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Abstract
Studies show that weak structural faces in jointed rock masses can easily result in large deformations in tunnels, which

significantly affect the safety and stability of supporting structures. To address this issue, the present study considers the

Linpanshan Tunnel in a layered joint stratum as the case study, focusing on joint inclination and joint spacing. Numerical

simulations and field monitoring were conducted to investigate the displacement and stress evolution in the surrounding rock

and tunnel structure under various attitudes of the jointed rock mass. The results indicate that the stability of surrounding rock

and tunnel structures is more influenced by joint inclination than joint spacing. The maximum surrounding rock displacement

reaches its maximum value, measuring 1.889 mm, for the joint attitude of 0� ? 0.5 m; the maximum shear stress occurs at

the right arch foot of the lining and reaches 11.44 kPa under the 60� ? 1.5 m joint attitude. When joint inclination varies

within the range of 0–60�, the rock formations slide significantly along the structural faces, leading to higher tensile stresses

on the arch apex, arch spandrels, and arch feet of the lining. Consequently, the tunnel structure becomes prone to asymmetric

deformation and cracking. The present study analyses the deformation mechanism in surrounding rock and the cracking of

lining structures in the 55� joint formation by incorporating the characteristics of the lining cracks in the Linpanshan Tunnel.

As a reinforcement measure, the installation of additional anchors in the weak zone of the lining was proposed. Meanwhile,

the performance of the proposed technique was verified through field monitoring data. The research results provide a technical

reference for large deformation control in jointed rock masses.

Keywords Tunnel engineering � Joint inclination � Joint spacing � Lining structure � Numerical simulation �
Interface element

1 Introduction

With the rapid development in construction and tunneling

technology, tunnel engineering has developed significantly

in the past few decades. At the same time, tunnel con-

struction is confronting complex engineering problems,

such as high-ground stress, rock bursts, karsts, and emis-

sion of flammable and toxic gases [1, 2]. Especially for

jointed rock masses, are divided into fractured disconti-

nuities by the presence of persistent or non-persistent
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structure planes within them. This issue weakens the

strength of the jointed rock mass and increases its

deformability, which may lead to non-uniformity and ani-

sotropy in deformation and stress distribution. Studies

show that when tunnels pass through such rock masses, the

rock layers are more prone to sliding and large deforma-

tions, resulting in asymmetric deformations, cracking, and

instability of tunnel lining. These engineering accidents

pose significant and measurable hazards [3–5]. For

instance, the fracture zone of surrounding rock and the

maximum in-situ stress in the Gonghe Tunnel appear in the

perpendicular direction stratification bedding of rock mass,

resulting in cracks on the arch apex of the lining [6].

Moreover, Hu et al. [7] conducted experiments and

investigated the effect of different inclination angles of

layered rock on the shield tunnel lining and revealed that

lining cracks appear in the normal direction of the weakest

plane. Zhao et al. [8] detected large deformations on the

initial support of the Yuntunbao Tunnel caused by joints

and fractures and demonstrated that the stability of tunnel

lining is greatly affected by jointed rock masses.

A review of the literature indicates that extensive

investigations have been conducted on the characteristics

of jointed rock masses. In terms of mechanical properties,

comprehensive studies have been carried out on the

mechanical and strength characteristics of jointed rock

masses based on approaches such as the D-P criterion [9]

and the Hook–Brown strength criterion [10], as well as

through experiments [11–14]. For instance, Zhang et al. [9]

focused on joint inclination and established a multifactor

damage model for jointed rock masses based on the D-P

criterion. Sagong et al. [15] investigated the rock fracture

and joint sliding behaviors of jointed rock masses with an

opening using biaxial compression tests. Zhao et al. [14]

conducted uniaxial compression experiments on phyllites

with four inclination joint faces, incorporated the test

results with on-site measurements and monitoring data, and

analyzed the predominant deformation mechanism in

phyllite strata considering main parameters, such as rock

strength, geostress, and tunnel excavation. Wang [16]

developed a grain-based time-to-failure (GBM-TtoF) creep

model to simulate creep deformations in rock joints and

validated the model through experimental data. Further-

more, a time-dependent creep model was proposed con-

sidering the deformation of both rock and joints over time.

