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Abstract How to ensure the safety of abandoned 
mine resources, scientifically develop and utilize 
abandoned mine resources, and promote the trans-
formation of resource-exhausted mining areas have 
become an important issue in the field of energy and 
environment in the world today. Aiming at the stabil-
ity of the surrounding rock in deep closed/abandoned 
mine chamber, the mechanical model of the sur-
rounding rock under the coupling effect of anchor-
age and seepage field was proposed. Considering the 
elastic brittleness degradation and plastic dilatancy 
effect of rock mass, the analytical solutions of stress 
and displacement of rockbolt-seepage-surrounding 
rock coupling system were respectively deduced, and 
the accuracy of the results were verified. Based on 
the analytical results, the evolution law of stress and 
displacement of the surrounding rock under the com-
bined action of seepage field and anchorage effect 
were further revealed, and a new quantitative design 
method of rockbolt parameters was proposed. Results 

show that the influence of rockbolt spacing and rod 
diameter on the mechanical field is obvious, while the 
rockbolt length and pre-tension load is small. Dense, 
short rockbolt with larger diameter should be used in 
the surrounding rock of deep chamber. The influence 
of seepage on the displacement of the surrounding 
rock is very significant. The more serious the seep-
age is, the more obvious the control effect of rock-
bolt on the displacement is. Appropriately increasing 
the density and diameter of rockbolt can effectively 
reduce the displacement of the surrounding rock.

Article Highlights

(1) Closed analytical solutions of stress and displace-
ment in deep buried abandoned chamber under 
the coupling effect of anchorage-seepage are 
respectively derived.

(2) The influence of rockbolt parameters and seepage 
field on the stress and displacement field of the 
surrounding rock is revealed.

(3) A new quantitative design method of rockbolt 
parameters is proposed.
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List of symbols 
p0  Hydrostatic stress
pi  Internal pressure at chamber wall
ri  Radius of the chamber
rb  Radius of plastic bolted zone
rp  Radius of plastic non-bolted zone
Sc  Circumferential spacing of rockbolt
Sl  Longitudinal spacing of rockbolt
Lb  Length of rockbolt
db  Diameter of rockbolt
E  Elastic modulus of the surrounding 

rock
μ  Poisson’s ratio of the surrounding 

rock
σr  Radial stress
σθ  Circumferential stress
εr  Radial strain
εθ  Circumferential strain
r  Radial distance from the center of the 

chamber
u  Radial displacement
σ1  Major principal stress
σ3  Minor principal stress
ε1  Major principal strain
ε3  Minor principal strain
η  Material constant for Mohr–Coulomb 

rock mass
ξ  Material constant for Mohr–Coulomb 

rock mass
c  Cohesion of the surrounding rock
φ  Internal friction angle of the sur-

rounding rock
Ψ  Dilation angle of the surrounding 

rock
Θ  Dilation coefficient
H  Total water head at r
hi  Water head at ri
hb  Water head at rb
Δh  Water head difference between ri and 

rb
γw  Unit weight of water
K  Equivalent pore water pressure coef-

ficient of rock
σr’  Total radial stress of the surrounding 

rock after applying the rockbolt
Ab  Cross-sectional area of the rockbolt
Eb  Elastic modulus of the rockbolt
εb  Axial strain of the rockbolt
C  Arrangement density of the rockbolt

Fb  Pre-tension load
εt  Axial strain of the rockbolt generated 

by pre-tension load
up’  Radial displacement of the plastic 

zone before applying the rockbolt
Superscript e  Elastic part of strain
Superscript p  Plastic part of strain
Subscript e  Refers to quantities corresponding to 

