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Abstract
The severe failure of strong supports occurred in the Xinhua tunnel that was a deep-buried tunnel excavated in squeezing 
ground. In order to address such problem, this study explores the possibility of applying deformable supports in this tunnel. 
The mechanical response of a circular “rockbolt and yielding lining” supported tunnel is studied from the perspective of the 
convergence-confinement method. The equations for calculating the elastic modulus, cohesion, and internal friction angle 
of bolted rock are provided firstly; the mechanical model of the bolted tunnel is established then, where the surrounding 
rock can be classified into the plastic bolted, elastic bolted, and elastic unbolted regions. The equations for constructing the 
ground reaction curve are provided considering rockbolt reinforcement and rock shear dilatancy. The reduced case that the 
surrounding rock does not generate the plastic region is discussed as well, if the support pressure is higher than the critical 
value. The required minimum support pressure is further determined following the assumptions of maximizing the utiliza-
tion of rockbolt bearing capacity and generating no loosening rock pressure. The exact equations for determining the lining 
thickness and length of highly deformable elements are provided with the intention to ensure lining safety and accept rock 
displacement. Based on the consideration of shotcrete hardening property, the equation to calculate the yielding stress of 
highly deformable elements is provided. The equations for GRC in this study can be reduced to those without considering 
rockbolt reinforcement or rock shear dilatancy. The design model of yielding lining is well applied in the Xinhua tunnel. 
The analysis results show that the rock displaces for 382.6 mm and the lining generates a plastic displacement of 281.8 mm 
in the Xinhua tunnel using the strong supports, which have a good agreement with the field monitoring data. The required 
lining thickness is equal to 28 cm and the installation number and length of highly deformable elements are 9 and 41.3 cm, 
respectively, when the yielding lining is employed in the Xinhua tunnel. Finally, a parametric investigation is carried out, 
including the cohesion and internal friction angle of rock, rockbolt length, and initial ground stress. Some recommendations 
for the tunnel design are proposed.
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1 Introduction

The yielding lining is considered as one type of the most 
potential support structures that are able to address the 
problem of rock large deformation without being damaged 
[1]. Several highly deformable elements are implemented 
in the lining around its circumference, which leads to the 
so-called yielding lining [2]. These highly deformable ele-
ments have great deformability and can exhibit considerable 

shortening at a low stress (compared with shotcrete com-
pressive strength) [3]. Hence, the yielding lining utilizes the 
compression deformation of these elements to allow the rock 
displacement under a certain support pressure (associated 
with the yielding stress of elements) [4]. Once the ultimate 
strain of elements is completed, it (yielding lining) even-
tually becomes a strong structure that strictly limits rock 
displacement [5].

Recently, more research attention has moved from con-
ventional strong supports to yielding lining [6]. Even, 
Cantieni and Anagnostou [7] considered that the only 
feasible solution to deep tunneling in severe squeezing 
ground is that the support structure has the capacity of 
displacing for a certain amount. The idea behind it is that 
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the rock pressure can be reduced to a controlled level by 
allowing rock displacement [8]. Unfortunately, so far there 
is still no unified and acceptable specification to guide the 
design of yielding lining, which greatly challenges its wide 
application in large deformation tunnels [9].

Of course, it also should highlight the reinforcement of 
surrounding rock in large deformation tunnels, although 
the yielding lining allows rock displacement. Rock 
mechanical performance can be improved to a certain 
extent after being reinforced, causing the increase in its 
bearing capacity and decrease in risk of rock from loos-
ening to sudden collapse during deformation [10]. The 
utilization of rockbolt is the most common rock reinforce-
ment method in tunnels [11]. The rockbolt reinforcement 
mechanism was investigated by many researchers, such as 
Chen et al. [12], Chen and Li [13], Lu et al. [14], and Li 
[15]. In these references, they established various theoreti-
cal models to describe the interaction between surrounding 
rock and rockbolts. However, these models were analyti-
cally complex and it is not easy and convenient to apply 
them to predict the mechanical behavior of bolted tunnels 
in the theoretical design stage.

The convergence-confinement method (CCM) for tun-
nel is a standard approach for preliminary analysis of 
anticipated tunnel displacement and support design [16]. 
The ground response to the advancing tunnel face and 
the interaction with installed supports are considered in 
the convergence-confinement method [17]. The conver-
gence-confinement method has been widely applied in 
the design of strong supports [18]. Simultaneously, this 
method has been continuously improved by considering 
various influencing factors, such as rock behavior [19], 
time-dependent material behavior of shotcrete [20], cross-
section shape [21], new type of strong supports [22], and 
installation delay of supports [23]. However, few work has 
been reported on the design of yielding lining by using the 
convergence-confinement method.

This study investigates the design of rockbolt-yielding 
lining supported tunnel using the convergence-confine-
ment method. After the “Introduction,” a brief history of 
yielding lining was available in Sect. 2. Section 3 provided 
the exact equations for ground reaction curve considering 
rockbolt reinforcement. In Sect. 4, the minimum support 
pressure was determined from the prospective of loosen-
ing pressure and rock plastic radius. The lining thickness 
and the length and yielding stress of highly deformable 
elements were determined using the convergence-confine-
ment method in Sect. 5. An application of design method 
of yielding lining is applied in the Xinhua tunnel in 
Sect. 6. Section 7 carries out a parametric investigation on 
rock cohesion and internal friction angle, rockbolt length, 
and initial ground stress. Findings and recommendations 
are highlighted in the final section.

