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In view of the obvious loose and weak occurrence characteristics of the deeply
buried thick weakly cemented stratum in the western mining area of China, the
bearing characteristics and stability mechanism of the macrography surrounding
rock pressure arch (SRPA) are studied. Firstly, considering the engineering
characteristics of deep mining, a SRPA model with trapezoidal load was
constructed based on the three-hinged arch theory, the shape characteristic,
rise-span ratio and arch thickness equations were derived, the arch thickness
under different stress paths is analyzed to characterize the bearing performance
of pressure arch. Secondly, the internal force distribution law and destabilization
damage type were studied by establishing a two-dimensional bearing SRPA model
through arch without articulation theory. The instability type and location can be
accurately judged and verified by simulation of similar materials. The results show
that, the rational arch axis of SRPA is a cubic parabola with opening downward, its
rise-span ratio is between 0.3 and 0.5. Increasing the rise-span ratio and lateral
pressure coefficient can promote the stable bearing capacity of arch. Axial force
distribution on the SRPA section is basically consistent with the arch axis, and the arch
has the best bearing characteristics. The positive bending moment occurs in the
ranges of [0°, 30°] and [81°, 90°] on both sides of the symmetry axis, where is prone to
tensile failure. The maximum shear force is concentrated on the arch waist and
skewback, and these sections are prone to shear failure. The instability modes of
SRPA can be divided into “skewback—vault (arch waist)” and “vault (arch waist)—
skewback”. The research results have theoretical guiding significance for mining roof
management.
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1 Introduction

A series of mining damage and environmental problems caused by coal mining are
related to strata movements; therefore, revealing the bearing characteristics of mining
overburden is the key to understand the movement law of overburden in stope (Ning et al.,
2017; Genis et al., 2018; Li et al., 2020; Zhang et al., 2021). The mining area in western China
is a typical Cretaceous and Jurassic coal-rich area, and the stratum in this area has the
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particularity of diagenetic environment, diagenetic age, and
sedimentary process. Rocks often exhibit low strength, weak
cementation, large porosity, easy weathering, sensitivity to
disturbance, etc., thus, many scholars collectively refer to this
layer type as weakly cemented stratum (Zhao and Liu 2021).
The stratum has poor self-stabilization ability due to mining
disturbances, and accidents such as partial roof caving, coal wall
spalling, and step sinking often occur in the mining process. At
present, the shallow resources with buried depth of 100–300 m in
typical western mining areas are gradually being exhausted, and
coal mining gradually enters depths of 400–700 m. With the
continuous increase in mining depth and intensity, large areas
of coal wall spalling, large shrinkage of the hydraulic support
column, and even support crushing appear frequently during
the mining process (Mark, 2019; Bednarek and Majcherczyk
2020; Zhang et al., 2020). It was found out that the mining area
with rich groundwater, such as in Shaanxi, Mongolia, etc., can show
a deep mechanical state when the mining depth is 400–500 m (Xie
et al., 2015; Zhang et al., 2019). Existing analyses of the bearing
characteristics and stability of the overlying strata spatial structure
in the mining field focus mainly on the cracked overlying strata in
the beam or plate structure. The previous research results have
proven that weakly cemented rocks have obvious loose and weak
characteristics (Sun et al., 2019), and their bearing performance
under the influence of disturbance is characterized by the pressure
arch structure.

Surrounding rock pressure arches (SRPAs) exist widely in
underground cavern engineering, such as mining fields and
tunnels (Dancygier et al., 2016; Wang et al., 2019a; Oge 2020).
As a classical problem of geomechanics, SRPAs have always been a
research hotspot, including the stress distribution in pressure arch
(Pardo and Saez 2014; Shabanimashcool and Li 2015), and
application of the pressure arch in geotechnical engineering
(Chen and Martin 2002; Yang et al., 2021). Since Platt’s collapse
arch theory and the “pressure arch hypothesis” of mining overlying
strata were proposed, the arch shape of the fracture boundary line
of the mining rock and the arch effect of stress self-adjustment have
been widely considered (Das 2000; Poulsen 2010; Kong et al., 2018).
The earliest theory using the arching effect of surrounding rock to
explain the ground pressure during longwall mining is the stress
arch hypothesis (Kratzsch 1983). In this hypothesis, the stress arch
is regarded as the bearing structure during overlying strata
movement. Based on the research of the macroscopic SRPA, the
theory of internal and external stress fields of the overlying strata
spatial structure in the mining field, the near-field “cracked arch”
and the far-field “stress arch” structure model were proposed. The
“double arch” model of the mining field overlying strata is the
mechanical expression of the self-bearing characteristics of the
rock body and the arch effect of compressive stress (Wen et al.,
2015). Zou (1989) analyzed a series of mechanical phenomena
caused by mining activities from the point of view of the stress field
and deduced that there was a “large structure” in the form of a
macroscopic pressure arch in the overlying strata in the longwall
working face. Du et al., 2011 discussed the stress transfer in
surrounding rock during the advancing process of the working
face combining numerical simulation and similar physical model
methods, indicating that high stress concentration areas are formed
in the far-field high level rock layer and surrounding rocks on both
sides, which is called mining SRPA. There is no unified standard for

the morphological characteristics of SRPA in rock movement. On
the one hand, a theoretical model of the stress arch is established
based on the three-hinged arch model in structural mechanics, the
stress on the vertical boundary being a uniform load, and the stress
on the horizontal boundary being a uniform load or trapezoidal
load (Xia et al., 2018; Wang et al., 2019b; Kong et al., 2021). On the
other hand, the derivation of morphological characteristic
equations and instability discrimination were carried out based
on Platt’s pressure arch theory and the Terzaghi soil arch effect
assuming the arch to be a semicircular, semielliptical and parabolic
model (Pardo et al., 2014; Zhao et al., 2021); however, which is the
most reasonable arch axis has not been considered according to
engineering practice. Regarding the bearing characteristics and
stability analysis of SRPA, previous studies were conducted
mainly from the distribution characteristics and deflection
direction of the principal stress in surrounding rock through
numerous numerical simulations (Yavuz 2004; El Kamash et al.,
2021). There is no index to characterize the load-bearing
performance of the SRPA and the factors affecting the
characteristics of the arch effect area. Meanwhile, the instability
area of the SRPA is not accurately judged according to the stability
criterion.