the elastic zone
Subscript p  Refers to quantities corresponding to 

the plastic non-bolted zone
Subscript b  Refers to quantities corresponding to 

the plastic bolted zone
Subscript bp  Refers to quantities corresponding at 

the interface between plastic bolted 
and non-bolted zone

Subscript pe  Refers to quantities corresponding at 
elastic–plastic interface

Subscript r  Values of rock mass parameters after 
strength drop

1 Introduction

Many factors, such as the gradual depletion of shal-
low coal resources, the structural reform of the energy 
supply side and the capacity reduction, have led to 
the closure of China’s resource-exhausted and back-
ward production capacity mines. It is expected that by 
2030, China’s closed mines will reach 15,000, and the 
resulting coal mine safety production and ecological 
environment problems in mining areas will become 
increasingly prominent (Yuan et al. 2018; Salom and 
Kivinen 2020; Artwell et  al. 2021; Mhlongo 2023; 
Chen et  al. 2023). In the context of ‘double carbon’ 
strategy, low carbon green sustainable development 
and circular economy, how to ensure the safety of 
abandoned mine resources, scientific development 
and utilization of abandoned mine resources, and pro-
mote the transformation of resource-exhausted min-
ing areas has become an important issue in the field 
of energy and environment in the world (Wang et al. 
2021; Yuan and Yang 2021).

At present, many countries have used closed/aban-
doned mines to store  CO2 and built pumped storage 
power stations, underground medical research cent-
ers, underground sanatoriums and underground shaft 
parking garages (Cui et al. 2020; Xue et al. 2022; Guo 
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et  al. 2023; Yang et  al. 2023). The geological con-
ditions and mining environment of mines in China 
are complex, and the utilization of closed/aban-
doned mines is still in its infancy. The deep closed/
abandoned mine chamber is affected by high in-situ 
stress and mine water seepage, and the evolution of 
mechanical properties of bolted rock is extremely 
complex, which leads to the hidden instability of 
chambers and is not conducive to the full life cycle 
service of chambers. Therefore, it is an important 
guarantee for the safe utilization of resources in aban-
doned mines to deeply reveal the multi-field coupling 
stability mechanism of the surrounding rock in aban-
doned mines (Fig. 1).

Many scholars have carried out extensive research 
on the stability of the surrounding rock of circu-
lar chambers considering seepage field. The main 
method is to regard seepage force as volume force. 
Li et  al. (2004), Zareifard and Fahimifar (2015), 
Huang and Yang (2010) obtained the analytical solu-
tion of circular tunnel based on Mohr–Coulomb and 
Hoek–Brown criteria, respectively. On the basis of 
seepage, Rong and Cheng (2004), Liu et  al. (2009), 
Zhang et al. (2013) respectively considered the influ-
ence of damage, stress redistribution and tempera-
ture, and deduced the elastic–plastic solution of cir-
cular tunnel. Based on the generalized effective stress 
principle, Zareifard (2018) gave the elastic analytical 
solution of pressure tunnel with permeable lining. 
Most of the above studies have only obtained the 
stress solution, and the plastic radius needs to be cal-
culated by numerical methods.

For the interaction between rockbolt and rock in 
the circular chamber, there are mainly the follow-
ing four treatment methods: the first is simplified to 
apply uniform pressure on both sides of the bolted 

zone (Li and Hou 2008; Cai et al. 2020); the second is 
regarded as the improvement of the surrounding rock 
parameters of the bolted zone (Osgoui and Oreste 
2010); the third is to convert the relative displace-
ment of the rockbolt and the surrounding rock into 
the force of the rockbolt on the surrounding rock (Cui 
et al. 2022); the fourth is to regard as increasing the 
radial stress of the surrounding rock. Among them, 
many scholars use the fourth method for theoretical 
analysis. For example, Fahimifar and Soroush (2005) 
derived the stress and displacement solutions of 
bolted surrounding rock under elastic-brittle-plastic 
and strain-softening models based on Hoek–Brown 
criterion. Zou et  al. (2018), Fahimifar and Ranjbar-
nia (2009) analyzed the stress and displacement of 
the bolted surrounding rock considering the seepage, 
the pre-tension load of the rockbolt and the effect of 
distance of bolted section to tunnel face, respectively. 
Carranza-Torres (2009) obtained the elastic solutions 
of the interaction between the grouted and anchored 
rockbolts and the surrounding rock by using the 
dimensionless coordinates. The solutions obtained 
in the above research are all numerical solutions 
obtained by MATLAB or FDM. Zhao et  al. (2016) 
decomposed the bolted surrounding rock into the 
initial state model before anchoring and the enhance 
model after anchoring. The analytical solutions of the 
above two models were obtained respectively, and 
then the elastic stress and displacement solutions of 
the bolted surrounding rock under the original model 
were obtained by superposition. Based on the strain 
softening model, Sun et  al. (2019) established the 
interaction model of rockbolt and surrounding rock, 
and analyzed the whole process, but they did not con-
sider the influence of seepage. Based on the elastic-
brittle-plastic model and considering the influence 
of seepage, Shin et al. (2011) derived the stress solu-
tion of the bolted surrounding rock and the displace-
ment of the tunnel surface. However, the elastic strain 
of the plastic zone is regarded as a constant, which 
is always equal to the strain on the elastic–plastic 
boundary, which will underestimate the displacement 
of the surrounding rock (Park and Kim 2006).