2  A brief history of yielding lining

The concept of rock displacement release was initially 
realized by leaving several longitudinal gaps in shot-
crete lining [24]. However, the lining resistance would 
be decreased to a very low level in this way, because the 
tangential forces in the lining could not be transferred over 
these gaps [25]. The first practice to fill these open gaps 
with groups of axially loaded steel pipes was achieved in 
the Galgenberg tunnel (Austria) in 1994 [26]. This attempt 
was the earliest report on the so-called yielding lining.

In fact, the resistance of those groups of axially loaded 
steel pipes used in the Galgenberg tunnel exhibited pro-
nounced oscillations during their shortenings [27]. There-
after, a series of highly deformable elements were fur-
ther developed in order to achieve stable resistance [28]. 
According to their production materials, these highly 
deformable elements could be roughly classified into two 
groups: porous fillings and steel elements [29]. The Hid-
Con element was the most used highly deformable element 
in porous fillings type. Its compressibility could amount to 
approximately 50% at a stable yielding stress of 8.5 MPa 
[30]. The common steel elements had the Lining Stress 
Controller (LSC) [29], the Wabe element [4], and the Sup-
port Resistant Limiting Samper (SRLD) [31].

The yielding lining characterized more complex defor-
mation behavior due to the incorporation of highly deform-
able elements in the lining. At present, the researches on 
yielding lining majorly adopted numerical and analytical 
approaches [32]. Numerical method has more advantages 
in simulating the mechanical response of yielding lining 
under complex working conditions [33]. Liu et al. [34], 
Ramoni and Anagnostou [35], Tian et al. [36], Yang et al. 
[37], and Hammer et al. [38] used numerical approach 
modeled the interaction between surrounding rock and 
yielding lining and highlighted the importance of yield-
ing length and stress of highly deformable elements on 
lining damage. In terms of analytical method, it is easy 
to understand the mechanics of deformation behavior of 
yielding lining and obtain a better understanding of the 
influence of involved parameters on its final performance 
[39]. According to the compressive characteristics of 
highly deformable elements, Wu et al. [40] simplified the 
whole deformation process of yielding lining into three 
stages (elastic–yielding–elastic) and provided the corre-
sponding stiffness calculation method. Furthermore, they 
provided an analytical solution considering the influence 
of shotcrete hardening property on yielding lining behav-
ior [41]. Attempts on establishment of analytical models of 
yielding lining were also conducted by Cantieni and Anag-
nostou [7], Lei and Zhao [42] and Mezger et al. [43], Tian 
et al. [44], Radoncic et al. [45], and Sakai and Schubert 
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[46]. Unfortunately, a widely recognized design method of 
yielding lining has been still unavailable.

As shown in Fig. 1, good applications of yielding lining 
had been obtained in more tunnels throughout the world, 
for instance the Koralm tunnel (Austria) [47], the Tauern 

tunnel (Austria) [48], the Lötschberg Base tunnel (Switzer-
land) [49], and the Yangshan tunnel (China) [31]. It should 
be admitted that yielding lining was not the preferred solu-
tion to the problem of rock severe squeezing occurred in 
these tunnels. However, the aforementioned tunnels eventu-
ally replaced original strong supports with yielding lining, 
because they were unable to provide sufficient resistance to 
limit rock displacement and generated irreparable failure. 
Most notably, it was full of difficulties to apply the yielding 
lining in the Saint Martin La Porte access tunnel. The instal-
lation number and positions of highly deformable elements 
incorporated into lining were changed several times, because 
the lining was still subjected to severe damage following 
improper element arrangements [49]. In addition, the design 
of yielding lining in the Bolu tunnel (Turkey) was unreason-
able, which directly led to the utilization of a super strong 
lining (the total thickness of shotcrete lining and Bernold 
lining reaching 1.0 m, not including the secondary lining) 
in this tunnel [50]. These examples clearly illustrate that 
the current design method of yielding lining is still full of 
significant challenges.

3  Ground reaction curve (GRC) considering 
rockbolt reinforcement

3.1  Mechanical parameters of bolted rock

The cohesion and internal friction angle of rock can be 
improved after using rockbolt reinforcement from the 
prospective of mechanics [51]. Rockbolts and bolted rock 
form a new composite that exhibits a stronger anti-deform-
ing capacity. Figure 2 shows the arrangement of rockbolts 
in a circular tunnel. Based on the theory of equivalent 

Galgenberg tunnel Tauern tunnel

Koralm tunnel Ibbenbüren coal mine

Lötschberg Base tunnel Saint Martin La Porte access tunnel

One certain tunnel Yangshan tunnel

Fig. 1  Applications of yielding lining in tunnel projects
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elastic modulus of composites, it is easy to provide the 
elastic modulus of bolted rock as follows:

where E*, E, and Eb denote the elastic moduli of bolted rock, 
rock, and rockbolt, respectively. A*, A, and Ab represent the 
areas of bolted rock, rock, and rockbolt, respectively.

Considering the arrangement parameters of rockbolts 
in the tunnel, the elastic modulus of bolted rock can then 
be obtained as shown in Eq. (2):

where sr and sl are the tangential and longitudinal spacings 
of rockbolt, respectively. Rb represents the radius of rockbolt. 
After rockbolt installation, the Poisson’s ratio of bolted rock 
is still considered to be equal to that of rock (ν).

For the rock material subjected to the Mohr–Coulomb 
strength criteria, it has

where σr and σθ represent the radial and tangen-
tial stresses, respectively. c and φ are the cohe-
sion and internal friction angle of rock, respec-
tively. In Eq.  (3), P(�) = (1 + sin�)∕ (1 − sin�) and 
Q(c,�) = 2c cos�∕(1 − sin�).

