the test site (a) location of the test site, (b, d) present situation of study site, and (c) generalized
stratigraphic column of the test site.
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4. Mechanical Model of Rib Pillar’s
Damaged Width

In actual open-pit mines, the mining thickness of the coal
seam is much smaller than the inclined length of the faces.
�us, the faces can be considered as a series of inclined
collinear cracks to be analyzed. First, the Cartesian co-
ordinate system shown in Figure 4 was established, and its
origin was placed at the center of the cracks in the model;
that is, the origin was placed at the center of the cavern.
Under the assumption that the inclined length of the
working faces isWe � 2a, the vertical stress of the rib pillar
imposed by the overlying strata is σ � cH, and the lateral
stress of the rib pillar is λσ. �e angle between the inclined
direction and the vertical direction of the working face is
α, and the dip angle of the coal seam is β� 90°− α.
Moreover, the model established in this study assumes
that the edge of the working face is not a�ected by the
surface force.

Rib pillar

2m

Exploring borehole

1.
5m

4m

(a) (b)

0.38m 0.48m 0.49m 0.55m

(c)

Figure 2: Borehole camera exploration in the rib pillar. (a) Monitoring design. (b) Test equipment YTJ20-BCED. (c) Photographs obtained
from borehole at di�erent depths.

Table 1: Physical and mechanical parameters of coal-rock [9].

Rock strata Burial depth (m) Internal frication angle φ (°) Poisson’s ration (μ) Density c (kN·m−3) Cohesive force c (MPa)
Surface soil 30 12 0.42 19.6 0.085
Weathered
sandstone 44 38 0.36 23.0 2.5

Sandstone 74 39 0.32 23.8 3.0
Mudstone 98 38 0.34 24.9 2.0
Siltstone 110 36 0.32 23.2 3.5
Sandstone 122 40 0.30 23.8 4.0
Coal seam 125 36 0.38 14.4 1.62
Shale 140 42 0.33 24.5 3.8
Siltstone 155 38 0.32 26.0 5.0

H

WpWe Cavern Rib pillarRib pillar

YZ ECZ YZ

YZ: yield zone
ECZ: elastic core zone

Figure 3: Schematic diagram of the bearing model of rib pillar
during highwall mining.
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At the edge of the rib pillar, more cracks will occur when
the rib pillar is subjected to tunnel excavation and over-
burden. Under certain tectonic stress �eld conditions,
fracture cracks will often occur in multiple groups simul-
taneously and di�erent fracture crack groups will often have
di�erent fracture mechanisms [20]. By establishing a me-
chanical model of the intermittent jointed rock mass, Liu
and Zhu reported that the fracture mechanism of the in-
termittent jointed rock mass involves tensioning failure and
compression shear failure [21, 22].

By combining �eld observations with the results of
previously proposed theoretical models and the criteria of
crack classi�cation from fracture mechanics, it can be seen
that the edge crack of the rib pillar investigated in this study
is a composite problem of a mode Ι-ΙΙ crack. �erefore, the
stress �eld at the crack tip can be obtained by superimposing
the solutions of mode Ι and mode II cracks.

4.1. Calculation of Stress Distribution at Tip of Mode I Crack.
For mode I cracks, the Westergaard stress equation ϕ �
ReZΙ(z) + yImZΙ(z) and Biharmonic equation of ∇4φ � 0
were combined. �en, according to the Cauchy–Riemann
conditions, the relationship between the stress component
and stress function in elastic theory was applied with
consideration to the boundary conditions for a mode Ι
cracks, according to fracture mechanics. Finally, according
to classical elastic theory, the equations of the progressive
stress �eld at the crack tips can be expressed as follows:

σx(r, θ) �
KΙ���
2πr

√ cos
θ
2

1− sin
θ
2
sin

3θ
2

( ),

σy(r, θ) �
KΙ���
2πr

√ cos
θ
2

1 + sin
θ
2
sin

3θ
2

( ),

τxy(r, θ) �
KΙ���
2πr

√ sin
θ
2
cos

θ
2
cos

3θ
2
.




(2)

In this equation, KI is de�ned as the stress intensity
factor. In particular, the relevant equation KI may be
expressed as KΙ � σ

���
πa

√
[23, 24], based on fracture me-

chanics theory.
By substituting We � 2a with KΙ � σ

���
πa

√
, the stress

intensity factor of the mode Ι crack under normal stress
conditions can be expressed as follows:

KΙ � λ cos2 α + sin2 α( )σ
���
πa

√

� λ cos2 α + sin2 α( )σ
�����
πWe

2
.