Wu et al. [17] employed the synthetic rock mass (SRM)

technique to investigate the influence of non-persistent

joint network parameters on the mechanical characteristics

and failure modes of jointed rock masses. The results

showed that as the joint inclination increases, the rock mass

strength exhibits a U-shaped pattern. Ramamurthy and

Singh [18, 19] conducted extensive uniaxial compression

tests on various types of jointed rock masses. They detected

four failure modes and proposed the coefficient of the

‘‘Joint Factor’’ to describe the influence of joints on intact

rock masses. Meanwhile, numerical techniques, such as

DEM [20] and FEM [21, 22], have been widely employed

to investigate the deformation and stress distribution in

jointed rock masses. For instance, Fu et al. [23] utilized the

Flac3D software to establish a modified numerical model

for simulating the development of jointed rock mass frac-

tures. The results were verified through uniaxial and tri-

axial compression tests. Moreover, Yang et al. [24]

employed the 3DEC software to simulate double-arch

tunnels passing through jointed rock masses and deter-

mined the appropriate longitudinal spacing of key blocks,

which is an essential step in optimizing the construction

process. Hu et al. [25] investigated the influence of

affecting parameters, including stress ratio, slenderness

ratio, foliation orientation, and excavation orientation on

large-scale deformation and damage depth of deep exca-

vations under high-stress conditions. Using the FEM-based

Realistic Failure Process Analysis (RFPA) code, Wu et al.

[26] numerically analyzed the anisotropic stress–strain

curve of jointed rock mass under various confining pres-

sures. Li et al. [27] and Ma et al. [28] conducted three-

dimensional similarity tests to investigate the deformation

and failure patterns in an excavation of deep rock mass

with multiple fracture sets and a certain tilt angle, as well

as with multi-cleftiness of various angles exposed to high

in-situ stress. Fan et al. [29] conducted a series of uniaxial

compression tests on physical models containing joints and

high-strength gypsum tubes. They explored fracture char-

acteristics of different combinations of joint models and

analyzed the cracking mechanism of lining structures.

Studies show that parameters such as tunnel depth [30],

joint attitude such as strike, inclination angle, and spacing

[29, 31, 32], construction methods [33–36], and support

schemes [37–40] significantly influence the surrounding

rock and support structures of tunnels in jointed rock

masses.

It is worth noting that the majority of existing studies

only consider a single factor and discuss the properties of

jointed rock masses using the developed theories. How-

ever, the stability of jointed rock masses in engineering

applications is typically affected by multiple parameters.

Aiming at resolving this shortcoming, the present study

explores the Linpanshan Tunnel in the layered joints’ for-

mation as the research object and utilizes the Midas GTS/

NX software to investigate the stability of the surrounding

rock and tunnel structures under the combined effects of

joint inclination and joint spacing. The main objective of

the present study is to analyze the deformation mechanisms

and instability of surrounding rock and lining structures in

jointed formations through numerical simulations and field

monitoring data. This article enhances insights into the
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engineering properties of jointed rock masses and provides

theoretical guidance and references for similar projects.

2 Project Description

2.1 Geological Overview

The Linpanshan Tunnel, located in Shaoxing, Zhejiang

Province, China is a single-hole double-track high-speed

railway tunnel. The tunnel passes through a hilly area with

rugged terrain. The geological layers from top to bottom

consist of gravelly soil, powdery clay, and tuff, respec-

tively. According to the geological survey report, the

bedrock of the tunnel consists of developed joint fissures

with various lengths ranging from 1 to 4 m and varying

density from 1 to 3 joints per meter. The geological profile

of the study area is presented in Fig. 1.

The Linpanshan Tunnel 1# inclined shaft project spans

from station DK59 ? 820 to DK61 ? 885. The sur-

rounding rock in this section is classified as Grade II, with a

depth ranging from 120 to 400 m. Accordingly, this project

can be classified as a deep-buried tunnel. Meanwhile, the

tunnel has a cross-section width of 14.11 m and a height of

10.39 m, so it is classified as a large-section tunnel. The

supporting structure is a composite lining consisting of

curved walls and a bottom slab. The tunnel lining section is

illustrated in Fig. 2.