Indraratna and Kaiser [52] had investigated the mechan-
ical properties of bolted rock and provided the formulas 
to calculate the parameters of P(φ*) and Q(c*, φ*) in the 
Mohr–Coulomb strength criteria of bolted rock, as shown 
in Eq. (4):

(1)E∗A∗ = EA + EbAb,

(2)E∗ =
Eb�r

2
b
+ E

(
slsr − �r2

b

)
slsr

,

(3)�� = P(�)�r + Q(c,�),

where η is defined as the rockbolt density factor, which has 
the following expression:

Furthermore, the internal friction angle and cohesion of 
bolted rock (φ*, c*) can be obtained as follows:

3.2  Derivation of GRC considering rockbolt 
reinforcement

This section involves the derivation of the ground reaction 
curve (GRC) considering rockbolt reinforcement. Before 
the derivation, some considerations should be made. The 
instantaneous installation of rockbolts is completed after 
tunnel excavation. If it generates the plastic zone in the 
surrounding rock (it implies that the support pressure Pi is 
smaller than the critical pressure Pcri), the zone radius of 
rockbolt-reinforced surrounding rock (Rb) is considered to 
be larger than the plastic radius (Rp). The other case is that 
it does not generate the plastic zone in the surrounding rock 
and the plastic radius is equal to the tunnel radius R0, as the 
support pressure is larger than or equal to this critical pres-
sure. Figure 3 illustrates the mechanical model of a circular 

(4)

{
P(�∗) = (1 + �)P(�)

Q(c∗,�∗) = (1 + �)Q(c,�)
,

(5)� =
2�rb tan�∕2

srsl
.

(6)�∗ = arcsin

[
(1 + sin�)� + 2 sin�

(1 + sin�)� + 2

]
,

(7)c∗ =
c(1 + �)(1 − sin�∗) cos�

(1 − sin�) cos�∗
.

Fig. 3  Mechanical model of 
a circular rockbolt-reinforced 
tunnel
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rockbolt-reinforced tunnel, in which a part of the surround-
ing rock is in the plastic state. In this model, the surrounding 
rock is divided into three zones. The bolted surrounding rock 
in region A is in the plastic state. The bolted surrounding 
rock in region B and the unbolted in region C are both in 
the elastic state.

The theory of tunnel mechanics had provided formulas 
for the radial stress in the interface between the elastic and 
plastic zones (r = Rp) and plastic radius in a circular tunnel, 
which surrounding rock is homogeneous and subjected to 
the Mohr–Coulomb strength criteria [53]. If submitting the 
parameters of bolted surrounding rock into these formulas, 
it can obtain the formulas for the radial stress in the interface 
between the elastic and plastic zones and plastic radius in the 
bolted-reinforced tunnel, as shown in Eqs. (8) and (9). The 
radial stress in Eq. (8) is equal to the aforementioned critical 
support pressure. The plastic zone will not occur, if the sup-
port pressure is greater than or equal to this threshold value.

where P0 denotes the initial ground stress.
In addition, for a circular tunnel within the homogene-

ous surrounding rock, the theory of tunnel mechanics had 
provided the elastic stress and displacement fields around 
the tunnel, as shown in Eqs. (10) and (11) [54]:

where �e
r
 and �e

�
 denote the radial and tangential stresses in 

the elastic zone, respectively. ue
r
 is the radial displacement 

in the elastic zone. r is the distance of the rock element from 
the tunnel center.

When the surrounding rock has an elastic modulus E, the 
radial displacement at r = Rb can be obtained using Eq. (11) 
as follows:

(8)�rp =
2P0 − Q(c∗,�∗)

1 + P(�∗)
= P0(1 − sin�∗) − c∗ cos�∗,

(9)Rp = R0

[(
P0 + c∗ cot�∗

)
(1 − sin�∗)

Pi + c∗ cot�∗

] 1−sin�∗

2 sin�∗

,

(10)

⎧⎪⎪⎨⎪⎪⎩

�e
r
= P0

�
1 −

�
Rp

r

�2
�
+ �rp

�
Rp

r

�2

�e
�
= P0

�
1 +

�
Rp

r

�2
�
− �rp

�
Rp

r

�2
,

(11)ue
r
=

1 + �

E

(
P0 − �rp

)R2
p

r
,

(12)ue
rb
=

1 + �

E

(
P0 − �rp

)R2
p

Rb

.

If the elastic modulus of whole surrounding rock is equal 
to E*, the radial displacement in the elastic zone and at r = Rb 
can be given by Eqs. (13) and (14), respectively:

Actually, for a rockbolt-reinforced tunnel, only the elastic 
modulus of bolted surrounding rock (from R0 to Rb) is equal 
to E*. Combining Eqs. (12)–(14), it can obtain the radial dis-
placement in Region B in Fig. 3 as follows:

Subsequently, submitting r = Rp into Eq. (15) provides the 
radial displacement in the elastic–plastic interface of the bolted 
surrounding rock, as presented in Eq. (16).

The plastic strain of the surrounding rock in the plastic zone 
(region A) satisfies Eq. (17), when considering the rock shear 
dilatancy.

where �p∗r  and �p∗
�

 represent the radial and tangential plas-
tic strains of the bolted surrounding rock, respectively. α 
denotes the dilatancy coefficient.

Equation (17) can be rewritten as

where �e∗
rp

 and �e∗
�p

 denote the radial and tangential elastic 
strains of the bolted surrounding rock in the elastic–plastic 
interface (r = Rp), respectively.

For the plane strain problem of a circular tunnel, the geo-
metric equation can provide the relationship between the strain 
and displacement as follows [55]:

(13)ue∗
r

=
1 + �

E∗

(
P0 − �rp

)R2
p

r
,

(14)ue∗
rb

=
1 + �

E∗

(
P0 − �rp

)R2
p

Rb

.