At present, most scholars have carried out theoreti-
cal analysis on seepage and bolted rock, respectively. 
There are few theoretical studies on the coupling of 
the two, and the analytical solutions obtained are not 
complete. The stability of the surrounding rock in 
deep abandoned chamber is related to many factors, 

Fig. 1  Abandoned Bullitt mine in Virginia, USA (Reese 2017)
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such as stress field, seepage field, rockbolt parameters 
and pre-tension load. The comprehensive effect of 
these factors on the mechanical properties of bolted 
rock is still lack of quantitative understanding. In 
view of this, this paper considers the influence of 
the coupling effect of anchorage and seepage field. 
By establishing the mechanical model of rockbolt-
rock-seepage, the analytical field of stress and dis-
placement of bolted rock in abandoned chamber is 
obtained, and the quantitative characterization of the 
influence law of pre-tension load and seepage force is 
realized.

2  Rockbolt‑rock‑seepage mechanical model 
in deep chamber

2.1  Definition of the problem

In order to obtain the analytical solution, the section 
of the deep mine chamber is simplified into a circle. 
After the excavation of the chamber, the surround-
ing rock will deteriorate rapidly due to the unloading 
effect, and the elastic zone and the plastic zone will 
be generated. For the deep rock mass, the strength of 
the disturbed surrounding rock is obviously degraded. 
After the rockbolt is applied to the chamber, the sur-
rounding rock will form plastic bolted zone (PBZ), 
plastic non-bolted zone (PNZ) and elastic zone (EZ), 
as shown in Fig.  2. The surrounding rock of the 
chamber is subjected to a hydrostatic pressure p0, the 

internal pressure at the chamber wall is pi, the radii of 
chamber, plastic bolted and non-bolted zone are ri, rb 
and rp, respectively. The circumferential and longitu-
dinal spacing of rockbolt are Sc and Sl. The length and 
diameter of rockbolt are Lb = rb-ri and db.

For the convenience of analysis, the following 
assumptions are made: (1) Without considering the 
influence of the surrounding rock weight, the problem 
is regarded as a plane strain problem. (2) The rockbolt 
is applied to the plastic zone. (3) Because the seepage 
has little effect on the distant surrounding rock, the 
seepage effect is only considered in the PBZ. (4) The 
rockbolt is elastic material. The EZ can be analyzed 
by Lame’s solution (Xu 2016), and the PNZ is ana-
lyzed by the stress drop model.

2.2  Elastic–plastic constitutive and strength criterion

By assuming that the compressive stress is taken 
positive and the tensile stress is taken negative. Only 
considering the displacement caused by excavation, 
the constitutive of the EZ can be written as

where E and μ are elastic modulus and Poisson’s ratio 
of rock mass, σr and σθ are stresses in the radial and 

(1)
�re =

1 − �2

E

[

(

�re − p0
)

−
�

1 − �

(

��e − p0
)

]

��e =
1 − �2

E

[

(

��e − p0
)

−
�

1 − �

(

�re − p0
)

]

Fig. 2  Mechanical model 
of rockbolt-rock interaction 
in deep mine chamber
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circumferential directions, εr and εθ are strains in the 
radial and circumferential directions, the subscript e 
represents EZ.

The equilibrium differential equation of axisym-
metric plane problem can be simplified as

The geometric equation is

where u is radical displacement.
The Mohr–Coulomb criterion is used to describe 

the strength characteristics of the surrounding rock. 
Due to the axial symmetry of the problem, it is 
assumed that the stress in the axial direction of the 
chamber is the intermediate principal stress, then 
the principal stress σ1 = σθ, σ3 = σr, the principal 
strain ε1 = εθ, ε3 = εr. As shown in Fig. 3a, the peak 
strength at point A is

where �= 1+sin�

1−sin�
 , �= 2c cos�

1−sin�
 , c and φ are the cohesion 

and internal friction angle of the surrounding rock, 
respectively.