2.2 Investigation and Analysis of Engineering
Issues

The lining cracked from the arch foot within 3–7 days after

the pouring and demolding processes. These cracks

extended along the arch apex and developed steadily over

the course of 7–10 days. It should be indicated that the

presence of a large number of lining cracks adversely

affects the tunnel construction. To investigate the presence

of cracks in the final tunnel lining, various techniques, such

as data investigation, instrument detection, and manual

measurements, were employed. A total of 86

circumferential and diagonal cracks were detected within

the study section (DK60 ? 000–DK62 ? 000). Among all

detected cracks, 54 and 32 cracks were on the left side and

right side, respectively, and 30 pairs of cracks exhibited a

symmetrical distribution. The widths of cracks varied from

0.1 mm to 1 mm, indicating the presence of fine and small

cracks. Meanwhile, the lengths of cracks ranged from 5 to

6 m, and the majority of them extended to the hance.

Concrete coring at the crack locations, as shown in Fig. 3,

reveals that the cracks penetrated the entire lining. Con-

sidering the stratum and construction factors, it is inferred

that the inclined joint layer has a biasing influence on the

tunnel, which may lead to unequal forces on both sides of

the lining and cracking. Meanwhile, an uneven settlement

at the tunnel floor causes various degrees of vertical dis-

placement at the bottom of the lining, which may also lead

to the propagation of cracks in the lining. The occurrence

of cracks significantly affects the integrity of the secondary

lining structure and poses a potential risk to tunnel con-

struction and the safety of operations.

The present study employs numerical techniques to

simulate the issue, address the aforementioned challenges,

and investigate the patterns of lining deformation and

cracking within jointed rock formations at different orien-

tations. The influence of layered joints on the stability of

the tunnel surrounding rock and support structure is
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Fig. 2 Layout of the tunnel lining section
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analyzed to provide guidance for tunnel construction and

prevent lining cracking in similar projects.

3 Numerical Simulation

3.1 Model and Boundary Conditions

The selected study section is DK60 ? 000 of the Linpan-

shan Tunnel. At this section, the tunnel depth is 120 m, and

the upper rock mass with an inclination of 55� forms a

blocky horizontal structure. The jointed rock surrounding

the tunnel with a density of two joints per meter is sim-

plified as a two-layered rock formation with a spacing of

0.5 m. The Midas GTS/NX software is utilized to generate

interface elements and simulate the contact between the

joint faces in the layered rock formations. Following the

Coulomb friction law and assuming that the interface

frictional force is proportional to the interface friction

coefficient and the magnitude of the normal constraint

force [41], nonlinear contact elements are used to simulate

sliding along the joint faces. To reduce the computational

expenses, a simplified 2D model is used for analysis. The

constructed model is illustrated in Fig. 4.

Considering the effects of excavation disturbances, the

simulated area for the joints extends approximately four

times the tunnel diameter around the tunnel cross-sec-

tion. The model extends upward to the ground surface,

where the upper surrounding rock is simulated as a normal

intact rock mass. The dimensions of the model are

126 m 9 160 m. The model surface is exposed to the free

boundary, and horizontal constraints are imposed on the

left and right sides. Additionally, vertical and horizontal

constraints are applied at the bottom. Furthermore, only

weight caused by rock mass over the tunnel is considered

as the imposed load on boundaries. The rock and soil mass

is simulated using the Mohr–Coulomb model, while the

support structures are modeled using an isotropic elastic

model. Initial support is simulated using 1D beam ele-

ments, and secondary lining is simulated using 2D plane

strain elements.