(15)

ur = ue∗r +
(

uerb − ue∗rb
) r
Rb

= 1 + �
E∗

(

P0 − �rp
)

R2
p

r

+

[

1 + �
E

(

P0 − �rp
)

R2
p

R2
b

− 1 + �
E∗

(

P0 − �rp
)

R2
p

R2
b

]

r.

(16)ue
rp
=

[
1 + �

E∗

R2
b
− R2

p

R2
b

+
1 + �

E

R2
p

R2
b

]
Rp

(
P0 − �rp

)
.

(17)�p∗
r
+ ��

p∗

�
= 0,

(18)
(
�r − �e∗

rp

)
+ �

(
�� − �e∗

�p

)
= 0,
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Using Eqs. (15) and (19) can determine the radial and 
tangential elastic strains of the bolted surrounding rock in 
the elastic–plastic interface (r = Rp) as follows:

Subsequently, submitting Eqs. (19) and (20) into (18) pro-
vides the governing equation of the radial displacement of 
surrounding rock in the plastic zone, as shown in Eq. (21).

The above equation deals with a first-order differential 
equation. Its boundary condition is presented in Eq. (16) and 
its exact solution can be calculated as

Submitting r = R0 into Eq. (22) provides the radial dis-
placement at the tunnel wall as follows:

If the support pressure is greater than or equal to the value 
of σrp, the division of the surrounding rock in Fig. 3 can 
be reduced to the bolted region (elastic) and unreinforced 
region (elastic). Submitting Rp = R0 and σrp = Pi into Eq. (16) 
provides the radial displacement at the tunnel wall in the 
case without generating the plastic zone.

(19)

⎧
⎪⎨⎪⎩

�r =
dur

dr

�� =
ur

r

.

(20)

⎧
⎪⎪⎨⎪⎪⎩

�e∗
rp

= −
1 + �

E∗

�
P0 − �rp

�
+

�
1 + �

E

�
P0 − �rp

�R2
p

R2
b

−
1 + �

E∗

�
P0 − �rp

�R2
p

R2
b

�

�e∗
�p

=
1 + �

E∗

�
P0 − �rp

�
+

�
1 + �

E

�
P0 − �rp

�R2
p

R2
b

−
1 + �

E∗

�
P0 − �rp

�R2
p

R2
b

� .

(21)

dur

dr
+ �

ur

r
=

(� − 1)(1 + �)

E∗

(
P0 − �rp

)

+ (� + 1)

[
1 + �

E

(
P0 − �rp

)R2
p

R2
b

−
1 + �

E∗

(
P0 − �rp

)R2
p

R2
b

]
.

(22)

ur =
2(1 + �)

(

P0 − �rp
)

R�+1
p

E∗(� + 1)r�

+

[

(� − 1)(1 + �)
E∗(� + 1)

+ 1 + �
E

R2
p

R2
b

− 1 + �
E∗

R2
p

R2
b

]

(

P0 − �rp
)

r.

(23)

umax =
2(1 + �)

(

P0 − �rp
)

R�+1
p

E∗(� + 1)R�
0

+

[

(� − 1)(1 + �)
E∗(� + 1)

+ 1 + �
E

R2
p

R2
b

− 1 + �
E∗

R2
p

R2
b

]

(

P0 − �rp
)

R0.

(24)umax =

[
1 + �

E∗

R2
b
− R2

0

R2
b

+
1 + �

E

R2
0

R2
b

]
R0

(
P0 − Pi

)
.

4  Determination of the support pressure

It implies that a considerable displacement of surround-
ing rock is accepted in the tunnel applying yielding lining. 
A remarkable increase in the risk of generating loosening 
rock pressure can be observed in such tunnel, compared with 
those using the traditional strong supports. The loosening 
rock pressure is triggered by the excessive rock displacement 

and directly acts on the lining in the form of gravity. In the 
tunnel design, it is important to prevent the generation of 
the loosening rock pressure, so as to avoid the consequent 
disasters. Caquot considered that the loosening rock pres-
sure was caused by the surrounding rock in the plastic zone 
and he provided the formula to calculate this pressure as 
follows [53]:

where Pa is the loosening rock pressure and γ denotes the 
rock gravity. For the bolted rock, the cohesion c in Eq. (25) 
should be replaced with c*. k1 and k2 have the following 
expressions:

where for the bolted rock, the internal friction angle φ in 
Eqs. (26) and (27) should be substituted by φ*.

According to Eq. (25), it can be inferred that there are 
three cases regarding the calculation of Pa as follows:

If Pa < 0, it means that the surrounding rock does not 
generate the loosening rock pressure and the strength of 
surrounding rock is sufficient to bear its self-gravity. Con-
versely, it should pay the necessary attention to the loosen-
ing rock pressure with Pa > 0. The current support pressure 
in the condition of Pa = 0 is the critical pressure and it can 

(25)Pa = k1�R0 − k2c,

(26)k1 =
1 − sin�

3 sin� − 1

[
1 −

(
R0

Rp

) 3 sin�−1

1−sin�

]
,

(27)k2 = cot�

[
1 −

(
R0

Rp

) 2 sin�

1−sin�

]
,

(28)

⎧⎪⎨⎪⎩

Pa < 0

Pa = 0

Pa > 0

.
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determine the minimum designed support pressure in this 
way.