In this paper, the bearing characteristics and stabilization
mechanism of the macroscopic SRPA are investigated with respect
to the occurrence characteristics of the deeply buried giant-thickness
and weakly cemented stratum in the western mining area. First, based
on the three-hinged arch theory a mechanical model of the
macroscopic pressure arch was established. The boundary
conditions were trapezoidal loads in both the vertical and
horizontal directions, consistent with actual engineering practice.
Then, the axis equation and rise-span relationship of SRPA were
deduced. Second, the range of the arch area under different stress
paths was determined according to the morphology of the arch axis,
combining with the inner and outer boundary positions of the
pressure arch. The arch thickness and its bearing characteristics
were studied. Finally, based on the arch without articulation
theory, combining with the calculated arch axis equation, a two-
dimensional mechanical model of SRPA was established to study the
distribution of internal forces and failure types when the model was
loaded.

2 Theoretical model

The SRPA is the mechanical root cause of the elevated abutment
pressure of the coal rock body around the working face and
dramatic mine pressure behaviors. The SRPA a redistribution of
stress state caused by the self-adjustment of overlying strata to
resist the uneven deformation of the medium caused by mining,
that is, the principal stress changes, the direction is deflected, and
the load transfer path deviates from the arch structure tangential
compression area (Jaouhar et al., 2018). At the same time, the load
is transferred to the stable rock mass at the skewback position,
giving full play to its self-bearing capacity manifestation. The
characteristics of SRPA conform to the arch without articulation
in structural mechanics, which is a typical cubic statically
indeterminate structure. In the calculation of the internal force
distribution law of the statically indeterminate arch, the equation of
the arch axis and the variation law of the arch section must be
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determined. Due to the complicated analysis process of statically
indeterminate problems, studies have shown that if the influence of
axial deformation is neglected when calculating statically
indeterminate arch structures, the reasonable axis of statically
indeterminate arches is the same as the corresponding three-
hinged arch (Jiang et al., 2008). In this paper, the reasonable
arch axis of the three-hinged arch is used as the reasonable arch
axis of the SRPA. The axis equation of the SRPA is calculated, and
then the arch without articulation is taken as the research object to
calculate the internal force distribution law of the SRPA.

2.1 Assumptions and boundary conditions

Before theoretical analysis, the model is simplified as follows.

• The SRPA dynamically evolves with the mining influence,
and the pressure arch in the far-field under the condition of
full mining (the working face length is equal to the
advancing length) was selected for analysis, as shown in
Figure 3.

• The physical and mechanical properties of the giant-thick
weakly cemented laminated rock mass are relatively similar.
The tensile strength of weakly cemented rock is less than
2 MPa, the compressive strength is less than 20 MPa, the
elastic modulus is less than 2 GPa, and the cohesion is less
than 10 MPa. So we assumed that the surrounding rock is a
homogeneous and continuous medium (Li et al., 2016).

• The SRPA is a shell structure with a certain thickness, and the
centroid line of the arch structure is the research object when
analyzing the characteristics of the pressure arch shape.

• The SRPA contains an unstable and broken rock mass, and the
supporting reaction force to the arch is not considered in the
model construction process.

• The SRPA formed under certain buried depth conditions, For
the convenience of calculation, the boundary conditions are set
as follows: The vault bears a centrally symmetrical vertical
trapezoidal load, and both sides of the arch bear a horizontal
linear trapezoidal load.

2.2 Morphological characteristics

The three-hinged arch rational arch axis equation of structural
mechanics is used as the morphological characteristic equation of

the SRPA. For SRPA, to maintain balance and stability, the
bending moment M and the shear force Q on the section
where the arch axis located must be zero. To study the
morphological characteristics of SRPA (rational arch axis and
rise-span ratio), a mechanical model is established, as shown in
Figure 1. Among them; Figure 1A shows the actual load
distribution state of SRPA in deep mining area. The vault
bears a centrally symmetrical filling load, and both sides of the
arch bear a horizontal linear trapezoidal load. For convenience of
calculation, the vertical stress of overlying is equivalent to
trapezoidal load, as shown in Figure 2B.

As displayed in Figure 1A, the force analysis shows that the
horizontal thrusts TA and TB and the vertical reaction forces NA

and NB act on the front and rear arch feet A and B, respectively, and
the horizontal trapezoidal load qx � (q2 − q1)y/h + q1 while, the
vertical trapezoidal load qy � (q4 − q3)x/s + q3 are act on any
Section P (x, y). For trapezoidal load q1 � λγ(H − h), q2 � λγH, q3 �
γ(H − h) and q4 � γH, in these formulae h is arch rise, s is half of the
arch span, λ is the lateral pressure coefficient, γ is the density of the
rock mass; and H is the mining depth.

Horizontal thrust: Tx � ∫y

0
qxdy � q2 − q1( )y2

2h
+ q1y, (1)

Vertical pressure: Ty � ∫x

0
qydx � q4 − q3( )x2

2s
+ q3x. (2)

Taking any point P (x, y) on the left span axis of the SRPA, as
shown in Figure 1B, a force analysis is performed and according to the
moment balance equation, obtained as follows:

Tcy � x q4 + 2q3( )
3 q4 + q3( ) · Ty + y q2 + 2q1( )

3 q2 + q1( ) · Tx, (3)

where Tc is the horizontal force at point C of the vault, y(q2+2q1)
3(q2+q1)

and x(q4+2q3)
3(q4+q3) are the concentrated load action points of the

horizontal trapezoidal stress and the vertical trapezoidal
stress, respectively.

Substituting Eqs. 1–2 into Eq. 3, the following equation is obtained
as follows

Tc � 3H − 2h( )γ[ ] λsy3 + hx3( ) + 2 3H − 2h( ) H − h( )γ[ ] λy2 + sx2( )
6 2H − h( )sy .