Fig. 3 Field investigation results of the lining cracks: a network cracks at the arch apex of the lining, b network cracks at the spandrel of the

lining, c circumferential cracks at the arch foot of the lining, and d penetrating cracks
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The joint inclination h is defined as the angle between

the joint face and the horizontal plane. Meanwhile, the

joint spacing d represents the center-to-center distance

between adjacent joint faces. To investigate the influence

of joint inclination angle and joint spacing on the stability

of the surrounding rock and the support structure, a total of

15 models are established for comparative analysis. These

models cover a wide range of joint inclinations, including

h=0�, 30�, 55�, 60�, 90� and various joint spacings,

encompassing d=0.5 m, 1.0 m, and 1.5 m. The established

models are illustrated in Fig. 5.

3.2 Model Parameters

The model parameters for the surrounding rock and support

structure are provided in Table 1. The main parameters for

the joint interface elements include cohesive strength (c),

and internal friction angle (u), normal stiffness modulus

(Kn), and tangential stiffness modulus (Kt), which are

typically obtained from laboratory tests (c, u) and the

stiffness of adjacent elements (Kn, Kt) [42, 43]. Settings of

the parameters are presented in Table 2.
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Fig. 4 The established model

Fig. 5 15 sets of models of different joint attitudes: a 0� ? 0.5 m, b 30� ? 0.5 m, c 55� ? 0.5 m, d 60� ? 0.5 m, e 90� ? 0.5 m, f 0� ? 1.0 m,

g 30� ? 1.0 m, h 55� ? 1.0 m, i 60� ? 1.0 m, j 90� ? 1.0 m, k 0� ? 1.5 m, l 30� ? 1.5 m, m 55� ? 1.5 m, n 60� ? 1.5 m, and

o 90� ? 1.5 m
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4 Numerical Analysis

4.1 Displacement Analysis in the Surrounding
Rock

To analyze the displacement distribution in the surrounding

rock, the dotted line in Fig. 4 is selected to extract dis-

placement contours in the surrounding rock under different

attitudes of jointed rock, and the results are presented in

Fig. 6. The variation of maximum displacement with joint

inclination is shown in Fig. 7. It is observed that under

various attitudes of the jointed rock, the surrounding rock

exhibits relatively large displacements at the apex and

bottom of the arch, with the maximum displacement occurs

at the arch apex. Meanwhile, the results reveal that as the

joint inclination increases from 0� to 90�, the displacement

in the surrounding rock along joints exhibits a pattern of

‘‘symmetry ? inclined in the orientation of the joint

inclination ? symmetry’’. Furthermore, in horizontal and

vertical jointed rock strata, the bias load of the surrounding

rock causes sliding and stacking of the rock along the weak

structural faces. This phenomenon results in asymmetric

deformations and cracking of the lining due to uneven

stresses. In inclined jointed rock strata, slippage of the rock

layer along the weak structural faces is the dominant

phenomenon and asymmetric deformations in the lining are

more pronounced after compression.

The results demonstrate that the maximum displacement

in the surrounding rock under different attitudes of jointed

rock varies from 1.5 mm to 1.9 mm. It is worth noting that

for a fixed joint inclination, the smaller the joint spacing,

the larger the surrounding rock displacement. The largest

displacement, measuring 1.889 mm, occurs with the joint

attitude of 0� ? 0.5 m, indicating that the stability of the

surrounding rock exhibits a negative correlation with the

joint spacing [17]. In other words, it is inferred that joints

significantly affect the integrity of the rock mass [14]. The

results for the studied three joint spacings reveal that as the

joint inclination increases, the maximum displacement in

the surrounding rock gradually decreases and approaches

an asymptotic value of 1.58 mm.

4.2 Analysis of Lining Stress

Contours of maximum principal stress and maximum shear

stress in the lining across various attitudes of jointed rock

are illustrated in Fig. 8 and Fig. 9, respectively. It is

observed that the maximum principal stress in the lining

under most joint configurations is under tension and com-

pression at the upper and lower parts, respectively. It

indicates that the arch apex and the spandrel experience

tensile stress, while the region from the hance to the arch

bottom is under compressive stress. Due to the strong

compressive capacity and relatively weak tensile capacity

of the concrete material used in the lining, the arch apex

and the spandrel are prone to the propagation of cracks.