After the strength drops to point B, the postpeak 
residual strength of PNZ is

where �r=
1+sin�r

1−sin�r

 , �r=
2cr cos�r

1−sin�r

 , the subscript r repre-
sents the residual stage.

(2)
d�r

dr
+

�r − ��

r
= 0

(3)�r =
du

dr
, �� =

u

r

(4)�� = ��r + �

(5)�� = �r�r + �r

The strain of PNZ can be decomposed into

where the superscripts e and p represent elastic strain 
and plastic strain respectively, and the subscript p 
represents PNZ.

The elastic strain of the PNZ satisfies Hooke’s law, 
it should be written as

By assuming that the plastic strain in the PNZ 
obeys the non-associated flow rule, as shown in 
Fig. 3b, then the plastic strain in the PNZ satisfies

where Θ = (1 + sinΨ)/(1 − sinΨ), Ψ is the dilation 
angle of the surrounding rock. For the PBZ, the sub-
script p in Eqs. (6)–(8) is replaced by b to represent 
the corresponding amount of the PBZ.

2.3  Seepage force

The axisymmetric steady seepage equation is (Yuan 
et al. 2001)

(6)
�rp = �e

rp
+ �p

rp

��p = �e
�p
+ �

p

�p

(7)
�e
rp
=

1 − �2
r

E

[

(

�rp − p0
)

−
�r

1 − �r

(

��p − p0
)

]

�e
�p

=
1 − �2

r

Er

[

(

��p − p0
)

−
�r

1 − �r

(

�rp − p0
)

]

(8)�p
rp
+Θ�

p

�p
= 0

(9)∇2H =
�2H

�r2
+

1

r

�H

�r
= 0

Fig. 3  Strength and defor-
mation characteristics of the 
surrounding rock in plastic 
region
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(a) Strength drop model (b) Dilatancy property (Zhao et al. 2020)
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where H is the total water head at r.
Considering the boundary conditions when r = ri, 

H = hi; r = rb, H = hb, the seepage field can be obtained 
as

The seepage force is regarded as volume force, and 
let Δh = hb-hi. Combined with Eq. (10), Eq. (2) can be 
rewritten as (Li et al. 2004):

where γw is the unit weight of water, and K is the 
equivalent pore water pressure coefficient of rock.

2.4  Rockbolt-rock interaction

The effect of the rockbolt on the surrounding rock 
is equivalent to applying a radial constraint force in 
the rock mass (Huang et al. 2002), so the total radial 
stress of the surrounding rock after applying the rock-
bolt is (Fahimifar and Ranjbarnia 2009):

where Ab, Eb, εb and C are the cross-sectional area, 
elastic modulus, axial strain and arrangement density 
of the rockbolt, respectively, and C = 1/(ScSl).

Considering the influence of pre-tension load Fb, 
the axial strain of the rockbolt is

where �t =
Fb

AbEb

 is axial strain generated by pre-ten-
sion load.

By substituting Eq. (13) into Eq. (12), we can get

Therefore, the equilibrium differential equation of 
PBZ is

(10)H =
hb − hi

ln
(

rb∕ ri
) ln

r

ri
+ hi

(11)
d�r

dr
+

�r − ��

r
+

�wKΔh

r ln
(

rb∕ ri
) = 0

(12)��
r
= �r − AbEb�bC

(13)�b = �r + �t

(14)��
r
= �r − AbEb�rC − FbC

(15)
d��

r

dr
+

��
r
− ��

r
+

�wKΔh

r ln
(

rb∕ ri
) = 0

The strength criterion of PBZ is

3  Analytical solution of stress and displacement 
of the surrounding rock

3.1  Stress solution

3.1.1  Plastic bolted zone

The radial displacement of the plastic zone before 
the surrounding rock is applied to the rockbolt is 
(Park and Kim 2006).

where k1 =
(1+�r)(1−2�r)

Er

(

�r

1−�r
− p0

)

 , 

k2 =
(1+�r)[(1−�r−Θ�r)+�r(Θ−Θ�r−�r)]