(4)
According to the force balance condition in the X-axis direction

Tc � Tx + fsqy, (5)

FIGURE 1
Diagram of SRPA (Surrounding rock pressure arch): (A) Stress analysis of filling load; (B) Stress analysis of trapezoidal load state; (C) Left half-span isolator.
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where f is the coal-rock friction factor, which is related to the hardness
of the coal and rock mass. Generally, the harder the rock is, the larger
the value (Cai 2013).

Substituting Eqs. 1–2 into Eq. 5, the following equation can be
obtained

Tc � 1
2
λγy2 + λγ H − h( )y + γsfH + γhf x − s( ). (6)

By combining Eqs. 4, 6, the axis equation of the SRPA can be
obtained as follows

3H − 2h( )γh
6 2H − h( )s x3 + 3H − 2h( ) H − h( )γ

3 2H − h( ) x2

� γλ 3H − h( )
6 2H − h( ) y

3 + 3H − h( ) H − h( )λγ
3 2H − h( ) y2 + γsf H − h( )y

+ γhfxyx ∈ 0, s[ ], y ∈ 0, h[ ]. (7)

The axis equation of SRPA can be written as

a · y3 + b · y2 + c · y + d � 0, (8)
where

a � γλ 3H − h( )
6 2H − h( )

b � 3H − h( ) H − h( )λγ
3 2H − h( )

c � γsf H − h( ) + γhfx

d � − 3H − 2h( )γh
6 2H − h( )s x

3 + 3H − 2h( ) H − h( )γ
3 2H − h( ) x2[ ].

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(9)

Eq. 8 is a cubic equation of one variable. In the range of
x ∈ [0, s], y ∈ [0, h], it has a unique real number root

y � m + n − b

3a
, (10)

where

m � 





u + v3

√

n � b2 − 3ac
9am

⎧⎪⎪⎨⎪⎪⎩ . (11)

In Eq. 11, u and v are calculated by the following equations

u � 9abc − 27a2d − 2b3

54a3

v �


































3 4ac3 − b2c2 − 18abcd + 27a2d2 + 4b3d( )√

18a2

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
. (12)

Substituting x=s and y=h into Eq. 7, then the relationship between
the arch rise (h) and span (2 s) of the SRPA can be derived,
expressed by

3H − 2h( )2s2
2H − h( ) − 6Hhfs − 3H − h( )λh2 � 0. (13)

2.3 Internal force distribution

The reasonable axis of the SRPA is a unary cubic function curve,
and the rational axis equation of the arch is established based on the
bending moment of any section of the three-hinged arch structure

being zero. When the arch without an articulation structure is used for
internal force analysis, the bending moment, shear force and axial
force still need to be generated due to the influence of the additional
internal force of the statically indeterminate structure. Therefore,
based on determining the reasonable axis of the SRPA, the internal
force distribution law of the SRPA is analyzed through the force
method equation of the cubic statically indeterminate problem of the
arch without articulation in structural mechanics. A coordinate system
is established, as shown in Figure 2A, with the origin at the center of
the arch without an articulation structure. Due to the symmetry of the
arch structure, establishing half of the structure for analysis (see
Figure 2B) and cutting along the middle of the arch with three
unknown forces X1, X2, and X3 in the cross section, which are the
bending moment, axial force and shear force respectively. Due to the
symmetry of the structure and load, the antisymmetric internal shear
force on the central section is 0, that is X3=0. X1, and X2 can be solved
according to the force method equations.

δ11X1 + Δ1p � 0
δ22X2 + Δ2p � 0,{ (14)

where δ11 and δ22 are the displacements generated under the action of
unit force X1 � 1, X2 � 1 and Δ1p and Δ2p represent the
displacements of point C along the X1 and X2 directions under the
action of external force.

According to the displacement calculation equation of the
statically determinate structure, the rotation angle and
displacement δ11 and δ22 of point C under the action of unit force
X1 � 1, X2 � 1 can be calculated as follows

δ11 � 1
EI

∫s

0







1 + y′

√
dx

δ22 � 1
EI

∫s

0
y2







1 + y′

√
dx.

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (15)

The bending moment of any section under an external load can be
written as

Mc � x q4 + 2q3( )
3 q4 + q3( ) · Ty + y q2 + 2q1( )

3 q2 + q1( ) · Tx. (16)

Accordingly, the displacements Δ1p and Δ2p of point C under an
external load can be calculated as follows

Δ1p �
∫s

0
Mc







1 + y′

√
dx

EI

Δ2p �
∫s

0
Mcy

2






1 + y′

√
dx

EI

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
. (17)

Substituting Eqs. 15, 17 into Eq. 14, can be obtained as follows

X1 �
∫s

0
Mc







1 + y′

√
dx

∫s

0







1 + y′

√
dx

X2 �
∫s

0
Mcy

2






1 + y′

√
dx

∫s

0
y2







1 + y′

√
dx

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
. (18)
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Substituting Eqs. 1, 2, 16, into Eq. 18, the following equation can be
obtained

X1 �
∫s

0

x q4 + 2q3( )
3 q4 + q3( ) · q4 − q3( )x2

2s
+ q3x[ ] + y q2 + 2q1( )

3 q2 + q1( ) · q2 − q1( )y2

2h
+ q1y[ ][ ] 






1 + y′
√

dx

∫s

0







1 + y′

√
dx

X2 �
∫s

0

x q4 + 2q3( )
3 q4 + q3( ) · q4 − q3( )x2

2s
+ q3x[ ] + y q2 + 2q1( )

3 q2 + q1( ) · q2 − q1( )y2

2h
+ q1y[ ][ ]y2 






1 + y′
√

dx

∫s

0
y2







1 + y′

√
dx

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

.