The 0� ? 1.5 m joint model has three stress concentration

areas at the bottom of the lining. However, the

30� ? 1.0 m, 60� ? 0.5 m, and 60� ? 1.0 m joint models

exhibit only one stress concentration area on the right side

of the bottom, the center of the bottom, and the right arch

foot, respectively. The distribution of stress concentration

areas may be attributed to the collapse of local jointed rock

formations in these joint attitudes, resulting in non-uniform

stress distribution in the lining and the formation of a stress

concentration area at the arch bottom. This finding indi-

cates a higher possibility of cracking in the lining at these

locations, which should be considered in calculations.

Figure 9 reveals that various joint configurations exhibit

positive maximum shear stress in the lining, demonstrating

that the lining is subjected to tensile stress due to the

sliding and compression of the jointed rock layers. The

lining is more prone to cracking at stress concentration

zones. For a fixed joint inclination, the established models

with various joint spacings exhibit similar distributions of

Table 1 Parameters of surrounding rock and support structure

Soil horizon and materials c(kN/m3) E(GPa) f c(MPa) f t(MPa) m u(�) c(kPa)

Powdery clay 19.8 0.007 / / 0.25 36 30

Tuff 26 25 / / 0.23 50 1500

Jetcrete C25 23 32 12.5 1.3 0.2 / /

Lining C40 25 36.5 29.5 2.7 0.167 / /

c is unit weight; E is elastic modulus; f c is compressive strength; f t is tensile strength; m is Poisson’s ratio; u is internal friction angle; c is

cohesion

Table 2 Parameters of joint interface elements

Interface element Kn(GPa/m) Kt(GPa/m) u(�) c(kPa)

Joint 920 830 20 1000

Kn is normal stiffness modulus, Kt is tangential stiffness modulus, u
is internal friction angle; c is cohesion
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maximum shear stress. In the joint models with joint

inclinations of 55� and 90�, the maximum shear stress is

concentrated at the spandrels, while the stress concentra-

tion in the 60� joint model is at the arch foot. Furthermore,

it is found that the joint models with inclinations of

0� ? 1.5 m and 30� ? 1.0 m have identical stress

concentration areas for both maximum shear stress and

maximum principal stress. The results show that variations

in the maximum shear stress between the joint models

across various spacings are negligible. This observation

highlights that joint inclination is a more influential

parameter on the lining stress compared to joint spacing. In

other words, the influence of lining stress on changes in

joint inclination is more significant than that of joint

spacing.

Contours of minimum principal stress in the lining

across various joint attitudes illustrate tension at the arch

apex and spandrels, and compression at both sidewalls and

the arch bottom. This phenomenon is due to the sliding and

collapse of rock layers along the weak structural faces

under the stress caused by the rock weight over the tunnel,

resulting in the lining squeezing. Consequently, the arch

apex and the spandrels become vulnerable to tension and

have a higher risk of cracking.

Overall, the stress distribution is relatively similar

across various jointed inclinations, with some exceptions

related to stress concentration areas in specific models. The

simulation results demonstrate that the sensitivity of the

30
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d = 0.5m d = 1.0m d = 1.5m

d
=
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.0

m
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=
 1

.5
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d
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Fig. 6 Displacement contours of the surrounding rock under different joint inclinations and joint spacings

Fig. 7 Variation of maximum displacement in the surrounding rock

with joint inclination under various joint spacings
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lining structure to joint inclination is significantly higher

than that to joint spacing. The analysis indicates that stress

concentration is prone to occur at the arch apex, the left

spandrel, and the arch bottom of the lining in layered

jointed rock formations [44]. These three locations are

selected as representatives, and the maximum principal

stress and maximum shear stress are used as the primary

indicators to further analyze the stress behavior of the

lining under different attitudes of the jointed rock mass.

Stress variations at these locations with respect to joint

inclination across various joint spacings are presented in

Fig. 10.