√ (3)

�e equations of the progressive stress �eld at the crack
tips are the combination of equation (3) with equation (2)
and are expressed as follows:

σx(r, θ) �
cH
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(4)

4.2. Calculation of Stress Distribution at Tip of Mode II Crack.
Similarly, for a mode II crack, the Westergaard stress
equation ϕ � −yReZ∐(z) is combined with the Biharmonic
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Figure 4: �e analysis of damaged width at the rib pillar.
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equation ∇4ϕ � 0. ,en, according to the Cauchy–Riemann
conditions and by considering the boundary conditions of the
mode II crack from fracture mechanics, the relevant equation

of KII may be expressed as KΙΙ � τ
���
πa

√
. Hence, the equations

of the progressive stress field at the crack tips can be expressed
on the basis of classical elastic theory, as follows:

σx(r, θ) � −
cH

2
(1− λ) sin · α cos · α

���
We

r



sin
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2

2 + cos
θ
2
cos

3θ
2
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2

,
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2
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1− sin
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 .
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

,e equations of the progressive stress field at the tip of
the model Ι-ΙΙ composite crack can be obtained by super-
posing the equations of mode Ι crack and the equations of the
mode II crack, according to fracture mechanics theory.
Hence, the progressive stress field equations at the edge of the
face are shown in Figure 4 and can be expressed as follows:

σx(r, θ) � K

�
1
r



[A(1−B)−C(2 + D)],

σy(r, θ) � K

�
1
r



[A(1 + B) + CD],

τxy(r, θ) � K

�
1
r



[E D + F(1−B)],

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

where A � (λ cos2 α + sin2 α)cos(θ/2), B � sin(θ/2)sin
(3θ/2), D � cos(θ/2)cos(3θ/2), K � (cH

���
We


)/2, C �

(1− λ)sin α cos α sin(θ/2), E � (λ cos2 α + sin2 α)sin(θ/2),
and F � (1− λ)sin α cos α cos(θ/2).

4.3. Calculation of Rib Pillar’s Damaged Width. In highwall
mining, the tip region of the rib pillars always exists as a
damaged field. ,e strength parameters of the elastic-plastic
stress-strain field at the cracks’ tip region can
be quantitatively described by applying the theory of elastic-
plastic fracture mechanics based on large yield conditions.
,e equations of principal stress can be expressed according
to elastic mechanics theory, as follows:

σ1,2 �
σx + σy

2
±

��������������
σx − σy

2
 

2
+ τ2xy,



σ3 � μ σx + σy .

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(7)

(1) For the I-II composite cracks, without considering
the influence of the adjacent mining faces, the
equations of the principal stress in the field close to
the crack tips of the damaged face edges are

expressed by the combination of equations (6) and
(7) and defined as follows:

σ1,2 � K

�
1
r



(A−C) ± K

�
1
r



[AB + C(1 + D)]2

+[ED + F(1−B)]2
1/2

,

σ3 � 2μK

�
1
r



(A−C).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

In this equation, A � (λ cos2 α + sin2 α)cos(θ/2), B �

sin(θ/2)sin(3θ/2), D � cos(θ/2)cos(3θ/2), K � (cH
���
We


)/2, C � (1− λ)sin α cos α sin(θ/2), E � (λ cos2α

+ sin2 α)sin(θ/2), and F �(1− λ)sin α cos α cos(θ/2).

(a) ,e damaged width of the rib pillar can be calculated
by applying the Hoek–Brown strength criterion,
according to which the equations of σ1 with σ3 can be
expressed as follows:

σ1 � σ3 +

�����������

mRcσ3 + sR2
c



, (9)

where Rc, σ1, and σ3 are the uniaxial compressive
strength of the rock and the maximum and mini-
mum principal stress of the rock mass failure, re-
spectively. ,e empirical parameters of m and s are
constants depending on the rock characteristics; m
denotes the rock’s degree of hardness. In the range
between 0.0000001 and 25, the value of 0.000000001
is considered as a severely disturbed rockmass, while
the value of 25 is considered as a completely hard
rock mass; s denotes the fracture degree of the rock
mass, with a range between 0 and 1, wherein the
fractured rock mass is considered as 0 and the
complete rock mass is considered as 1 [25, 26].
,e boundary equation of the damaged field at the
edge of the faces is expressed by the combination of
equations (6) and (7), as follows:
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rH �
2mRcμK(A−C) +

�����������������������

2mRcμK(A−C) 
2

+ 4sR2
cG



2G
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−2

, (10)

where A � (λ cos2 α sin2 α)cos(θ/2), B � sin(θ/2)sin
(3θ/2), D � cos(θ/2)cos(3θ/2), K � (cH

���
We


)/2,

C � (1− λ)sin α cos α sin(θ/2), E � (λ cos2 α+ sin2 α)

sin(θ/2), F � (1− λ)sin α cos α cos(θ/2), and G �  K

(A−C) + K[AB + C(1+ D)]2 + [ED + F(1−B)]2
1/2

− 2μK(A−C)
2.