(19)

After calculating the redundant unknown forces X1 and X2 of
the statically indeterminate structure, the internal force formula of
any section of the arch without articulation can be obtained
according to the equilibrium conditions of the isolated body, as
shown below

M x( ) � Mc +X1 +X2 · y
Q x( ) � X2 · sin θ − Tx · sin θ − Ty · cos θ
N x( ) � X2 · cos θ + Ty · sin θ − Tx · cos θ

⎧⎪⎨⎪⎩ , (20)

where M(x), Q(x) and N(x) are the bending moment, shear force and
axial force of any section of arch without articulation respectively; and
sin θ � y′/










1 + (y′)2

√
, cos θ � 1/










1 + (y′)2

√
.

Substituting Eqs. 1, 2, 16, 19 into Eq. 20, the internal force
distribution of any section of SRPA can be written as

M x( ) � x q4 + 2q3( )
3 q4 + q3( ) · q4 − q3( )x2

2s
+ q3x[ ] + y q2 + 2q1( )

3 q2 + q1( ) · q2 − q1( )y2

2h
+ q1y[ ]{ }+

∫s

0

x q4 + 2q3( )
3 q4 + q3( ) · q4 − q3( )x2

2s
+ q3x[ ] + y q2 + 2q1( )

3 q2 + q1( ) · q2 − q1( )y2

2h
+ q1y[ ]{ } 






1 + y′
√

dx

∫s

0







1 + y′

√
dx

+

x q4 + 2q3( )
3 q4 + q3( ) · q4 − q3( )x2

2s
+ q3x[ ] + y q2 + 2q1( )

3 q2 + q1( ) · q2 − q1( )y2

2h
+ q1y[ ]{ } · y

N x( ) �
∫s

0

x q4 + 2q3( )
3 q4 + q3( ) · q4 − q3( )x2

2s
+ q3x[ ] + y q2 + 2q1( )

3 q2 + q1( ) · q2 − q1( )y2

2h
+ q1y[ ]{ }y2 






1 + y′
√

dx

∫s

0
y2







1 + y′

√
dx

· 1








1 + y′( )2√

+ q4 − q3( )x2

2s
+ q3x[ ] · y′









1 + y′( )2√ − q2 − q1( )y2

2h
+ q1y[ ] · 1









1 + y′( )2√

Q x( ) �
∫s

0

x q4 + 2q3( )
3 q4 + q3( ) · q4 − q3( )x2

2s
+ q3x[ ] + y q2 + 2q1( )

3 q2 + q1( ) · q2 − q1( )y2

2h
+ q1y[ ]{ }y2 






1 + y′
√

dx

∫s

0
y2







1 + y′

√
dx

· y′








1 + y′( )2√

− q2 − q1( )y2

2h
+ q1y[ ] · y′









1 + y′( )2√ − q4 − q3( )x2

2s
+ q3x[ ] · 1









1 + y′( )2√

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

.

(21)

3 Model application and discussion

3.1 Research background

The Hongqinghe Coal Mine is located in the Dongsheng Coalfield,
which is a typical mine with weakly cemented strata, and the main
mining coal seam is 3–1, with an average burial depth of 650 m, an
average thickness of 6 m and an average dip angle of 2°. The working
face adopts the comprehensive mechanized coal mining method of
single inclined longwall mining with full height at one time, and the
roof is managed by the full caving method. The length of the working
face is approximately 300 m, the strike length is approximately
3,300 m, and the average propulsion speed is 12 m/d. The
measured uniaxial compressive strength of rock is
11.56–37.89 MPa, the tensile strength is 0.74–2.4 MPa, the cohesion
is 0.66–6.77 MPa, the internal friction angle is 10.56–30.65, and the
friction coefficient of the coal and rock is approximately 0.22–0.34.
The lateral pressure coefficient is between 0.8 and 1.5 (Sun et al., 2019).
The immediate roof is a composite roof composed of mudstone,
carbonaceous mudstone and coarse sandstone with an average
thickness of 12 m, and the main roof is fine sandstone with an
average thickness of 20 m. Above the main roof are mainly Jurassic
and cretaceous weakly cemented strata. The occurrence characteristics
and fracture morphology of overlying strata rocks are shown in
Figure 3.

3.2 Reasonable axis analysis

The rational arch axis equation is an important characterization of
the morphological characteristics of SRPA. According to the
calculation results of Eq. 9, the rational arch axis equation of SRPA
is a unary cubic function. In the range of x ∈ [0, s], y ∈ [0, h], selecting
λ=1.2, f=0.3 and γ=27 kN/m3, the morphological characteristics of the
rational axis of the pressure arch in the far field surrounding rock in
the full mining stage of the Hongqinghe Coal Mine are described in
combination with Eq. 10.

As shown in Figure 4, the morphological characteristics are a cubic
parabola with a downward opening, which is different from the axis
equations of semicircle, semi-ellipse and quadratic parabola obtained

FIGURE 2
Calculating model of internal force of SRPA (Surrounding rock pressure arch): (A) Stress analysis, (B) Left half-span isolator.
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by uniformly distributed load studies (Xia et al., 2018, Wang et al.,
2019), thus, the change of boundary conditions affects the shape of
arch axis. The height of SRPA at the stage of full mining is 127 m.
According to the prediction model of the water-conducting fracture
zone (He et al., 2020), the height of the water-conducting fracture zone
at the stage of full mining of the Hongqinghe Coal Mine is
105.5–114 m. Combined with Figure 3, the limit equilibrium zone
range is 5–10 m. The calculated development height of the water-
conducting fracture zone is 117–122 m, similar to the prediction
model.

3.3 Rise-span relationship analysis

The rise-span relationship of the SRPA can be used to characterize
the degree of the arch structure frankness and steepness, and it is an
important index to reflect the force characteristics and distribution in
arch. According to Eq. 13, the rise-span relationship of SRPA is related
to mining depth H, friction factor f of the coal-rock mass, and lateral
pressure coefficient λ. According to the measured data of the
Hongqinghe Coal Mine, different parameters in Table 1 are
selected and substituted into Eq. 13 to calculate, and the variation

of SRPA rise-span ratio with lateral pressure coefficient λ and friction
factor f of coal and rock mass is obtained.