Figure 10a, b reveals that the variation patterns of

maximum principal stress and maximum shear stress at the

arch apex of the lining are similar across various joint

spacings. For joint spacings of 0.5 m and 1.0 m, the highest

stress occurs at an inclination of 0� and the stress level

decreases substantially as the inclination increases to 55�.
Meanwhile, stress level stabilizes when the inclination

exceeds 55�. When the joint spacing is set to 1.5 m, the

stress variation is relatively low and the stress reaches its

peak at an inclination of 55�. Overall, the arch apex of the

lining encounters higher stresses within the range of joint

inclinations from 0� to 30�. At this range, the stress level

exceeds the tensile strength of the lining structure, so

cracks appear. Therefore, it is of significant importance to

reinforce the support at the arch apex of the lining. Fig-

ure 10c, d demonstrates that there are obvious differences

in variation patterns of maximum principal stress and

maximum shear stress at the left spandrel of the lining

across various joint spacings. More specifically, Fig. 10c

shows that as the joint inclination increases, the corre-

sponding maximum principal stress at the left spandrel

initially decreases, followed by an abrupt increase and a

sharp decrease. When the joint inclination increases from

0� to 30�, the principal stresses decrease by 1.23 kPa and

0.59 kPa for joint spacings of 1.0 m and 1.5 m, respec-

tively. However, the principal stress increases by 0.82 kPa

for a joint spacing of 0.5 m. It is found that when the

inclination angle increases to 55�, the principal stress in the

studied cases increases by 2.57 kPa, 3.22 kPa, and

3.36 kPa, respectively, reaching their peak values. Com-

pared to the case with an inclination angle of 55�, the

principal stress slightly decreases at 60�. Meanwhile, the

30
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6090
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Fig. 8 Maximum principal stress contours of the surrounding rock under different joint inclinations and joint spacings
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principal stress decreases by 3.95 kPa, 3.56 kPa, and

4.26 kPa, and reaches its lowest value at an inclination

angle of 90�. Figure 10d demonstrates that the maximum

shear stress at the left spandrel of the lining also follows a

similar trend. Under an inclination angle of 0�, all three
joint spacings show nearly identical shear stresses, each

with a value of 4.86 kPa. As the joint inclination increases

to 30�, the shear stresses for the three cases increase by

1.37 kPa, 5.35 kPa, and 6.62 kPa, respectively. Further-

more, as the joint inclination increases from 30� to 90�, the
shear stress decreases first and then stabilizes at around

4.4 kPa. Overall, the left spandrel of the lining experiences

higher stresses for joint inclinations ranging from 30� to

60�. This issue should be considered in the lining design.

Figure 10e, f illustrates that under various joint spacings,

the maximum principal stress and maximum shear stress at

the right arch foot of the lining (except for the case with a

joint inclination of 90�), exhibit a trend of

1.5 m[ 0.5 m[ 1.0 m, indicating that this part is rela-

tively safe when the joint spacing is 1.0 m. Figure 10e

demonstrates that variations in joint inclination across

various spacings and the distribution of maximum principal

stress at the right arch foot of the lining do not follow a

clear pattern. Meanwhile, it is observed that in joint models

of 0� ? 1.5 m, 60� ? 1.5 m, and 60� ? 0.5 m, the right

arch foot of the lining experiences higher principal stresses,

reaching 7.20 kPa, 7.077 kPa, and 6.399 kPa, respectively.

Figure 10f demonstrates that the maximum shear stress

across various spacings increases first and then decreases

with the joint inclination. At an inclination angle of 60�,
the joint models with a spacing of 0.5 m and 1.5 m exhibit

the highest value for the maximum shear stress, measuring

10.63 kPa and 11.44 kPa, respectively. Figure 10e, f

reveals that the right arch foot of the lining experiences

higher stresses when the joint inclination angle is either 0�
or varies in the range of 55� to 60�. These findings should

be considered in the lining design.

Figure 10 indicates that under a fixed joint inclination,

various joint spacings result in different stress distributions

in each section. On the other hand, under constant joint

spacing, sliding and shearing along weak structural faces

are more pronounced for joint inclinations varying within

the range of 0–60� [9]. This phenomenon leads to localized

pressure on the arch apex, spandrels, and arch feet, thereby
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Fig. 9 Maximum shearing stress contours of the surrounding rock under different joint inclinations and joint spacings
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resulting in unfavorable stress conditions in these areas.

