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Abstract The inverted arch heaving is detrimen-
tal to the structural safety of tunnels and can cause 
operational accidents. It is necessary to perform the 
research on maintenance strategies of inverted arch 
heaving to ensure the structural safety of tunnels. 
This paper took the Sanlian Tunnel in Southwest 
China as the engineering background, and the goals 
of this research were to explore the cause and main-
tenance of the inverted arch heaving in tuff stratum. 
The research methodology in this paper includes 
numerical simulation and field observations. Propos-
ing maintenance measures for inverted arch heaving 
in tuff formation and grasping the long-term stress 
characteristics of the inverted arch structure are the 
contributions of this study. The inverted arch distress 
includes heaving (85 mm), cracks, and flexural defor-
mation of reinforcements. FLAC3D numerical simu-
lation shows that the continuous deformation because 
of the tuff rheological effect has an adverse impact 
on the inverted arch structure, resulting in cracking 
and heaving. Deepened inverted arch structure by 
65  cm combined with 8  m-long prestressed anchor 

rods were adopted to control the distress. The effec-
tiveness of the maintenance approach was assessed 
through field observations lasting for three years. 
Influenced by the long-term rheology of the tuff, the 
stresses in the inverted arch increased rapidly at first, 
then slowly, and gradually stabilized two years after 
the construction was completed. The maximum stress 
of prestressed anchor rods, steel arch frames, ini-
tial support concrete, and secondary lining concrete 
were 84.53  MPa, 22.40  MPa, 13.35  MPa, 7.20MP, 
respectively, which were less than the allowable stress 
(namely 210  MPa, 160  MPa, 23.8  MPa, 32.5  MPa, 
respectively). Furthermore, the minimum safety fac-
tor (namely 6.75) of the reinforced inverted arch met 
the requirements (>2.4) specified by the Code for 
Design of Railway Tunnel. The reported findings val-
idate the overall safety of the inverted arch structure 
following the implementation of control measures, 
demonstrating the efficacy of these measures in effec-
tively addressing the identified issues. The proposed 
maintenance strategies and revealed long-term stress 
characteristics of inverted arch structure in this work 
can be referenced for construction of tunnels in tuff 
formation.
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1 Introduction

Tunnels have been increasingly used in railway engi-
neering globally and especially in China (Trabuc-
chi et  al. 2020; Kuang et  al. 2022). By the end of 
2021, there were 17,532 railway tunnels spanning 
21,055 km in operation (Gong et al. 2022). With the 
rising number of tunnels, lining defects are increas-
ingly being reported. Tunnel defects, including cavi-
ties, cracks, and peeling, have contributed to severe 
accidents (Kuang et  al. 2022; Chen et  al. 2023; 
Elbady et  al. 2024). For instance, Lin et  al. (2020) 
reported that water leakage from lining cracks 
affected the safety of train operation in the Kaiyuan 
Tunnel in China. Thus, it is necessary to pay atten-
tion to the problem of tunnel defects and ensure tun-
nel maintenance is proportionate to its operational 
lifetime.

In recent years, numerous reports involving 
inverted arch uplift and cracks have been recorded 
(Ma et al. 2020; Han et al. 2021; Zhang et al. 2024). 
Yang et al. (2019) reported that the floor of the Liu-
hai roadway had an uplift during operation, with 
maximum uplift of 326  mm, resulting in damage to 
the bottom structure. Xu et  al. (2021) reported that 
the crack and uplift of the inverted arch filling layer 
resulted in the train shaking during operation. Thus, 
it is crucial to establish effective countermeasures for 
addressing the inverted arch heaving distress. This 
involves exploring mechanism of inverted arch heav-
ing, proposing maintenance measures that mitigate 
the inverted arch distress, and examining the effec-
tiveness of the proposed maintenance technologies. 
Most existing studies focus on tunnel arch-lining dis-
tress, with little research on the causes and mainte-
nance of inverted arch lining distress (Lin et al. 2020; 
Ouyang et al. 2023; Abdellah 2024). Therefore, it is 
necessary to perform the research on the cause, main-
tenance, and maintenance effect of the inverted arch 
heaving distress.

In most cases, the causes of tunnel diseases are 
studied through field investigation or laboratory 
model tests (Gilbert and Bernard 2018; Agarwal and 
Sarkar 2024; Petraroia et al. 2024). Song et al. (2019) 
studied the development characteristics of cracks in 
tunnel lining in the loose ground through field investi-
gations and laboratory model tests. The development 
character of cracks was obtained in this study. Du 
et al. (2020) conducted an in-situ stress test to reveal 