As shown in Figure 5, according to the field-measured data, the
rise-span ratio is between 0.3 and 0.5, and the long axis of the SRPA is
the span, which is a flat arch structure along the advancing direction of
the working face. The rise-span ratio increases non-linearly with
lateral pressure coefficient increasing. When λ < 1, the growth rate
is larger, and when λ > 1, the growth rate is slower. Lithology change
has a significant influence on the mechanical characteristics of SRPA.
With the enhancement of lithology, the larger the rise-span ratio of
SRPA is, the less the influence of the lateral pressure coefficient is.
Under the same lateral pressure coefficient, the harder the overlying
strata are, the smaller the flattening rate. The analysis results are
consistent with the numerical results in the literature obtained by Zhao
(Zhao 2018).

3.4 Internal force analysis

The internal force distribution of SRPA is related to the
morphological characteristics of the arch and external load. Since it
is difficult to find the analytical solution for the calculation result of Eq.
21, Mathematica software is used to find the numerical solution.
According to the actual data of the Hongqinghe Coal Mine, λ=1.2,
f =0.3 and γ =27 kN/m3 are selected, and the internal force distribution
in the unhinged arch is calculated.

The illustration is displayed in Figure 6: under the trapezoidal
load, the internal force distribution law of any section of the SRPA is as
follows:

• The internal force at any section of SRPA has shear force,
bending moment and axial force, and the axial force is
always greater than the bending moment, and shear force.
According to the provisions of “structural mechanics”, the
axial forces in the figure are pressures, so the SRPA is
maintained mainly by axial compression of any section to
maintain the stability and bearing characteristics of the
pressure arch.

• The axial compression of any section of SRPA is axially
symmetric, and the distribution characteristics are basically

FIGURE 3
Occurrence characteristics and fracture morphology of overlying strata in Hongqinghe Coal Mine.

FIGURE 4
Morphological characteristic curve of SRPA (Surrounding rock
pressure arch).
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consistent with the arch axis equation. In this case, the SRPA can
achieve the best bearing performance. The pressure value
increases from 77 kN at the vault position to 114 kN at the
skewback position, by 48%.

• The bending moment of any section of SRPA is also axially
symmetric, and three regions can be defined. The bending
moment of any section of SRPA is greater than zero in the
range of [0°, 30°] and [81°, 90°] on both sides of the axis of SRPA
symmetry. According to the provisions of the bending moment
direction in Figure 2 (counterclockwise is positive), the bending
moment of any section of this region is taken for analysis. The
bending moment of any section of the arch is tensile stress inside
and compressive stress outside, and the SRPA is vulnerable to
tensile failure in this region. Within the range of [30°, 81°] of the
SRPA symmetry axis, the bending moment of the section is less
than zero, indicating that the inner side of the arch is subjected
to compressive stress, while the outer side is tensile stress.

• The shear force at any section of SRPA still presents an
axisymmetric distribution, which can be divided into two
parts. The value of shear stress is greater than zero in the
range of [0°, 62°] on both sides of the SRPA symmetry axis,
and the shear direction is directed to the center of the SRPA.
Within the range of [62°, 90°], the sectional shear is less than
zero, indicating that the shear direction deviates from the center
of the SRPA.

4 Analysis of mechanical properties

4.1 Bearing characteristics

The reasonable axis equation and rise-span relationship are
calculated by the SRPA model, and the calculation process of

pressure arch is simplified into a compressive stress line, but in
fact, the pressure arch is a shell structure with a certain thickness.
Meanwhile, to form a stable bearing structure, SRPA should satisfy the
arch structure of the rise-span relationship and arch thickness. Here,
the thickness of the pressure arch is used to characterize its bearing
characteristics. The thickness indicates the degree and range of the
disturbed surrounding rock, which means that a small arch thickness
can bear the small load of the arch itself and surrounding rock, and a
large thickness can bear a larger surrounding rock load. Additionally,
the thickness of the arch is determined mainly by the position of the
inner and outer boundary lines of the pressure arch.

Currently, the determination of the inner and outer boundaries
of the pressure arch is focused mainly on tunnel excavation, which is
determined by the stress field characteristics. Three main criteria
judge the outer boundary of the pressure arch: tangential stress,
principal stress deflection, and the maximum principal stress judging
criterion. Two main criteria determine the inner boundary of the
pressure arch: The tangential stress judging criterion and the
extreme value of the principal stress inside the arch (Chen et al.,
2011; Rezaei et al., 2015, He and Zhang 2015). However, the mining
field surrounding rock is different from small section excavation
projects such as tunnels and caverns. As the coal seam continues to
be mined, it is damaged rock range and the structural characteristics
of the pressure arch develop dynamically upward, resulting in
different stress distribution characteristics of the rock in different
areas. It is unreasonable if the boundary location of different paths is
determined by using the criterion of determining the boundary
inside and outside the arch of the same SRPA. Therefore, it is
necessary to determine the optimal arch range according to the
judging criterion of the inner and outer boundaries of different stress
paths. The stress examination path of the SRPA is defined as the
vertical path from the center of the vault upward (such as “J” path in
Figure 7), the arc path of arch waist backward to the arch body (such
as “B-I” path in Figure 7) and the horizontal path of the skewback
away from the arch body (such as “A” path in Figure 7). To facilitate
the analysis, this study considers mainly the variability of stress
distribution characteristics of the vault path and skewback path, the
arch waist and skewback path are approximately the same, and the
stress increasing is expressed as the abutment pressure magnitude of
each stratified overlying stratum.

The outer boundary of the vault path can be discerned according
to the definition of the SRPA. After coal mining, the surrounding rock
formed a circular flow line of the maximum principal stress, and the
direction of the maximum principal stress was deflected above the
vault of the pressure arch. Assuming that the maximum compressive
stress inside the arch is vertical, the maximum compressive stress from
the arch upward turned from vertical to horizontal, and the maximum
principal stress deflection point is taken as the base point of the outer
boundary of the pressure arch, i.e., the main stress deflection judging
criterion. Description of the degree of deflection of the maximum
principal stress vector at various points in the surrounding rock after

TABLE 1 Parameter assignment of SRPA (Surrounding rock pressure arch).