Er

(

pi +
�r

�r−1

)

�rr
1−�r
i

Θ+�r
 , 

k3 = −Θu�
pe
r�Θ
p

.
By substituting Eq.  (17) into Eq.  (3), the radial 

strain in the plastic zone can be obtained as

Combining Eqs. (14)–(16) and (18), and using 
the boundary condition r = ri, σr = pi, the stress solu-
tion in the PBZ can be obtained as

where k4 = AbEbC , k5 =
�wKΔh

ln (rb∕ ri)
 , 

k6 =
(

pi − k3k4r
−(Θ+1)

i
− k1k4 − FbC +

k5−�r

1−�r

)

r
1−�r
i

,

k7 = k1k4 + FbC −
k5−�r

1−�r
.

By substituting r = rb into Eq.  (19), the radial 
stress at the interface between plastic bolted and 
non-bolted zone can be obtained as

(16)�� = �r�
�
r
+ �r

(17)u�
p
= k1

(

r − r�
p

)

+
k2

�r

(

r�r − r
��r
p

)

−
k3

Θ
r−Θ

(18)�r = k1 + k2r
�r−1 + k3r

−(Θ+1)

(19)
�rb = k3k4r

−(Θ+1) + k6r
�r−1 + k7

��b = �r
(

k6 − k2k4
)

r�r−1 +
�r − �rk5

1 − �r

(20)�rbp = k3k4r
−(Θ+1)

b
+ k6r

�r−1

b
+ k7
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3.1.2  Plastic non‑bolted zone

By substituting Eq.  (5) into Eq.  (2), and using the 
boundary condition r = rb, σr = σrbp, the stress solu-
tion in the PNZ can be obtained as

At the elastic–plastic interface, the stress should 
satisfy σrpe + σθpe = 2p0, by substituting it into Eq. (4), 
and the radial stress at the elastic–plastic interface can 
be obtained as

By using r = rp, σr = σrpe in Eq.  (19), the plastic 
radius can be obtained as the plastic radius can be 
obtained as

3.1.3  Elastic zone

By using Lame’s solution and the boundary condi-
tions r = rp, σr = σrpe; r → ∞, σr = p0, the stress solu-
tion in the EZ can be obtained as

3.2  Displacement solution

3.2.1  Elastic zone

Combining Eqs. (1), (3) and (24), and using the 
boundary condition t → ∞, ue → 0, the EZ displace-
ment can be obtained

(21)
�rp =

(

�rbp +
�r

�r − 1

)(

r

rb

)�r−1

−
�r

�r − 1

��p = �r

(

�rbp +
�r

�r − 1

)(

r

rb

)�r−1

−
�r

�r − 1

(22)�rpe =
2p0 − �

� + 1

(23)rp =

{
(

�r − 1
)(

2p0 − �
)

+ (� + 1)�r

(� + 1)
[(

�r − 1
)

�rbp + �r
]

}
1

�r−1

rb

(24)

�re =

[

1 −

(

rp

r

)2
]

p0 +

(

rp

r

)2

�rpe

��e =

[

1 +

(

rp

r

)2
]

p0 −

(

rp

r

)2

�rpe

By substituting r = rp in Eq. (25), the displacement 
at the elastic–plastic interface can be obtained as

3.2.2  Plastic non‑bolted zone

By substituting Eqs. (3) and (7) into Eq.  (6), and 
then substituting the resulting expression in Eq. (8), 
the differential equation for the displacement in the 
PNZ may be written as (Zhao et al. 2023)

where f (r) =
1+�r

Er

{[

1 − (Θ + 1)�r

]

�rp +
[

Θ − (Θ + 1)�r

]

��p − (Θ + 1)
(

1 − 2�r

)

p0
}

.

By using the boundary condition r = rp, u = upe, 
and then solving Eq.  (27), the displacement in the 
PNZ can be obtained as

By integrating the above equation, the displace-
ment in the PNZ can be obtained as

where A1 =
[

1 − (Θ + 1)�r + �rΘ − �r(Θ + 1)�r

]

1

Θ+�r

(

�rbp +
�r

�r−1

)

r
1−�r
b

,

A2 = −
(

1 − 2�r

)

(

�r

�r−1
+ p0

)

.