Although θ � 0 is ensured in equation (10), the
damaged width of the rib pillar along the x-direction
can be expressed by applying the Hoek–Brown
strength criterion rHp1, as follows:

rHp1 �
2mRcμM +

������������������������������

2mRcμM( 
2

+ 4sR2
c[M(1− 2μ) + N]2



2K[M(1− 2μ) + N]2

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭

−2

, (11)

where M � λ cos2 α + sin2 α, N � (1− λ)sin α cos α,
and K � (cH

���
We


)/2.

(b) ,e damaged width of the rib pillar can be calculated
by applying the Mohr–Coulomb strength criterion,
according to which the equation of σ1 and σ3 can be
expressed as follows:

σ1 �
1− sinφ
1 + sinφ

σ3 +
2c cosφ
1− sinφ

, (12)

where σ1 and σ3 are the maximum and minimum
principal stress of the rock mass failure, respectively;
c and φ are the cohesion and internal frictional angle
of the coal body, respectively.
,e boundary equation of damaged field
at the edge of the faces can be expressed by

combining equation (8) with equation (12), as
follows:

rC �
2c cosφ

(1− sinφ) · J
 

−2

, (13)

where A � (λ cos2 α + sin2 α)cos(θ/2), B � sin(θ/2)

sin(3θ/2), D � cos(θ/2)cos(3θ/2), K � (cH
���
We


)/2,

C � (1− λ)sin α cos α sin(θ/2), E � (λ cos2 α+ sin2
α)sin(θ/2), F � (1−λ)sin α cos α cos(θ/2), and J �

K(A−C)[1−2μ(1− sinφ) /(1+ sinφ)] + K [AB + C{

(1 + D)]2 +[ED + F(1−B)]2}1/2.
Although θ � 0 is ensured in equation (13), the
damaged width of the rib pillar along the x-direction
can be expressed by applying the Mohr–Coulomb
strength criterion rCp1, as follows:

rCp1 �
2c cosφ(1 + sinφ)

K(1− sinφ) [(1 + sinφ)− 2μ(1− sinφ)]M + N(1 + sinφ) 
 

−2

, (14)

where M � λ cos2 α + sin2 α, N � (1− λ)sin α cos α,
and K � (cH

���
We


)/2.

(2) If the interaction between the adjacent mining faces
is considered, a series of periodic cracks will be
distributed on the infinite plates. ,e boundary
equations of the damaged field at the edge of the
faces have periodicity, owing to the periodic dis-
tribution of cracks. Additionally, Z(z) � σz/
(

������
z2 − a2

√
) is a complex variable function satisfying

all of the boundary conditions for a single mode I
crack. To satisfy the periodic boundary conditions, z

must be the periodic function of (Wp + We) in the
complex variable function presented above. It is
well known that the simplest periodic function is

a sinusoidal function; therefore, in the above complex
variable function, sin[πz/(2(We + Wp))] is used
instead of z, and sin[πa/(2(We + Wp))] is used in-
stead of a [27]. ,en, the stress intensity factor
equations are KΙ′ � η · KΙ and KII′ � η · KΙI for the I-II
composite cracks, respectively [28]. In summary, the
stress at the tip of several inclined cracks is sepa-
rated by a certain distance on the infinite plate, and
can be calculated by multiplying the stress of a single
inclined crack with the affected coefficient. Addi-
tionally, the affected coefficient is expressed as follows:
η � [(2(We + Wp)/πWe)tan(πWe/2(We + Wp))]1/2.
Hence, the equations of stress distribution at the edge
of the faces can be expressed as follows:
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σx(r, θ) �
cH

2

������������������������

2 We + Wp 

πr
tan

πWe

2 We + Wp 




[A(1−B)−C(2 + D)],

σy(r, θ) �
cH

2

������������������������

2 We + Wp 

πr
tan

πWe

2 We + Wp 




[A(1 + B) + C · D],

τxy(r, θ) �
cH

2

������������������������

2 We + Wp 

πr
tan

πWe

2 We + Wp 




[E · D + F(1−B)],

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

where A � (λ cos2 α sin2 α)cos(θ/2), B � sin(θ/2)sin
(3θ/2), D � cos(θ/2)cos(3θ/2), C � (1− λ)sin α cos α
sin(θ/2), E � (λ cos2 α+ sin2 α)sin(θ/2), and F �

(1− λ)sin α cos α cos(θ/2).
,e equations of the principal stress in the field near
the crack tips of the faces’ damaged edges are
expressed by combining equation (15) with equation
(7), as follows:

σ1,2 �
cH

2

������������������������

2 We + Wp 

πr
tan

πWe

2 We + Wp 




· {(A−C) ± [AB + C(1 + D)]2

+[E D + F(1−B)]2
1/2},

σ3 � μcH

������������������������

2 We + Wp 

πr
tan

πWe

2 We + Wp 




(A−C).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

(a) ,e damaged width of the rib pillar can be calculated
by applying the Hoek–Brown strength criterion,

according to which the boundary equation of damaged
field at the edge of the faces can be expressed by
combining equation (16) with equation (9), as follows:

r �
mRcμcHP +

���������������������������

mRcμcHP( 
2

+ 4sR2
c(GcHP/2K)2



(2GcHP/K)2
⎡⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎦

−2

,

(17)

where A � (λ cos2 α + sin2 α)cos(θ/2), B � sin(θ/2)

sin(3θ/2), D � cos(θ/2)cos(3θ/2), K � (cH
���
We


)/2,

C � (1− λ)sin α cos α sin(θ/2), E � (λ cos2 α + sin2 α)

sin(θ/2), F � (1− λ)sin α cos α cos(θ/2), P �
���������������������������������
(2(We + Wp)/π)tan(πWe/2(We + Wp))


, and G � K(A

−C) + K [A · B + C(1 + D)]2 + [ED + F(1−B)]2 
1/2
−

2μK(A−C)}2.
Although θ � 0 is ensured in equation (17), the dam-
aged width of the rib pillar along the x-direction can be
expressed by applying the Hoek–Brown strength cri-
terion rHp2, as follows:

rHp2 �
mRcμcHP +

�������������������������������������

mRcμcHP( 
2

+ sR2
c KcHP[M(1− 2μ) + N] 

2


2KcHP[M(1− 2μ) + N] 
2

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭

−2

, (18)

whereM � λ cos2 α+ sin2 α,N � (1−λ)sin α cos α,K � (c

H
���
We


)/2, and P �

��������������������������������
(2(We + Wp)/π)tan(πWe/2(We + Wp))


.

(b) ,e damaged width of the rib pillar can be cal-
culated by applying the Mohr–Coulomb strength
criterion, according to which the boundary equa-
tion of the damaged field at the edge of the faces can

be expressed by combining equation (16) with
equation (12), as follows:

rCp2 �
4c cosφ(1 + sinφ)

(1− sinφ)[cHPQ(1 + sinφ)− 2μcHP(A−C)(1− sinφ)]
 

−2

,

(19)
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where A � (λ cos2 α + sin2 α)cos(θ/2), B � sin(θ/2)

sin(3θ/2), D � cos(θ/2)cos(3θ/2), K � (cH
���
We


)/2,

C � (1− λ)sin α cos α sin(θ/2), E � (λ cos2 α + sin2 α)

sin(θ/2), F � (1− λ)sin α cos α cos(θ/2), P ���������������������������������
(2(We + Wp)/π)tan(πWe/2(We + Wp))


, and Q � (A−C) +

[AB + C(1 + D)]2+ [E D + F(1−B)]2}1/2.

Although θ � 0 is ensured in equation (19), the dam-
aged width of rib pillar along the x-direction can be
expressed by applying the Mohr–Coulomb strength
criterion rCp2, as follows:

rCp2 �
4c cosφ(1 + sinφ)

(1− sinφ)[cHP(M + N)(1 + sinφ)− 2μcHPM(1− sinφ)]
 

−2

, (20)

where M � λ cos2 α + sin2 α, N � (1− λ)sin α cos α,
and P �

���������������������������������
(2(We + Wp)/π)tan(πWe/2(We + Wp))


.

,e actual data presented in Table 1 were used to verify
the feasibility of the above formulas with regard to the
damaged width of the rib pillars. Using these data, it was
found that in the open-pit mine, the cavern width was 3.5m
and the width of the rib pillar was 4.0m. Additionally, the
internal friction angle and Poisson’s ratio of the coal body
were φ � 36° and μ � 0.38, respectively. ,e dip angle of the
coal seam was β � 11°, the coefficient of lateral pressure was
λ � 12, the uniaxial compressive strength of the coal body
was Rc � 2.78MPa, and the average bulk density was
c � 22.8 KN/m3, according to the data pertaining to this
mine.