The parameter name Value The total number

Lateral pressure coefficient λ 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5 8

The friction factor f 0.22, 0.24, 0.26, 0.28, 0.3, 0.32, 0.34 7

FIGURE 5
Variation law of rise-pan ratio of SRPA (Surrounding rock pressure
arch).
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mining relative to its original direction can be expressed as the relative
magnitude of the maximum principal stress compared to the vertical
stress or horizontal stress. For example, for a stratum where the
vertical stress is the maximum principal stress, an index of relative
deflection δ is introduced to indicate the degree of deviation of the
maximum principal stress vector from the vertical direction, as shown
in Figure 8 (point A), which is defined as follows.

δ � σ max − σz( )
σ max

, (22)

where σmax is the maximum principal stress, and σz is the vertical
stress.

To facilitate the calculation, the direction of the maximum
principal stress vector gradually reverts to the vertical direction
when δ < 5%; however, the physical significance expressed by the
relative deflection index is not considered when δ> 5%.

The outer boundary of the skewback path can be analyzed
according to the stress characteristics of the skewback position. The
skewback position stress state is the range of unstable loads
transmitted above the arch or the degree of stress concentration in

the skewback part, i.e., the elastic zone range of over-abutment
pressure at the working surface. The tangential stress increase
factor D is introduced to reflect the degree of stress concentration
at the skewback location and the arch effect pressure transfer range,
such as the location shown at point C in Figure 8. For the convenience
of calculation, D=1.05 is defined as the outer boundary of the
skewback path.

D � σzz
σzz−ini

, (23)

where σzz is the tangential stress of the skewback path and σzz-ini is the
tangential stress of the skewback path in the original rock stress state.

For the vault and skewback path, inner boundary determination
can be based on the maximum main stress extreme value
determination criteria of the SRPA. After mining, the tangential
stress gradually increases, and then gradually returns to the original
stress. The point at maximum tangential stress is taken as the inner
boundary of the pressure arch. The specific applicable criterion is
shown in Table 2, and the locations of the inner and outer boundary
lines are shown in Figure 8 (point B, D).

FIGURE 6
Distribution rule of internal force of SRPA (Unit of bending moment: kNm; Unit of shear and axial force: kN).

FIGURE 7
Schematic diagram of the stress examination path.
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The relative deflection index of the SRPA vault path is
difficult to find by theoretical calculation, but it can be found
by numerical simulation of the deflection characteristics of the
principal stress (Kong et al., 2018), which is not discussed here.
To study the influencing factors and variation laws of the SRPA
thickness, the theoretical formula for calculating the arch
thickness is proposed through the limit equilibrium
conditions at the skewback.

σtA � σrAtan
2 45+ + φ

2
( ) + 2C tan 45+ + φ

2
( ), (24)

where σtA and σrA are the tangential stress and radial stress at skewback
A, respectively; C is the cohesion; and φ is the internal friction angle.

σtf � Tc

t sinφ
� λrHh + rsfH − 1/2λrh2

t sinφ
, (25)

σrf � rhs

2 sinφ
, (26)

where σtf and σrf are the tangential and radial stress extremes at the
base of the SRPA, respectively, and t is the thickness of the SRPA.

Substitute Eqs. 24, 25 into Eq. 26 to simplify, we can obtain the
thickness of SRPA

t � λrHh + rsfH − 1
2 λrh

2

rhstan 2 45+ + φ
2( ) + 2Ctan 45+ + φ

2( ) sinφ. (27)

Eq. 27 shows that the arch thickness is affected mainly by the
lateral pressure coefficient λ, the friction factor f of coal-rock body, the
internal friction angle φ of overlying strata, the cohesion C and the
burial depth H. According to the actual measurement data of the
Hongqinghe Coal Mine, the values assigned to different parameters
are listed in Table 3.

According to the analysis of all curve changes in Figure 9, when
the rise-span ratio is in the range of 0.2–0.4, the thickness of the
SRPA grows slowly with the increase of the rise-span ratio under the
same parameter. When in the range of 0.4–0.6, the arch thickness
increases rapidly with increasing rise-span ratio increasing,
indicating that larger rise-span ratio can achieve the stable
bearing characteristics. As shown in Figure 9A, when the rise-
span ratio of SRPA is kept constant, the arch thickness increases
as the lateral pressure coefficient rising. The larger the growth rate of
the lateral pressure coefficient is, the more obvious the bearing
characteristics of the arch, indicating that the increase in the
lateral pressure coefficient has significant beneficial effects on the
arch stability. As shown in Figure 9B, when the rise-span ratio of
SRPA remains constant, the arch thickness increases basically
linearly with lithological enhancement. For every 0.1 increase in
friction factor, the arch thickness increases by 10.0% on average,
illustrating that harder rocks increase the bearing performance of the
arch, which can ensure the overhanging overlying strata load is
effectively transferred to unmined rock formation in far field. As
shown in Figures 9C, D, with the increase in cohesion and internal
friction angle of the overlying strata, the tensile and shear strength
gradually increase, but the SRPA thickness gradually decreases at the
same time. The smaller the cohesion and internal friction angle are,
the greater range of the surrounding rock for stress adjustment, and
the larger arch thickness is needed to maintain a stable bearing. In
Figure 9D, when the rise-span ratio is less than 3.5, the arch thickness
is shown to be largely unaffected by the cohesion. According to the
results of Section 3.2, the rise-span ratio of the weakly cemented
stratum lies between 0.3 and 0.5 at the fully mining stage. According
to the analysis of the actual measurement data of the Hongqinghe
Coal Mine, the arch thickness of the weakly cemented stratum in the
fully mining stage is within 28–47 m.

FIGURE 8
Location of inner and outer boundaries of different stress paths in the SRPA (Surrounding rock pressure arch).

TABLE 2 Criterions for the application of different stress examination paths.