However, as the joint inclination increases to 90�, stress
values in different sections converge for all joint spacings,

with deviations ranging from 0.1% to 12.4%. This suggests

that in vertical jointed rock formations, the influence of

joint spacing on lining stress is minimal. On the contrary,

in the case of horizontal and inclined joints, there exists a

varying degree of correlation between lining stress and

joint spacing.

4.3 Case Study Analysis

In this section, 1# inclined shaft of the Linpanshan Tunnel

project with a joint attitude of 55� ? 0.5 m is analyzed as

the case study to investigate the initiation and propagation

Fig. 10 Variation of the lining stress with joint inclination across various joint spacings: a the maximum principal stress at the arch apex, b the

maximum shear stress at the arch apex, c the maximum principal stress at the left spandrel, d the maximum shear stress at the left spandrel, e the
maximum principal stress at the right arch foot, and f the maximum shear stress at the right arch foot
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of lining cracking, verify the accuracy of the established

model and the applicability of the investigated evolution

law in the previous section, and improve the safety and

stability of the tunnel support structure.

4.3.1 Analysis of Simulation Results for Linpanshan Tunnel

Figure 11 illustrates the displacement contours of the joint

interface elements and surrounding rock in the DK60 ?

000 section of the 1# inclined shaft in the Linpanshan

Tunnel. It is observed that the vertical displacement of

joints is significantly larger than the horizontal displace-

ment. The maximum settlement occurs at the arch apex

with a magnitude of 1.738 mm, while the arch bottom

experiences an uplift of 1.363 mm. Moreover, both sides of

the excavation section exhibit small displacements, mea-

suring 0.200 mm. The displacements along the joint faces

slide along the 55� inclination. Comparing Fig. 11a, b

reveals that the total displacement contours of the joints

and surrounding rock are almost the same. The maximum

displacements occur at the arch apex with the same mag-

nitude. This observation indicates that the displacement of

the joint face is consistent with that of the rock mass, both

sliding along the inclined joint. It also suggests that the

displacement along the joint contact surface is consistent

with the overall behavior of the surrounding rock.

Figure 12 illustrates the stress contours of the lining in

the Linpanshan Tunnel. Both Fig. 12a, c indicate that only

the lining at the arch apex and the arch spandrels have

positive stresses. The minimum principal stress reaches its

peak value at the arch apex, measuring 2.642 kPa, while

the total stress reaches its maximum value at the left

spandrel, measuring 8.541 kPa. It is worth noting that both

the minimum principal stress and the total stress reflect the

formation of a tensile weak zone. The stresses in the

remaining areas are negative, indicating a compressive

safety zone. Furthermore, Fig. 12b shows that the maxi-

mum shear stress occurs at the right arch foot of the lining,

measuring 8.302 kPa, indicating significant shear tension

in that region. Such a high level of shear tension results in

circumferential cracking. In this regard, Fig. 12 demon-

strates that in the Linpanshan Tunnel, the rock layers slide

and collapse along joint faces of 55�, imposing pressure on

the right side of the lining. The applied pressure results in a

tensile zone at the arch apex and the left spandrel, while the

right arch foot experiences significant shear tension,

resulting in the propagation of cracks [29]. This finding is

consistent with the investigations of lining cracks in the

Linpanshan Tunnel (Fig. 3), and the stress analysis in the

lining across various attitudes of joint rock. These findings

verify the accuracy of the performed numerical simulation

and the established model.

Based on the performed simulations, epoxy resin mortar

is an appropriate substance for filling and repairing the

cracked lining in the Linpanshan Tunnel. Accordingly, it

may be a good idea to install grouted rock bolts in the arch

apex, spandrels, and arch feet of the lining to improve the

overall stability of the surrounding rock and prevent

deformation and cracking of the lining [45]. It is also

crucial to conduct field monitoring, record deformations in

the surrounding rock, and monitor the stability of the lining

during construction to control deformations in the sur-

rounding rock and lining throughout the construction

process.