By substituting r = rb in Eq.  (29), the displace-
ment at the interface between plastic bolted and 
non-bolted zone can be obtained as

(25)ue =
1 + �

E

(

p0 − �rpe
)

r2
p

r

(26)upe =
1 + �

E

(

p0 − �rpe
)

rp

(27)
dup

dr
+ Θ

up

r
= f (r)

(28)up = r−Θ ∫
r

rp

rΘf (r)dr + upe

(

rp

r

)Θ

(29)

up =
1 + �r

Er

1

rΘ

[

A1

(

rΘ+�r − r
Θ+�r
p

)

+A2

(

rΘ+1 − rΘ+1
p

)]

+ upe

(

rp

r

)Θ

(30)

ubp =
1 + �r

Er

1

rΘ
b

[

A1

(

r
Θ+�r
b

− r
Θ+�r
p

)

+A2

(

rΘ+1
b

− rΘ+1
p

)]

+ upe

(

rp

rb

)Θ
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3.2.3  Plastic bolted zone

In the same way, the differential equation for the 
displacement in the PBZ may be written as

where f (r) =
1+�r

Er

{[

1 − (Θ + 1)�r

]

�rb +
[

Θ − (Θ + 1)�r

]

��b − (Θ + 1)
(

1 − 2�r

)

p0
}

.

Based on the boundary condition r = rb, u = ubp, the 
displacement in the PBZ can be obtained from Eq. (31)

By substituting Eq. (19) into Eq. (32), the displace-
ment in the PBZ can be obtained as

where A3 =
[

1 − (Θ + 1)�r

]

k3k4, A4 =
{[

1 − (Θ + 1)�r

]

k6 +
[

Θ − (Θ + 1)�r

]

�r
(

k6 − k2k4
)}

1

Θ+�r
,

A5 =
{

[

1 − (Θ + 1)�r

]

k7 +
[

Θ − (Θ + 1)�r

] �r−�rk5

1−�r

}

1

Θ+1
−
(

1 − 2�r

)

p0.

By substituting r = ri in Eq. (33), the displacement at 
the chamber wall can be obtained as

4  Model validation

In order to verify the correctness of the analytical solu-
tion in this paper, the analytical solution is compared 
with the numerical solution of Zou et  al. (2018). The 
parameter values are shown in Tables  1 and 2 (Zou 
et al. 2018). In this paper, it is assumed that the rockbolt 

(31)
dub

dr
+Θ

ub

r
= f (r)

(32)ub = r−Θ ∫
r

rb

rΘf (r)dr + ubp

( rb

r

)Θ

(33)
ub =

1 + �r

Er

1

rΘ

[

A3 ln
r

rb
+ A4

(

rΘ+�r − r
Θ+�r
b

)

+A5

(

rΘ+1 − rΘ+1
b

)]

+ ubp

( rb

r

)Θ

(34)

ui =
1 + �r

Er

1

rΘ
i

[

A3 ln
ri

rb
+ A4

(

r
Θ+�r
i

− r
Θ+�r
b

)

+A5

(

rΘ+1
i

− rΘ+1
b

)]

+ ubp

(

rb

ri

)Θ

is located in the plastic zone, and the rockbolt end in 
Zou et al. (2018) is located at elastic–plastic interface, 
so we let rb = rp. The drop of elastic modulus and Pois-
son’s ratio in plastic zone and the influence of pre-ten-
sion load are not considered in Zou et al. (2018). The 
comparison results are shown in Fig. 4, and the analyti-
cal results are very close to the numerical solution of 
Zou et al. (2018), which shows the correctness of the 
analytical results in this paper. In addition, this paper 
considers the elastic modulus drop, pre-tension load, 
rockbolt length and seepage, etc., which can compre-
hensively analyze the influence of various factors on 
the stability of the surrounding rock.

5  Influence of different factors on the mechanical 
field of bolted rock

Taking the calculation parameters shown in Tables 3 
and 4 as the basic data, the influence of different 
seepage forces and rockbolt parameters on the stress 
and displacement field of the surrounding rock is fur-
ther analyzed.