Pressure arch boundary judging criterions Examination paths

Vault Arch waist Skewback

Outer boundary Relative deflection index Tangential stress increase factor Tangential stress increase factor

Inner boundary Maximum principal stress extremes Tangential stress extremes Tangential stress extremes
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4.2 Stabilization mechanism

4.2.1 Instability criterion of SRPA
As the working face advances, the overlying stratum fractures

continue to evolve and penetrate, and the roof strata periodically
produce separation, fracture and collapse. With the self-organization
of surrounding rock, the peak area of the advance abutment pressure
at the working face moves deeper into the coal wall, and the high stress
area of the overlying strata moves deeper into the roof. The SRPA
shows a dynamic evolution of
equilibrium—expansion—limit—moving. The evolution and
stability of the SRPA is non-linear and dynamic. The stress
equilibrium state of the pressure arch determines its stability
characteristics. In other words, when the maximum stress value at
each place exceeds its rock limit bearing capacity, the pressure arch is
destabilized at that position, leading to the high stress continuing to
transfer to the deeper part and forming a new pressure arch. The SRPA
stability is expressed in the form of the relationship between the degree
of stress concentration caused by mining disturbances and the

strength of the layered rock mass. Due to the large variability of
the bearing capacity of the layered rock mass, the different space
distributions of the strength envelope and the different degrees of
stress concentration in each part of the vault, arch waist and skewback
caused by mining disturbance, different strength criteria should be
used to judge the stability of each part. Therefore, the dynamic
evolution instability modes of the SRPA under insufficient mining
conditions are classified into four types: Compression failure
instability, tensile failure instability, shear failure instability, and
compound failure instability.

Compressionfailureinstability: σ i ≥ σc
Tensilefailureinstability: σ i ≥ σt
Shearfailureinstability: σ i ≥ τ
Compoundfailureinstability: σ i ≥Min σc, σt, τ( )

⎧⎪⎪⎪⎨⎪⎪⎪⎩ , (28)

where σi is the equivalent stress suffered by each part of the vault, arch
waist and skewback, MPa, it can be obtained by theoretical calculation,
numerical and similar simulations. σc, σt, and τ are compressive
strength, tensile strength and shear strength of the layered rock

TABLE 3 Assignment of overlying strata parameters.

The parameter name Value The total number

Lateral pressure coefficient λ 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 6

The friction factor f 0.15, 0.2, 0.25, 0.3, 0.35, 0.4 6

The angle of internal friction φ (°) 10°, 15°, 20°, 25°, 30°, 35° 6

Cohesion C (MPa) 0, 2, 4, 6, 8, 10, 12 7

FIGURE 9
The variation law of the arch thickness of the SRPA (Surrounding rock pressure arch) with the rise-span ratio: (A) Lateral pressure coefficient, (B) Friction
factor, (C) Angle of internal friction, (D) Cohesion.
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mass, respectively, MPa. Where σc, σt, and τ are obtained by rock
mechanics experiments.

4.2.2 Types of instability in the SRPA
According to the bearing characteristics and destabilization

criterion of SRPA, its instability is first caused by the concentrated
stress in a key position exceeding the ultimate bearing capacity of the
surrounding rock, which causes the instability of other parts of the
pressure arch under the chain reaction and finally the dynamic
instability of the whole pressure arch. Through the distribution law
of the internal force of the cross-section shown in Figure 6, and the
exploration of the stability of surrounding rock shown in Figure 10, the
rock mass in the key part of the SRPA producing mainly the following
forms of damage destabilization.

• Tension failure of vault. As shown in Figure 6, the vault
location is subject mainly to the joint action of the section
bending moment and the section axial force, and the vault is
presented as compressive stress under the action of the
section axial force. Under the action of the section
bending moment, the section bending moment here is
greater than 0, and the maximum value of the bending
moment of the vault reaches 49 kNm. According to the
provisions of the direction of the bending moment in
Figure 2 (counterclockwise is positive), the vault position
in the section of the bending moment under the action of the
performance of the arch inner side of the tension outside the
pressure easily undergoes tensile failure. From the analysis of
the stability of the surrounding rock, the vault of the SRPA is
located in the complete rock layer at the top of the fractured
rock mass. The articulated rock block structure formed at its
lower part will produce inclined upward support reverse
stress on the vault in the process of maintaining stability,
which can be decomposed into tensile stress σz along the
vertical direction Z and compressive stress σx along the
horizontal direction X. When σz ≥ σc, tensile failure occurs
at the vault; when σx ≥ σt, compression failure occurs at the
vault. The tensile strength of the rock is much smaller than
the compressive strength. Usually, the compressive stress σx
has not yet reached the compressive strength σc, and the
tensile stress σz has exceeded the tensile strength σt of the
rock, leading to tensile damage to vault of SRPA. For example,
the initial breaking of main roof and key stratum.

• Compression-shear failure of the arch waist. As shown in
Figure 6, the location of the arch waist of the pressure arch is
affected by the joint influence of the section axial force and shear
force. The section shear force in this region is greater than 0, the
maximum value is 19 kN, where shear failure is very likely to
occur at the maximum location. From the analysis of the
stability of the surrounding rock, the arch waist is located in
the complete rock layer on both sides of the fractured rock mass.
Under the action of overlying strata clamping, the inclined
upward compressive stress of the articulated rock block
structure acts on the arch waist. Meanwhile, the arch waist is
also subjected to vertical compressive stress exerted by the mass
of the overlying strata. When the shear stress on the shear
surface at this location σi ≥ τ, shear failure occurs at the location
of the arch waist of the SRPA. For example, the periodic
breaking of main roof and key stratum.