When the rockbolt length L (Rp − R0) is less than the value 
of Rp − R0, those rockbolts are all placed in the plastic zone 
and can move with the plastic zone. It increases the pos-
sibility of shear slip failure of the surrounding rock. The 
surrounding rock in the plastic zone can be connected with 
the stable rock in the elastic zone by using rockbolts and it 
can play a better role in utilizing the self-bearing capacity of 
surrounding rock, if the rockbolt length L is higher than this 
value of Rp − R0. Therefore, it can calculate the minimum 
designed support pressure by using Eq. (9) from the aspect 
of rockbolt length (L = Rp − R0). Based on Eqs. (9) and (28), 
the optimal support pressure Pi,opt (the larger value in the 
cases considering the loosening rock pressure and rockbolt 
length) can be determined, and thus, the equilibrium point 
between the ground and lining can be obtained.

5  Determination of length and yielding 
stress of highly deformable elements

The aforementioned sections provide the equations for con-
structing GRC considering rockbolt reinforcement and the 
optimal support pressure. This section aims to determine 
the appropriate yielding length and stress of highly deform-
able elements incorporated in the lining. Figure 4 provides 
the sketches of the mechanical models of yielding lining 
before and after deformation. The installation number and 
length of highly deformable elements in the lining are n and 
l, respectively.

In the convergence-confinement method, the starting 
displacement point corresponding to the lining installation 

is generally determined using the longitudinal displace-
ment profile (LDP) curve. Vlachopoulos and Diederichs 
[16] used the plastic radius as the fundamental factor and 
established the mechanical model for calculating LDP 
curve within elasto-plastic rock.

Define that X represents the distance from the section 
to the tunnel face. For X = 0, i.e., at the tunnel face, it has

where u0 denotes the starting displacement corresponding 
to the lining installation.

For X ≤ 0, the radial displacement at a specified longi-
tudinal position X can be calculated as

where u∗
0
 is equal to u0/umax.

For X > 0, the radial displacement in the section with a 
distance X can be given by

For a tunnel applying yielding lining, the radial dis-
placement at the tunnel wall consists of three parts after 
excavation. The first is the initial radial displacement u0 
before installing the lining. The second and third parts 
are the radial displacements caused by the circumferential 
shortenings of shotcrete lining and highly deformable ele-
ments, respectively.

(29)u0 =
1

3
umax ⋅ exp

(
−0.15

Rp

R0

)
,

(30)u(X) = umax ⋅ u
∗
0
⋅ exp

(
X

R0

)
,

(31)u(X) = umax ⋅

[
1 −

(
1 − u∗

0

)
exp

(
−1.5

X

Rp

)]
.

o

P0

Squeezing Highly 
deformable 
element o

P0

Squeezing

Surrounding rock

ur

Surrounding rock

(a) (b)

Tunnel wall

Fig. 4  Mechanical models of yielding lining a before and b after deformation
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Therefore, the total compression length of highly 
deformable elements in Fig. 4b can be obtained using 
Eq. (32):

where ΔLtot is the total compression length of highly 
deformable elements. β denotes the deformation magnifica-
tion factor considering the shotcrete hardening property, and 
it usually has the value of 1.1 [56]. Ks represents the lining 
stiffness and can be calculated as [57]

where Es and νs are the elastic modulus and Poisson’s ratio 
of shotcrete material, respectively. hs denotes the lining 
thickness.

For the relationship between the support pressure and 
tangential stress in the lining, it has

According to Eq. (34), the lining thickness can be given 
by

where δ is the safety coefficient of lining. σc denotes the 
compressive strength of shotcrete.

If the ΔLtot in Eq.  (32) is less than or equal to 0, it 
implies that the lining is of sufficient bearing capacity to 
limit rock pressure without being damaged; it is unneces-
sary to implement highly deformable elements into lin-
ing. Conversely, the designed length of highly deformable 
elements can be obtained using Eq. (36), as the ΔLtot is 
greater than 0.

where εlim denotes the limit strain of highly deformable 
elements.

Finally, it can provide the formula for calculating 
the yielding stress of highly deformable elements using 
Eq. (34) as follows:

(32)ΔLtot = 2�

(
umax − u0 − �R0

pi,opt

Ks

)
,

(33)Ks =
Es(

1 + �s
)

[
R2
0
−
(
R0 − hs

)2]

(
1 − 2�s

)
R2
0
+
(
R0 − hs

)2 ,

(34)

�� =
pi
hs ∫

R0

R0−hs

{[

1 +
(

R0 − hs
)2

r2

]/[

1 −
(

R0 − hs
)2

r2

]}

dr

=
piR0

hs
.

(35)hs = �
pi,optR0

�c
,

(36)l =
2�

(
umax − u0 − �R0

pi,opt

Ks

)

n�lim
,

where λ is the reduction factor, usually ranging from 0.4 to 
0.6 [58].

Shotcrete exhibits a low strength in the early hardening 
stage. Remarkably, if this reduction factor is set too high, 
the shotcrete lining would be damaged or even fail before 
the yielding of these elements. Instead, the risk that the sur-
rounding rock falls off suddenly can be highly increased 
during the yielding of highly deformable elements, as this 
reduction factor has a small value. The extreme case is that 
the rock displaces freely without installing any supports; 
absolutely, it is not allowed in the large deformation tunnels 
in severe squeezing ground.

For the convenience of applying the proposed design 
model, Fig. 5 exhibits the flow chart. Overall, the calcula-
tion process can be divided into four steps as follows:

Step 1: Input the parameters of rockbolt and rock and 
submitting them into Eqs. (1), (4), (6), and (7) provides the 

(37)�y = �
pi,optR0

hs
,

Yes

Start

Input parameters of 
rockbolt and rock 

Eqs. (1), (4) (6) 
and (7)

Eq. (8) and 
whether Pi<σrp

Eqs. (9) and (23) Eq. (24)

No

Eq. (28) and 
whether Pa≥0

Maximum [Eq. (9)=Rb, 
Eq. (25)=0]Eq. (9)=Rb

Eq. (29)

Eq. (33) and (35)

Eq. (36) and (37)

Output results

End

Yes

No

Eq. (32) and 
whether Δltot 0

Yes

No

Fig. 5  Flow chart of calculation process
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elastic modulus E*, cohesion c*, and internal friction angle 
φ* of bolted rock.