,e abovementioned data were substituted in equation
(18); m and s were confirmed as m� 12 and s� 0.5. More-
over, half of the value range of m and s was confirmed to
avoid either of them having a prominent influence on the
final result. Hence, the damaged width of the rib pillar was
calculated as rHp2 � 453mm by applying the Hoek–Brown
strength criterion rHp2. Similarly, the damaged width of the
rib pillar was calculated as rCp2 � 225mm by applying the
Mohr–Coulomb strength criterion rCp2. On one side of the
faces, the damaged width of the rib pillar was approximately
485mm, according to the monitoring data obtained by
applying the methods of borehole stress monitoring,
acoustic wave detection, and optical borehole imaging. ,e
analytical solution obtained by applying the Hoek–Brown
strength criterion was closer to the measured value, as was
determined by comparing the calculated and measured
values of the damaged width of the rib pillar under the two
strength criteria. ,e relative error in the application of the
Hoek–Brown strength criterion was only 6.6%. However, the
relative error in the application of the Mohr–Coulomb
strength criterion was as high as 53.6%. In addition, Chen
and Wu [9] derived the calculation formula of pillar yield
width based on the bearing model of rib pillar during
highwall mining and combined with cusp catastrophe theory
and safety factor demand of rib pillar. Hence, the above-
mentioned data were substituted into the calculation for-
mula of pillar yield width, such as Y� 283mm. ,e relative
error was 41.6%. Although Chen’s error is smaller than that
obtained in the application of the Mohr–Coulomb strength
criterion in this paper, it still has a greater accuracy with the

error obtained in the application of the Hoek–Brown
strength criterion in this paper.

In conclusion, in the analysis and calculation of the
jointed rock mass with cracks, it was found that the non-
linear Hoek–Brown strength criterion is a better approxi-
mation of the actual mechanism compared to the linear
Mohr–Coulomb strength criterion.

5. Analysis of Characteristic Parameters and
Instability Mechanism of Rib Pillar

5.1. Analysis of Characteristic Parameter. With regard to
whether the rib pillar was affected by the adjacent faces or
not, the main independent factors affecting the lateral
damaged width of the rib pillar in highwall mining were
determined based on the theoretical deduction of applying
two different strength values. ,us, the factors were de-
termined as follows: the retaining rib pillar width, Wp; the
cavern width, We; the burial depth of the coal seam, H; and
the dip angle of the coal seam, β. Regarding whether the rib
pillar is typically affected by the adjacent faces during the
actual production process, this study carried out a detailed
analysis with respect to the influencing factors in the
boundary equation of the rib pillar’s lateral damaged width.
Moreover, to further clarify the calculation of the rib pillar’s
damaged width in open-pit highwall mining, the application
of the Hoek–Brown criterion is more suitable.

,e boundary equations (18) and (20), which represent
the rib pillar’s damaged width, were fitted with curves using
different parameters to demonstrate the relationship be-
tween rp2 andWp,We,H, and β, respectively. As described in
[29], the value range of the internal friction angle φ is
typically 16°–40°, and the value range of cohesion c is
1.0–9.8MPa. Hence, when selecting the values of the rele-
vant parameters in equation (20), the characteristic values
representing the different failure states of the coal body can
be confirmed using the abovementioned range. According to
the relevant parameters in equation (18), the parameters
representing a different hardness degree m, different crack
degree s, and uniaxial compressive strength Rc were selected
in a descending manner. While Poisson’s ratio reflected the
actual strength, the rock’s weathering degree and fracture
development degree μ, were selected in an ascending
manner.
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5.1.1. Analysis of Relationship between Width of Retaining
Rib Pillar and Damaged Width of Rib Pillar. Provided that
the other parameters are fixed, the functional relationship of
the rib pillar’s damaged width with the width of the retaining
rib pillar becomes inversely logarithmic by applying the
Hoek–Brown strength criterion, as shown in Figure 5. In
other words, the damaged width of the rib pillar gradually
decreases as the width of the retaining rib pillar increases
and tends toward stability. Additionally, its curvature
gradually decreases and tends toward zero. Moreover,
according to the order of the three curves under the different
parameters shown in Figure 5, it can be seen that the denser
the joints and cracks distributed in the coal body are, the
easier it is for the rib pillars to be destroyed, and the width
damaged by the rib pillars becomes greater. Overall, when
the width of the retaining rib pillar is 1-2m, the damaged
width of the rib pillar rapidly fluctuates. At that moment, the
elastic core area of the rib pillar is somewhat small and the
rib pillar is vulnerable to instability under the load of the
overlying strata. While the width of the retaining rib pillar is
2–4m, the range of the rib pillar’s damaged width gradually
decreases, and the range of the rib pillar’s elastic core area
gradually increases. Although the superposition stress and
overburden load of the rib pillar gradually increases, the rib
pillar is not vulnerable to instability because the elastic core
area of the rib pillar increases. When the width of the
retaining rib pillar is more than 4m, the damaged width of
the rib pillar changes slightly and remains in a state of
stability and invariance. At this moment, the range of the
elastic core area in the rib pillar is much larger than that of
the damaged area, and it is thus difficult for the rib pillar to
become unstable, owing to the existence of local failure at the
edge of the rib pillar.