5.1  Influence of seepage field

According to Eqs. (19), (21) and (24), Fig.  5 shows 
the stress change trend of the surrounding rock with 
different water head difference Δh. In the PBZ, the 
circumferential stress and the radial stress after rock-
bolting should meet the M-C criterion, while in the 
PNZ, the circumferential stress and the radial stress 
before rockbolting should also meet the M-C cri-
terion, so the circumferential stress at the interface 
between the two zones has a sudden change. Due to 

Table 1  Surrounding rock 
parameters

E/GPa Er/GPa μ μr c/MPa cr/MPa φ/º φr/º Ψ/º

11 11 0.24 0.24 1.68 1.0 33.21 26.23 0

Table 2  Rockbolt, chamber and seepage field parameters

Rockbolt Chamber Seepage field

Eb/GPa 200 ri/m 2.0 γw/(kN/m) 10
db/mm 25 pi/MPa 6.5 K 1
Sc、Sl/m 0.79 P0/MPa 50.0 Δh/m 100
Fb/kN 0
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the influence of the strength drop in the plastic zone, 
the circumferential stress at the interface of the elas-
tic–plastic zone also changes abruptly. The boundary 
conditions taken in this paper are r = ri, σr = pi, and 
the stress adjustment after rockbolting is also inde-
pendent of seepage. Therefore, the stress at the cham-
ber wall is independent of the water head difference 
and is always constant. According to Eq. (19), when 
pi < �bp

r  , the stress of PBZ decreases with increasing 
radius, while when pi > �bp

r  , the stress increases with 
increasing radius. With increasing water head dif-
ference, the stress in plastic bolted, non-bolted zone 
and radial stress in EZ decrease. Because the sum of 

radial stress and circumferential stress in EZ is 2p0, 
the circumferential stress in EZ increases.

According to Eqs. (25), (29) and (33), the dis-
placement of the surrounding rock with different 

Fig. 4  Result comparison of proposed method with Zou et al. (2018)

Table 4  Rockbolt, chamber and seepage field parameters

Rockbolt Chamber Seepage field

Eb/GPa 210 ri/m 7.0 γw/(kN/m) 9.8
db/mm 22 pi/MPa 1.0 K 1
Sc、Sl/m 0.87 P0/MPa 10.0 Δh/m 50
Fb/kN 100
Lb/m 1.0

Table 3  Surrounding rock 
parameters

E/GPa Er/GPa μ μr c/MPa cr/MPa φ/º φr/º Ψ/º

11 5 0.24 0.24 1.68 1.0 33.21 26.23 11.74

Fig. 5  Stress comparison with different water head difference
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water head difference Δh can be obtained, as shown 
in Fig. 6. Due to increasing water head difference Δh, 
the seepage force increases, which leads to the dis-
placement of the surrounding rock and plastic radius 
increase. For every 25 m increase in the water head 
difference, the displacement at the chamber wall 
increases by 15.75%, 16.83%, 18.08% and 19.59%, 
respectively, and the plastic radius increases by 
0.44 m, 0.49 m, 0.56 m and 0.64 m, respectively. It 
can be seen that the greater the water head difference, 
the greater the increase of the displacement of the 
surrounding rock and the plastic radius.

5.2  Influence of rockbolt parameters

In order to reuse the abandoned chamber, it is nec-
essary to quantitatively analyze the matching rela-
tionship between rockbolt parameters and surround-
ing rock displacement with different water head 
differences, and re-design the rockbolt parameters. 
According to the national standard of China (GB/T 
35056-2018), 18 kinds of rockbolt support examples 
are compared and studied as shown in Table  5, and 
the remaining parameters are the same as those in 
Tables 3 and 4.

Figure  7 is the ground response curve (GRC) 
with different rockbolt parameters obtained by 
using Eq. (34). The circumferential and longitudinal 
spacing of the rockbolt have a significant influence 