Step 2: Using Eq. (8) provides σrp. If Pi is smaller than 
σrp, submitting Pi into Eq. (9) provides the plastic radius Rp, 
and then the plastic ground reaction curve can be obtained 
using Eq. (23). It can provides the elastic ground reaction 
curve using Eq. (24), as Pi is larger than σrp.

Step 3: Under the condition that Pi is smaller than σrp, 
judge whether the loosening rock pressure Pa is larger than 
or equal to 0 using Eq. (28). If yes, define that Rp is equal 
to Rb using Eq. (9) and Pa is equal to zero. It provides two 
values of support pressure Pi and it requires the larger one 
as the optimal support pressure. If Pi is larger than σrp, we 
can use this value as the support pressure.

Step 4: Using Eq. (29) provides the starting displace-
ment corresponding to the lining installation. Furthermore, 
using Eqs. (33) and (35) provides the lining thickness hs 
and stiffness Ks. Judge whether ΔLtot is greater than 0 using 
Eq. (32). If yes, using Eqs. (36) and (37) provides the length 
and yielding stress of highly deformable elements. If no, it 
means that the current strong supports are heavy enough to 
limit rock pressure and the installation of highly deformable 
elements is unnecessary in the lining.

6  Engineering application

6.1  Reduction to the proposed solutions

The previous researches have provided the GRC without 
considering rockbolt reinforcement or plastic dilatancy [53]. 
Equations (38) and (39) show the formulas for calculating 
the elastic and plastic GRC without considering these fac-
tors, respectively. It can be found that if submitting E* = E, 
Rb = Rp and α = 1 into Eq. (23) (namely, the rockbolt rein-
forcement and plastic dilatancy are not taken into account), 
it can be reduced into Eq. (39). If submitting E* = E and 
Rb = R0 into Eq. (24), it can be reduced into Eq. (38). In other 
words, the proposed equations for calculating CRC in this 
study can be reduced to those without considering rockbolt 
reinforcement and plastic dilatancy.

6.2  Application in the Xinhua tunnel

The Xinhua tunnel was a critical part for the Dalin railway 
from Dali to Lincang, Yunnan province, China. It had a 
total length of 12.332 km and the maximum buried depth 
was approximately equal to 1070 m. As shown in Fig. 6a, 
it provides the detailed longitudinal profile of the Xinhua 
tunnel. This tunnel was excavated in the severe squeezing 
ground and the quality of rock was very poor. In the original 
scheme the supports consisting of 6 m long rockbolts and 
24 cm thick shotcrete lining were used. Unfortunately, they 
could not limit rock displacement well and the severe sup-
port failure was observed in the Xinhua tunnel, as shown in 
Fig. 6b. The parameters of surrounding rock and supports 
in the Xinhua tunnel were obtained from the field data and 
are listed in Table 1.

(38)umax =
1 + �

E
R0

(
P0 − Pi

)
,

(39)umax =
R0

(
P0 − �rp

)
2G

{
1 +

[(
Rp

R0

)2

− 1

]}
.

Fig. 6  Geographical informa-
tion of the Xinhua tunnel a 
longitudinal profile; b severe 
support failure

Xinhua tunnel

Lancang River

Joba Valley Severe support failure

Lancangjiang 
Bridge

(a) Ruobagu Bridge (b)

Table 1  Parameters in the Xinhua tunnel obtained from field data

Item Value

Initial ground stress, P0 (MPa) 15
Tunnel radius, R0 (m) 6.2
Elastic modulus of rock, E (MPa) 520
Poisson’s ratio of rock, ν 0.36
Cohesion of rock, c (MPa) 0.85
Internal friction of rock, φ (°) 28
Dilatancy coefficient of rock 1.3
Sr (m) 1
Sl (m) 1
Elastic modulus of shotcrete, Es (MPa) 25,000
Poisson’s ratio of shotcrete, νs 0.2
Thickness of shotcrete lining, hs (mm) 240
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As shown in Fig. 7, the convergence-confinement curves 
in the Xinhua tunnel applying the strong supports are plot-
ted. The results reveal that the strong supports completed a 
small elastic displacement followed by a large plastic dis-
placement. The maximum displacement of surrounding rock 
reaches 382.6 mm and the supports generate the displace-
ment of 287.4 mm at the equilibrium point between GRC 
and SCC (support characteristic curve). The tunnel displace-
ment calculated by using the analytical solution has a good 
agreement with the monitoring arch settlement in the Xinhua 
tunnel, which value was approximately equal to 306.9 mm 
(not monitored thereafter). According to the theoretical 
results, the strong supports exhibit a plastic displacement 
of 281.8 mm in the Xinhua tunnel and such a large plastic 
displacement cannot be tolerated by the strong supports. The 
severe support failure in the Xinhua tunnel can thus be well 
explained by these analytical results.

The ultimate bearing capacity of the strong supports 
(σc = 25 MPa and hs = 24 cm) in the Xinhua tunnel was 
equal to 0.968 MPa, which is calculated by using Eq. (34). 
It is far from the required support pressure that is sufficient 

to strictly limit rock displacement. If the strong supports 
are applied without being damaged in the Xinhua tunnel, it 
needs to provide a support pressure of approximately 5 MPa 
from the convergence-confinement curves in Fig. 8. This 
requires that the lining should have a thickness of 124 cm, 
which seems to be an impractical idea in the actual tunnel 
engineering.