4.3.2 Analysis of Monitoring Results

Following the reinforcement of the weak lining areas in the

research area, to implement the concept of dynamic con-

struction in the New Austrian Tunneling Method (NATM)

[46–48], the DK60 ? 100 section was selected as the

monitoring section. Then measurements were conducted to

Fig. 11 The total displacement contours of Linpanshan Tunnel: a joint internal elements and b surrounding rock
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monitor displacements in the surrounding rock and deter-

mine the lining stress at the monitoring points 1–8 (see

Fig. 4). The field monitoring data and numerical simulation

results are presented in Fig. 13.

Field measurement data in Fig. 13a show that there is a

differential settlement in the left and right spandrels and

the left and right arch feet of the tunnel, and corresponding

network cracks appear in these parts. On the other hand, the

simulation results exhibit a symmetrical distribution. The

maximum settlement occurs at the arch apex and the arch

bottom, with slightly less settlement occurring on the sides.

The measured data are generally higher than the simulated

values. The discrepancy can be interpreted as follows: first,

the numerical model was established based on ideal geo-

logical conditions and the materials are considered a

homogeneous and isotropic continuous medium. Mean-

while, the joint faces in the rock were simulated using

interface elements. Secondly, the numerical simulation

section is at DK60 ? 000, while the monitoring section is

at DK60 ? 100. As shown in Fig. 1, the monitoring

section has a greater depth than the simulation section,

which results in slightly smaller simulated values.

According to Fig. 13b, the measured stresses in various

points are compressive and relatively stable, indicating a

safe and stable condition in the measuring points. How-

ever, the simulated values show that the lining stresses at

the arch apex and the spandrels are negative, indicating an

unstable tensile state. This is because the field monitoring

was conducted after implementing reinforcement at weak

sections of the lining, including the arch apex, the span-

drels, and the arch feet. The monitoring data reveal that the

targeted reinforcement measures improved the integrity of

the surrounding rock and enhanced the stress level in the

lining. In this regard, the implementation of measures

greatly reduced the probability of lining cracking in the

Linpanshan Tunnel. Moreover, these actions prevented the

propagation of cracks. The analysis of the case study ver-

ifies the accuracy of the established model and the

numerical simulations.

Fig. 12 The lining stress contours of Linpanshan Tunnel: a minimum principal stress, b maximum shear stress, and c total stress
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5 Conclusions

To investigate the influence of joint attitudes on the sta-

bility of surrounding rock and tunnel structures, this study

focuses on the Linpanshan Tunnel project with a joint

attitude of 55� ? 0.5 m. To this end, numerical models

were established to simulate the tunnel for five joint

inclinations and three different joint spacings. Subse-

quently, the initiation and propagation of lining cracking in

the Linpanshan Tunnel were explored. Based on the per-

formed analyses, the main achievements can be summa-

rized as follows:

(1) The analyses reveal that as the joint spacing

decreases, the stability of the surrounding rock

reduces and the lining becomes prone to asymmetric

deformation under the collapsing and extruding of

rock layers, such as the arch apex, spandrels, and

arch feet of the lining. The tunnel structure is more

influenced by joint inclination than joint spacing.

(2) When joint inclination varies within the range of 0�
to 60�, the sliding of the weak structural faces along

the joint faces in the surrounding rock is more

pronounced. This phenomenon results in local stress

concentration and partial overload on the arch apex,

spandrels, and arch feet of the lining. Consequently,

the lining structure becomes prone to asymmetric

deformation and cracking. Therefore, it is crucial to

consider strengthening monitoring and support mea-

sures during the design and construction phases.

Moreover, it was found that the influence of joint

spacing on the stress distribution of the lining in

vertical jointed rock layers is relatively small.

(3) Analysis of the case study revealed that displace-

ments in the joint faces align with that of the

surrounding rock. The occurrence of lining cracks is

attributed to the sliding and collapsing of the rock

layers along the 55� joint faces, imposing pressure on

the right side of the lining. This phenomenon results

in significant tensile forces acting on the arch apex,

left spandrel, and right arch foot of the lining and

forming weak zones. The comparison between the

field monitoring data and the numerical simulation

results verified the accuracy of the established model

and ensured the safety of tunnel construction.
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