,e curve relationships between the damaged width of
the rib pillar and the width of the retaining rib pillar in
different states of coal destruction were obtained by applying
to the Mohr–Coulomb strength criterion, as shown in Fig-
ure 5. ,e functional relationship of the damaged width of
the rib pillar and the width of the retaining rib pillar is an
approximately inversely proportional function obtained by
observation and analysis. In other words, the damaged width
of the rib pillar gradually decreases as the width of the
remaining rib pillar increases, and its curvature gradually
decreases. In the process of coal destruction, the internal
friction angle gradually increases, but the cohesion gradually
decreases. Additionally, it can be seen that the smaller the
integrity in the coal body, the larger the damaged width of
the rib pillars. However, in Figure 5, this observation is
slightly inconsistent. ,is suggests that there exist large
errors in the analysis of the jointed rock mass characteristics,
which were obtained by applying the Mohr–Coulomb
strength criterion.

Additionally, observing the variation of the three curves
shown in Figure 5 under different parameters intuitively
demonstrates the step-by-step process of applying the
Hoek–Brown strength criterion. Moreover, the selection of
parameters indicates the integrity of the coal body with
regard to reflecting the failure mechanism of the actual rib
pillar. Conversely, the three correlation curves produced by

applying the Mohr–Coulomb strength criterion do not fully
reflect the ladder property under different parameter se-
lection conditions. ,erefore, this indicates that there exists
a certain deviation between the failure mechanism of the
actual rib pillar and the actual failure of the actual rib pillar.
Furthermore, it can be verified that the application of the
Hoek–Brown strength criterion is more reasonable in the
analysis of the jointed rock mass.

5.1.2. Analysis of Relationship between Width of Cavern and
Damaged Width of Rib Pillar. Provided that the other pa-
rameters are fixed, the functional relationship of the rib
pillar’s damaged width with the width of the retaining rib
pillar is the exponential function obtained by applying the
Hoek–Brown strength criterion, as shown in Figure 6. In
other words, the damaged width of the rib pillar gradually
increases with the increase of the cavern width and then
tends toward infinity. Additionally, its increased curvature
also gradually increases toward infinity. Similarly, according
to the order of the three curves obtained with different
parameters, as shown in Figure 6, it can be seen that the
denser the distributions of the joints and cracks is in the coal
body, the easier it is to destroy the rib pillars, and the greater
is the production of damaged width by the rib pillars. When
the cavern width is 0–5m, the variation of the rib pillar’s
damaged width is very small, which indicates that the
variation of the cavern’s width has a small effect on the
damage incurred by the rib pillar within this range. While
the width of cavern is 5–8.5m, the damaged width of the rib
pillar gradually increases, but the change of its growth
curvature is small. Additionally, when the cavern width is
more than 8.5m, the damaged width of the rib pillar sharply
increases and tends toward infinity.,e previous description
indicates that the load on the rib pillar is mainly derived
from the overburden action. According to the effective re-
gion theory, the rib pillar supports the weight of the
overburden, which is equally divided between the upper rib
pillar and the adjacent rib pillar. ,erefore, the overburden
on the top of rib pillar will gradually increase with the in-
crease of the cavern width. If the working face is excessively
large, the rib pillars will become less stable and the overall
stability of the open-pit slope will be endangered when the
rib pillars fail to bear the load of the overburden rock in full.
,erefore, the variation law of the abovementioned curve is
very indicative of the rib pillar’s failure and instability
process.

,e functional relationship between the damaged width
of the rib pillar and the cavern width is also a directly
proportional function obtained by applying the Mohr–
Coulomb strength criterion, as shown in Figure 6. In other
words, the damaged width of the rib pillar increases in
a linear manner with the increase of the cavern width, while
its increasing curvature remains constant. Similarly,
according to the order of the three curves obtained with
different parameters, as shown in Figure 6, it can be seen that
the denser the joints and crack distribution are in the coal
body, the easier it is to destroy the rib pillars and the greater
is the production of the damaged width by the rib pillars.
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In combination with the previous description, it can be
understood that in open-pit highwall mining, the rib pillar
fails in a gradual manner and is in a period of instability. �e

vertical stress gradually changes from saddle type to plat-
form type, rather than maintaining a constant curvature
with a linear increase. �erefore, it can be inferred that the
change of the rib pillar’s damaged width exhibits a linearly
increasing trend. �is also indicates that the application of
the Mohr–Coulomb failure criterion in the analysis of the
jointed rock mass is insu¦cient.