If the yielding lining is employed in the Xinhua tunnel, 
its design parameters can be obtained by following the flow 
chart in Fig. 5. In this calculation, the plastic radius of sur-
rounding rock is regarded to be equal to 12.2 m (Rb), with 
the intention to maximize the utilization of rockbolt capac-
ity. The required support pressure provided by yielding lin-
ing should reach 0.866 MPa using Eq. (9) and the required 
lining thickness should have 28 cm using Eq. (35), when the 
lining safety coefficient is selected as 1.3. Furthermore, by 
using Eqs. (23) and (29), it determines the maximum tunnel 
displacement (umax = 400.3 mm) and the starting displace-
ment (u0 = 99.2 mm) under the condition of support pressure 
of 0.866 MPa. The convergence-confinement curves in the 
Xinhua tunnel applying yielding lining are shown in Fig. 8. 
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Then, the designed total length (nl) of highly deformable 
elements incorporated in the lining should has 371.7 cm 
using Eq. (36), provided that the ultimate strain of highly 
deformable elements is equal to 50% and β = 1.1. Referenc-
ing the final installation number of highly deformable ele-
ments in the lining in the Saint Martin La Porte access tunnel 
[48], the element installation number in the Xinhua tunnel is 
determined to be equal to 9. Therefore, the designed length 
of each element has 41.3 cm. When the reduction factor λ is 
40%, the yielding stress of highly deformable elements σy is 
required to be equal to 7.673 MPa using Eq. (37). In addi-
tion, it should highlight that it does not generate loosening 
rock pressure using such support parameters.

Furthermore, it can be found from the support charac-
teristic curve in Fig. 8 that the yielding lining firstly shows 
an elastic displacement before the highly deformable ele-
ments yield. This process has a relatively short displace-
ment span. The following stage is regarded as the stage of 
rock displacement release through the plastic shortenings of 
highly deformable elements. The rock displacement allowed 
is approximately 298.9 mm in this stage. The support char-
acteristic curve quickly has an intersection with the ground 

reaction curve after the ultimate strains of highly deformable 
elements are obtained. At this time, the lining is still in the 
elastic state. In addition, it still has the capacity to tolerate 
an additional rock pressure, because the lining safety coef-
ficient is considered in the design model. By comparing the 
results in Figs. 7 and 8, the maximum rock displacements are 
almost equal under the condition of strong and yielding lin-
ings. The strong supports generate severe failure represented 
by the large plastic displacement, but the yielding lining 
remains in safety. This indicates the feasibility of applying 
yielding lining in the Xinhua tunnel.

7  Parametric investigation

According to the proposed design model, the influences of 
rock cohesion and internal friction angle, rockbolt length, 
and initial ground stress are discussed in this section. We 
still assume that it maximizes the utilization of bearing 
capacity of rockbolts and does not generate loosening rock 
pressure in the tunnel. Except those parameters discussed in 
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each section, the involved parameters in the calculation are 
obtained from the Xinhua tunnel (Table 1).

7.1  Cohesion and internal friction angle of rock

The rock cohesion and internal friction angle determine the 
support design majorly. The influence of rock cohesion is 
studied firstly. As shown in Fig. 9, the curves for the support 
pressure, lining thickness, tunnel displacement, and element 
length with the change of rock cohesion are plotted, respec-
tively. These curves are drawn for rock cohesion c = 0.1, 0.2, 
0.3, 0.4, and 0.5 MPa.

It can be seen from Fig. 9 that the required support pres-
sure remarkably varies with rock cohesion; correspond-
ingly, the lining thickness shows a great change as well. 
The required support pressure and lining thickness are 
1.302 MPa and 42 cm, respectively, with the rock cohe-
sion of 0.1 MPa. The support pressure and lining thickness 

decrease to 0.595 MPa and 20 cm, respectively, when the 
rock cohesion increases to 0.5 MPa. The change of lining 
thickness is linearly related to support pressure. By compar-
ing the tunnel displacements in these five cases, it is inter-
esting to find that the maximum tunnel displacement occurs 
accompanied by the maximum rock cohesion; the maximum 
tunnel displacement is equal to 477.5 mm. This is because a 
higher rock cohesion leads to a smaller support pressure at 
the premises of maximizing the utilization of rockbolt capac-
ity and not generating loosening rock pressure. A smaller 
support pressure further causes a larger tunnel displacement. 
In spite of this, the tunnel displacement increases by only 
23.3 mm with rock cohesion ranging from 0.1 to 0.5 MPa, 
which is not a high increment compared with the total tunnel 
displacement. The lengths of highly deformable elements 
calculated in the five cases are 48.4, 49.1, 49.7, 50.2, and 
50.9 mm, respectively. It can be found that their value dif-
ference can be ignored due to the small change of tunnel 
displacement. The yielding stress of highly deformable ele-
ment is determined to be equal to 9.621 MPa, which is only 
associated with shotcrete strength. In general, the required 
support pressure and lining thickness both decrease signifi-
cantly with rock cohesion. By comparison, the influence of 
cohesion on the parameters of highly deformable elements 
can almost be neglected, although it increases by 500%.