• Tensile-shear composite failure of skewback. As shown in
Figure 6, the skewback of the SRPA will be affected by the
joint effect of the section shear force, section bending moment
and section axial force, and the internal forces here all reach the
maximum value in axis region of arch. The section bending
moment at skewback is positive, and the maximum value of
82 kNm, as in the above analysis, showing that this position is
very vulnerable to tensile failure. Meanwhile, the section shear
force is negative, and the maximum value is −23 kN, where
shear failure is easily induced. From the analysis of the stability
of surrounding rock, the skewback is located in the peak area of
the abutment pressure around the working face. The coal-rock
body at the skewback is subjected to the stress k0γh in the
vertical direction, while the coal-rock interlayer thrust Tmakes
the rock layer misalign, leading to the skewback part of the
larger mining disturbance stress σi, generally having σi ≥ max
(σc, σt, and τ), so tensile and compression-shear compound
failure destabilization occurs at the skewback. At the same
time, the instability of the skewback is regional and sequential.
For example, the periodic breakage of the immediate roof along
the coal wall is manifested as compression shear failure of the
skewback, and rib spalling at the working face is manifested as
tensile failure of the skewback.

In summary, the types of failure instability of the SRPA are as
follows: Tension failure at the vault, compression-shear failure at
arch waist, and tension-shear composite failure at the skewback. The
above types of instability occur independently, not simultaneously
but in sequence. According to the instability process of key parts of
pressure arch, the instability modes of SRPA can be divided into two
categories:

1) “Skewback—vault (arch waist)” instability mode. That is,
working face mining results in the gradual shift of skewback to the
depth of coal wall, and the instability of the skewback leads to the
instability of the vault (arch waist). Verified by similar material
simulation experiments, as shown in Figure 11. When the working
face advance to 75 m, the state is the stable state after the initial
fracture of key stratum I. At this time, the vault of pressure arch
develops to the position of key stratum II, as shown in Figure 11A.
When the working face continues to advance to 100 m, the key
stratum I is periodically broken. The excavation of the working

FIGURE 10
Types of instability in the SRPA (Surrounding rock pressure arch).

Frontiers in Earth Science frontiersin.org11

Yang et al. 10.3389/feart.2023.1125689

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1125689


face leads to the compression-shear failure of the direct roof at the
skewback, which leads to the tension and shear fracture of the key
stratum I at the arch waist, leading to the instability of the pressure
arch. At this time, the pressure arch develops toward the depth of the
coal wall, but not upward, as shown in Figure 11B. When the working
face continues to advance to 150 m, the key stratum II will be broken
for the first time. Similarly, the excavation of the working face will lead
to the direct roof breaking at the skewback, which will lead to the
tensile failure and instability of the key stratum II at the vault. At this
time, the pressure arch will not only develop toward the depth of the
coal wall, but also develop upward, as shown in Figure 11C.

2) “Vault (arch waist)—skewback” instability mode. That is,
working face mining results in primary and periodic fracture of
main roof or key stratum, the mining fissure and high stress zone of
surrounding rock gradually transfer to the deep coal and rock mass,
and a new pressure arch structure is formed in the depth. The
instability of the vault (arch waist) causes the composite instability of
the skewback. Verified by similar material simulation experiments,
as shown in Figure 12. When the working face advances to 70 m, this
state is the critical instability state of key stratum I. At this time, vault
of the pressure arch develops to the position of key stratum I, as
shown in Figure 12A. During the 30 min interval between the
stoping of the working face, the key stratum I is initial fracture at
this stage. The vault of the pressure arch is subject to tensile failure
and instability, resulting in the skewback position transferring to the
depth of the coal wall and the vault growing up to the position of key
stratum II, as shown in Figure 12B.When the working face continues
to advance to the 100 m position, at this time, the key stratum I is
periodically broken, and the tension shear fracture occurs at the arch

waist of the pressure arch, causing the skewback to transfer to the
depth of the coal wall, as shown in Figure 12C.

5 Conclusion and discussions

This paper aims mainly at the structural characteristics of deep
buried giant-thick weakly cemented strata in the western mining
area of China. The bearing characteristics and stability mechanism
of macroscopic SRPA are studied, and the conclusions are as
follows.

(1) The macroscopic SRPA rational arch axis is calculated to be a
cubic parabola with the opening downward, and the rise-span
ratio is between 0.3 and 0.5. The pressure arch is a flat arch
structure along the advancing direction of the working face, and
the rise-span ratio increases non-linearly with lateral pressure
coefficient and lithology increasing.

(2) According to the morphology of the arch axis, considering the
internal and external boundary position of the pressure arch and
the arch thickness, the range of the arch area under different stress
paths is determined. The SRPA thickness at the full extraction
stage is 28–47 m. Increasing the rise-span ratio and lateral
pressure coefficient of the pressure arch is conducive to
promote the stable bearing of the arch itself; the smaller the
cohesion and internal friction angle are, the thicker the arch is
needed to be maintain a stable bearing capacity.

(3) Based on arch without articulation theory and the calculated
arch axis equation, a two-dimensional mechanical model of

FIGURE 11
“Skewback—vault (arch waist)” instability mode: (A) State of key stratum I after initial fracture, (B) State of “skewback—arch waist” instability, (C) State of
“skewback—vault” instability.

FIGURE 12
“Vault (arch waist)—skewback” instability mode: (A) Critical instability state of key stratum I, (B) State of “vault - skewback” instability, (C) State of “arch
waist—skewback” instability.
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SRPA is established. The axial force distribution of the section
of the SRPA is basically consistent with the arch axis, which
can have the best bearing capacity. Within the range of [0°,
30°] and [81°, 90°] on both sides of the symmetry axis, tensile
failure easily occurs at the vault (49 kN·m) and skewback
(82 kN·m). The maximum shear force is 19 kN at the arch
waist and −23 kN at the skewback, and the pressure arch is
prone to shear failure. According to the instability process of
pressure arch key parts, the instability modes of SRPA can be
divided into “skewback—vault (arch waist)” and “vault (arch
waist)—skewback”.

The study of the bearing characteristics and stability mechanism of
macroscopic SRPA is used mainly to characterize the strong ground
pressure behavior and surface subsidence in the mining process of the
working face. In the future, we will focus on actively regulating the
dynamic evolution of arches. By adopting the technology of overlying
strata separation grouting, the grouting position can be accurately
determined to control the surface subsidence and maintain the
stability of the arch. Considering that the long-term existence of
arches will cause potential safety hazards, the strong ground
pressure behavior is controlled by roof hydraulic fracturing arch
breaking technology.
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