5.1.3. Analysis of Relationship between Burial Width and
Damaged Width of Rib Pillar. Provided that other param-
eters do not change, the relationship between the rib pillar’s
damaged width and the burial width of the coal seam re-
sembles an exponential function by applying the Hoek–
Brown strength criterion, as shown in Figure 7. In other
words, the damaged width of the rib pillar gradually in-
creases with the increase of the burial depth and tends to-
ward in�nity. When the burial depth of the coal seam is
between 0m and 800m, the damaged width of the rib pillar
changes in�nitesimally, which indicates that the burial depth
variation has little in�uence on the rib pillar’s damaged
width. However, when the burial depth of the coal seam is
more than 800m, the damaged width of the rib pillar sharply
increases and tends toward in�nity.

�e damaged width of the rib pillar linearly increases
with the burial width of the coal seam by applying the
Mohr–Coulomb strength criterion shown in Figure 7. In
other words, when the burial depth of the coal seam is
between 0m and 500m, the damaged width of the rib pillar
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Figure 5: �e in�uence curve of damaged width of rib pillar by width of retaining rib pillar.
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increases with the increase of the burial depth, but its
curvature is relatively smooth. While the burial depth of the
coal seam is more than 500m, the damaged width of rib
pillar increases in a linear manner with the increase of the
burial depth.

5.1.4. Analysis of Relationship between Dip Angle of Coal
Seam and DamagedWidth of Rib Pillar. Provided that other
parameters do not change, the relationship between the
damaged width of the rib pillar and the dip angle of the coal
seam is a periodic �uctuating function obtained by applying
the Hoek–Brown strength criterion, as shown in Figure 8. In
other words, the damaged width of the rib pillar �uctuates
periodically with the change of the dip angle.

As can be seen in the �gure, the �uctuation range of
the black and blue curves implies that the improved coal
integrity is 1 mm and 1.8 mm, respectively, while the
�uctuation range of the other curve indicates poor coal in
the proximity of 320mm. �e �uctuation period is ap-
proximately 3°, according to the periodic variation of the
three curves. �e crack strain and bulk strain describing
the damage amount �uctuate in an approximately peri-
odic manner during the damage evolution period of the
brittle rock obtained from marble, as described in [30].
However, the �uctuation range is relatively small. �e
stress law of the rock instability and failure can be in-
vestigated using the crack strain model. �erefore, in this
study, the curve shape has the same property, owing to its
minimal amplitude.�e change of the rib pillar’s damaged
width with the dip angle of the coal seam can be ap-
proximated as an inclined line with smaller curvature, if
the scale of the ordinal coordinate in Figure 8 is expanded
several times. �en, the tendency of the curves indicates

that the change of the coal seam’s dip angle has a small
e�ect on the damaged width of the rib pillar.

�e relationship between the damaged width of the rib
pillar decreases in a linear manner with the increase of the
coal seam’s dip angle by applying the Mohr–Coulomb
strength criterion, as shown in Figure 8. In other words, the
damaged width of the rib pillar gradually decreases with the
increase of the coal seam’s dip angle.

�e vertical decomposition force of the rib pillar
gradually decreases with the increase of the coal seam’s dip
angle, combined with the mechanical model shown in
Figure 2. In other words, the main source of the load exerted
on the rib pillar decreases and the entire damaged width of
the rib pillar should gradually decrease. However, the
transverse decomposition force of the rib pillar gradually
increases, which forces the rib pillar to exhibit stress con-
centration in the local area. �us, the change of the rib
pillar’s damaged width slightly �uctuates, but does not
exhibit a constant downward trend.

5.2. Analysis of Rib Pillar’s InstabilityMechanism. �e stable
rib pillar has a saddle type vertical stress distribution, as
described previously, whereas in the transition from
stability to yield, the rib pillar has a platform type critical
stress distribution. �e equation for calculating the width
of the rib pillar in the critical state is expressed as follows
[31]:

Wp �
cHWeL + L− 2rpz( )rpzσz × 105

σz × 105 L− rpz( )− cHL
. (21)

In equation (21), c is the average bulk density of the
overburden rock in kg/m3; H is the burial depth of the coal
seam in m; We is the cavern width in m; L is the cavern
length inm; rpz is the damaged width of the rib pillar inm; rp
is the damaged width on one side of the rib pillar inm; and σz
is the ultimate strength of the rib pillar in MPa. �e ultimate
strength of the rock mass is typically the compressive
strength of the rock mass, because the rock mass is typically
compressive rather than tensile. Additionally, in equation
(21), rpz� 2rp.