Figure 10a illustrates the influences of rock internal fric-
tion angle on the support pressure and lining thickness; 
Fig. 10b shows its influences on the tunnel displacement and 
element length. The rock internal friction angles of 22°, 23°, 
24°, 25°, and 26° are chosen in the calculation. The same 
change trends of the support pressure, lining thickness, tun-
nel displacement, and element length can be observed, com-
pared with those as rock cohesion increases. The required 
support pressure and lining thickness decrease, when the 
internal friction angle increases; conversely, the tunnel dis-
placement and length of highly deformable element show an 
increasing trend. However, by comparison, the rock internal 
friction angle seems to have a higher impact than the rock 
cohesion, being reflected by the increment or decrement 
values of these parameters. The support pressure and lining 
thickness decrease by 0.905 MPa and 29 cm, respectively, 
as the rock internal friction angle increases from 22° to 26°. 
The tunnel displacement increase from 414.8 to 477.5 mm 
and the element length increases from 49.7 to 57.3 cm.

7.2  Rockbolt length

The rock mechanical performance is significantly improved 
after using rockbolt reinforcement. In the proposed model, 
the influences caused by the changes of rockbolt radius and 
installation parameters (sr, sl) can be considered through 
changing rock cohesion and internal friction angle. The 
influences of rock cohesion and internal friction angle have 
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been discussed in Sect. 7.1. This section aims to analyze the 
influences of reinforcement area characterized by rockbolt 
length (Rb − R0). As shown in Fig. 11, these curves are plot-
ted with the bolted rock radius (R0 + lb) of 12, 14, and 16 m, 
respectively.

As shown in Fig. 11, the rockbolt length has significant 
influences on the support pressure, lining thickness, tun-
nel displacement, and element length. The required sup-
port pressure and lining thickness decrease sharply as the 
rockbolt length increases. The support pressures are 1.612, 
1.005, and 0.595 MPa, respectively, and the lining thick-
nesses are 52, 32, and 20 cm, respectively, corresponding to 
the bolted rock radius of 12, 14, and 16 m, respectively. The 
increase in rockbolt length implies an increase in the bolted 
rock area that has a stronger anti-deforming capacity. How-
ever, an abnormal phenomenon that the tunnel displacement 
shows a remarkable increase with the rockbolt length can be 
observed from Fig. 11; the tunnel displacement increases 

from 285.7 to 477.6 mm as the rockbolt length increases 
from 12 to 16 m. This is because the required support pres-
sure (lining thickness) decreases with the rockbolt length 
under the condition of maximizing the rockbolt capacity. 
The decrease in support pressure can lead to an increase 
in tunnel displacement inevitably. Although the increase in 
rockbolt length should cause a decrease in tunnel displace-
ment, compared with the influence of increasing rockbolt 
length on tunnel displacement, it has a greater impact by 
decreasing in support pressure. Therefore, the tunnel dis-
placement exhibits an increasing trend, which is together 
caused by an increase in rockbolt length and the decrease in 
support pressure. In these three cases, the designed lengths 
of highly deformable elements are equal to 29.3, 39.1, and 
50.9 cm, respectively. Based on the results, it can be con-
cluded that the rockbolt reinforcement can play a significant 
role in improving rock stability and the application of yield-
ing lining can make full use of rock self-bearing capacity.
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7.3  Initial ground stress

The initial ground stress level affects the support type 
selection and design parameters directly. The initial ground 
stresses of 10, 15, and 20 MPa are applied in the calculation. 
The analysis results are presented in Fig. 12.

As shown in Fig. 12, the required support pressure and 
lining thickness are only equal to 0.102 MPa and 4 cm, 
respectively, when the initial ground stress is 10  MPa. 
Simultaneously, the tunnel displacement has 328.2 mm and 
the length of highly deformable elements is equal to 34.8 cm. 
It almost means that the lining is not required any more in 
this case. Furthermore, the increment of 0.986 MPa in sup-
port pressure and the increment of 31 cm in lining thickness 
can be observed as the initial ground stress increases from 
10 to 20 MPa. Correspondingly, the tunnel displacement 
increases to 627 mm and the length of highly deformable 
elements increases to 67.2 cm. The results imply that it may 

be feasible to apply strong supports to stabilize the surround-
ing rock at low ground stress level. If the tunnel is subjected 
to high ground stress (related to rock quality), it is necessary 
to apply yielding lining to avoid support failure.

8  Conclusions

The design of rockbolt-reinforced tunnel using yield lining is 
studied from the perspective of the convergence-confinement 
method. The equations to determine the mechanical param-
eters (elastic modulus, rock cohesion, and internal friction 
angle) of bolted rock are provided and the mechanical model 
of a circular bolted tunnel is established. The equations for 
constructing the ground reaction curve are provided, which 
take the rockbolt reinforcement and rock shear dilatancy 
into account. The required minimum support pressure is 
determined following the assumptions of maximizing the 
utilization of rockbolt bearing capacity and generating no 
loosening rock pressure. The equations to determine the lin-
ing thickness and the length and yielding stress of highly 
deformable elements are provided, where the lining safety 
coefficient and shotcrete hardening property are considered.

The proposed equations for GRC in this study can be 
reduced to those that do not consider rockbolt reinforcement 
and rock shear dilatancy. A good application of the design 
method of yielding lining is well realized in the Xinhua 
tunnel. The parametric analysis indicates that the required 
support pressure and lining thickness decrease significantly 
as the rock cohesion or internal friction angle increases; 
the increases in tunnel displacement and length of highly 
deformable elements can be observed. By comparison, the 
rock internal friction angle exhibits a higher impact on tun-
nel displacement and element length. The increase in rock-
bolt length causes the decrease in the required support pres-
sure and lining thickness. But the tunnel displacement and 
length of highly deformable elements increase unexpectedly. 
This is together caused by an increase in rockbolt length and 
the decrease in support pressure and the influence of the lat-
ter is higher than that of the former. When the initial ground 
stress is high (related to rock quality), it is necessary to make 
full use of rock self-bearing capacity and the application of 
yielding lining is a good choice.
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