on the displacement of the surrounding rock, the 
rockbolt diameter has a more obvious influence, 
and the rockbolt length and the pre-tension load 
have less influence. The displacement of the sur-
rounding rock decreases with increasing rockbolt 
diameter, increases with increasing circumferential 
and longitudinal spacing of rockbolt, and decreases 
slightly with increasing rockbolt length and pre-
tension load. Therefore, when optimizing the rock-
bolt parameters, the rockbolt spacing should be 
given priority, followed by the rockbolt diameter, 
and finally the rockbolt length and the pre-tension 
load should be considered. Meanwhile, it can be 
seen from Fig.  7a–d that as the internal pressure 
at the chamber wall gradually decreases, the influ-
ence of rockbolt parameters on the displacement 
of the surrounding rock becomes more and more 
obvious. When the water head difference changes 
from 10 to 100 m, the displacement at the chamber 
wall becomes about 2 times of the original, indicat-
ing that the more serious the seepage is, the greater 
the influence of the rockbolt parameters on the dis-
placement is, and the better the effect of improving 
the rockbolt parameters on reducing the displace-
ment at the chamber wall is.

Fig. 6  Displacement comparison with different water head 
difference

Table 5  Rockbolt parameters of examples

Example Δh/m db/mm Sc = Sl/m Fb/kN Lb/m

1 10 20 1 100 1.8
2 16 1 100 1.8
3 24 1 100 1.8
4 20 0.6 100 1.8
5 20 1.4 100 1.8
6 20 1 50 1.8
7 20 1 150 1.8
8 20 1 100 1.6
9 20 1 100 2.0
10 100 20 1 100 1.8
11 16 1 100 1.8
12 24 1 100 1.8
13 20 0.6 100 1.8
14 20 1.4 100 1.8
15 20 1 50 1.8
16 20 1 150 1.8
17 20 1 100 1.6
18 20 1 100 2.0
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Fig. 7  Ground response curve with different rockbolt parameters
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5.3  Rockbolt parameters design method based on 
analytical solution

The following example is given to illustrate the 
method of using the analytical solution in this paper 
to design the rockbolt parameters. Taking the calcula-
tion parameters shown in Tables 3 and 4, according to 
the relevant provisions the national standard of China 
(TB 10003-2005) on the displacement, the allowable 
displacement at the chamber wall can be calculated 
as [ui] = 40 mm. If the rockbolt is not applied, that is, 
db = 0 mm, Fb = 0 kN, according to Eq. (34), the max-
imum displacement at the chamber wall can be calcu-
lated as umax = 57.3 mm. In order to control the dis-
placement to satisfy the allowable displacement [ui], 
according to Eq. (34), the reasonable rockbolt param-
eters are calculated as db = 18  mm, Sc = Sl = 0.8  m, 
Fb = 100  kN, Lb = 1.6  m, and the displacement of 
the chamber wall is ui = 39.3 mm < [ui]. Through the 
above method, the cost can be reduced and the bolted 
effect can be improved, which has certain guiding 
significance for the selection and arrangement of 
rockbolt.

6  Conclusion

Aiming at the problem of multi-field coupling of 
rockbolt-rock-seepage in closed/abandoned mine 

chamber, the analytical solution of stress and dis-
placement of bolted rock in chamber is deduced, and 
the influence of water head difference and rockbolt 
parameters on the stress and displacement of the sur-
rounding rock is revealed. The main conclusions are 
as follows:

(1) The rockbolt spacing and diameter have a sig-
nificant influence on the displacement of the sur-
rounding rock, and the influence of pre-tension 
load is less. Because the deformation of the sur-
rounding rock far away from the chamber wall is 
small, the strain of the rockbolt end is not large, 
so the rockbolt length has little effect on the dis-
placement of the surrounding rock. Therefore, 
when the deep abandoned chamber is reused, the 
dense, short and thick rockbolt should be used as 
far as possible.

(2) The seepage field has a significant effect on the 
stress and displacement of the bolted rock. The 
larger the water head difference, the smaller the 
stress of the plastic bolted and non-bolted zone 
and the radial stress of the EZ, and the larger 
the radius and displacement of the plastic zone. 
In the case of serious seepage, the displacement 
control of the surrounding rock by rockbolt is 
more significant. Appropriate increase of rock-
bolt density and diameter can effectively reduce 
the displacement of the surrounding rock.

Fig. 7  (continued)
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(3) The analytical results realize the quantitative 
characterization of rockbolt parameters, stress 
field, physical and mechanical parameters of the 
surrounding rock. The design method of rock-
bolt parameters based on analytical method has 
important theoretical guiding significance for 
optimizing the rockbolt configuration of aban-
doned mines.
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