Moreover, the safety factor of the rib pillar can be ob-
tained by applying the limit strength theory, f [9]:

f �
σzWp

cH We +Wp( )
. (22)

In highwall mining, the safety factor of the rib pillar is
typically required to be more than 1.3 [31, 32]. Furthermore,
the theoretical value and measured value of the rib pillar’s
damaged width are compared with the rib pillar’s retaining
width in combination with the abovementioned examples.
�us, it is demonstrated that the rib pillar remains stable,
when the damaged width of the rib pillar is between 30% and
35% of the rib pillar’s width. However, instability occurs
when the rib pillar exceeds this range.

In conclusion, in highwall mining, two conditions must
be simultaneously satis�ed to maintain the rib pillar’s sta-
bility [33]. �e �rst condition is that the rib pillar safety
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Figure 7: �e in�uence curve of damaged width of rib pillar by
burial depth.
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factor must be more than the limited value; the second
condition is that the damaged width of the rib pillar must be
less than the limited value.

�e radial stress of the surrounding rock around the
cavern is gradually released, the equilibrium stress of the
original rock is destroyed, and the stress of the overburden
rock is gradually transferred to the rib pillar on both sides of
the cavern, after the excavation of the cavern has completed.
�us, the stress of the rib pillar gradually increases. During
this period, the primary �ssure of the rib pillar gradually
develops and extends, the secondary crack gradually accu-
mulates, the internal friction angle of the coal body gradually
increases, and the cohesion force gradually decreases. �e
surroundings of the rib pillar start being destroyed, and
when the face is excavated in the vicinity of the cavern, the
rib pillar is subjected to a mining superimposed stress load.
Additionally, the rib pillar between the caverns is not
subjected to lateral stress. �erefore, the rib pillar gradually
produces a higher stress concentration in this state, which
makes the inner crack of the pillar expand further and pass
through, while the surrounding rock around the pillar
gradually breaks down and falls o�.�e elastic core region of
the rib pillar under the overburden load gradually decreases,
and the area of the yield zone gradually increases. Once the
elastic core area is below the critical value of the rib pillar’s
instability failure, the instability failure of the rib pillar
occurs.

6. Conclusions

A �eld test and theoretical mechanical model were com-
bined to investigate the damaged width of rib pillars in open-
pit highwall mining and optimize the reasonable width of the
rib pillar. Additionally, the instability mechanism of the rib
pillars in open-pit highwall mining was analyzed in a simple

manner. �e following conclusions were drawn from this
study:

(1) As shown in the images captured by a borehole
camera, the monitored rib pillar deformation in-
dicates that the 4m rib pillar was damaged com-
pletely by the coalescence of internal cracks. Using
mechanical model analysis, the calculation of the rib
pillar’s damaged width was compared under dif-
ferent failure criteria, which further veri�es the
unique advantage of the Hoek–Brown criterion.

(2) �e formulas obtained by mechanical model analysis
were validated against data obtained by �eld mon-
itoring. Based on the data obtained from the open-pit
mine in this paper, the relative error value obtained
by applying the Hoek–Brown strength criterion was
6.6%, but the relative error value obtained by ap-
plying the Mohr–Coulomb strength criterion was as
high as 53.6%. �e result calculated based on the
Hoek–Brown criterion is more consistent with the
�eld observations.

(3) Studies have shown that the main factors a�ecting
the damaged width of the rib pillar rp are as follows:
Wp, We, H, and β. However, the function re-
lationships between rp andWp,We, H, and β in the
boundary equation, which was obtained by applying
the Mohr–Coulomb failure criterion, were inversely
proportional, directly proportional, increasing near-
linearly, and decreasing near-linearly, respectively.
�e function relationships between rp and Wp, We,
H, and β in the boundary equation obtained by
applying the Hoek–Brown failure criterion were the
tanti-logarithm, exponent, similar exponent, and
periodic function of the minimal �uctuation am-
plitude. Generally, the application of the Hoek–
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Figure 8: �e in�uence curve of damaged width of rib pillar by the dip angle of coal seam.
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Brown failure criterion in the analysis of jointed rock
mass failure is closer to engineering practice than the
Mohr–Coulomb failure criterion.
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