the cause of the tunnel floor heave in mudstone. The 
research result shows that the floor heave of the invert 
can be divided into three phases namely: slight heav-
ing, moderate heaving and severe heaving. Min et al. 
(2021) studied the adverse influence of cracks on the 
inverted arch using experimental tests, and revealed 
that cracks weakened the bearing capacity of the con-
crete lining. Kong et al. (2024) proposed the prefabri-
cated inverted arch structure, and conducted experi-
mental tests for four joint types, and revealed that 
Z-joint was best suited for the novel tunnel structure. 
However, actual field or laboratory test research on 
the mechanism of inverted arch disease can be costly 
and time-consuming (Zertsalov et  al. 2022; Ding 
et  al. 2023). Alternatively, numerical simulation can 
be used as means to examine the aetiology of tunnel 
lining disease. Festi et al. (2023) studied the charac-
teristics of lining defects in tunnels through numeri-
cal simulation. They revealed that the tunnel spandrel 
had a higher maximum tension stress compared to 
other parts of the tunnel structure, and thus a large 
number of cracks appeared in the tunnel spandrel. 
Jia et  al. (2023) studied the mechanism and main-
tenance of tunnel lining distress caused by seepage 
through numerical investigation. They revealed that 
groundwater seepage softened the surrounding rocks 
and adversely affected the lining structure, and that 
grouting should be improved to minimize the occur-
rence of lining defects. However, these two studies 
had not revealed the characteristics and mechanism 
of inverted arch distress. Thus, the causes of inverted 
arch heaving distress will be explored through numer-
ical analysis in this paper.

There is limited research on the maintenance of 
inverted arch distress (Han et  al. 2021; Małkowski 
et al. 2022; Li et al. 2022). Ma et al. (2020) investi-
gated the cause of inverted floor heave in Gaopo Tun-
nel in a slightly inclined stratum with mudstone and 
suggested the double-layered primary support struc-
ture to control the inverted arch distress. The control 
strategies were found to be effective according to the 
field monitoring data. Han et  al. (2021) proposed 
the "Anchor-Grouting-Drainage" treatment meas-
ure to reinforce the tunnel bottom structure. How-
ever, no field monitoring data was found in this study 
to demonstrate the effectiveness of this treatment. 
Chang et al. (2024a, b) proposed the "miniature steel 
pipe piles + H-shaped steel support" to control the 
inverted arch heaving, and conducted the deformation 
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monitoring of the tunnel pavement to assess the main-
tenance effect. Nevertheless, they did not perform the 
field observation of stresses in the reinforced inverted 
arch to grasp the stress characteristics.

Tuff is a kind of soft rock, fissures are widely 
distributed, the material has low strength, and there 
is significant plastic deformation in tuff formation. 
Due to the tuff’s rheological properties, the amount 
of deformation is significant and lasts for a long 
time after the tuff is excavated (He et al. 2024). The 
support structure may undergo large deformations 
and cracking, when tunneling in soft tuff surround-
ing rocks (Reddy et  al. 2020; Yousif and Karakouz-
ian 2023). Zhang et  al. (2024) proposed grouting 
and applying the inverted arch pipe pile to control 
the inverted arch heaving in soft mudstone stratum. 
However, whether this construction scheme is appli-
cable to tuff strata is not mentioned in their study. 
Regarding tunnels excavated in weathered tuff stra-
tum, He et  al. (2024) proposed the optimized con-
struction method, namely "middle first and side later" 
double side heading method, yet, control measures 
for inverted arch heaving was not proposed in their 
study. Chang et al. (2024a, b) proposed to strengthen 
the arch foot support and improve drainage to control 
the inverted arch uplift of the tunnel in loess stratum. 
Nevertheless, their study did not address the counter-
measures for inverted arch disease in tuff formation. 
The tuff formation is a geological condition often 
encountered in tunnel engineering in China (Fei et al. 
2023). Performing the research on the control tech-
nology of inverted arch heaving in tunnels excavated 
in tuff formation is of great value for engineering 
application.

Few existing studies use numerical modelling or 
short-term on-site assessments to validate the effi-
ciency of disease control methods (Li et  al. 2020; 
Haque and Ansary 2023; Yue et al. 2023). By using 
displacement monitoring for up to 15 days, Cao et al. 
(2018) validated the effectiveness of a strengthened 
support structure to control the large deformation 
and failure of the tunnel’s primary support. Based 
on this study, the countermeasure could guarantee 
the structural safety under construction. Using the 
numerical simulation, Liu et  al. (2020) evaluated 
the effectiveness of maintenance for cracking and 
spalling concrete, yet, it has not been proven by the 
field-measured data. Ye et  al. (2020) conducted the 
safety check calculation for the Liupanshan tunnel 

after reinforcement and evaluated the effectiveness 
of maintenance through the numerical simulation, 
whereas no field-measured data validated the effi-
ciency. Zhang et  al. (2020) analyzed the effective-
ness of grouting to reinforce lining defects by fitting 
a response surface function; nevertheless, the effect 
of the control measures on the long-term structural 
safety remains unclear. Based on their study, long-
term on-site monitoring can better reflect the stress 
state of the concrete lining structure. However, a lim-
ited study is being conducted on the long-term moni-
tored data, which is a concern (Li et al. 2021; Ghad-
ernejad and Moosavi 2022; Rao et  al. 2023). As a 
result, substantial research on the inverted arch illness 
in tuff formation through long-term measured data is 
required to examine maintenance effects, which is the 
focus of this paper.

Based on the previous research results, some 
aspects related to the cause and maintenance of lin-
ing distress need to be improved. Firstly, previous 
studies have tended to investigate the tunnel arch dis-
eases, such as insufficient lining thickness and cavi-
ties underneath the lining. There are fewer studies on 
the inverted arch distress, yet. Then, in the extant lit-
erature, there are few studies on the causes and main-
tenance strategies of the inverted arch heaving in tuff 
formations. Finally, previous studies often implement 
numerical simulations or short-term on-site obser-
vations to analyze the effectiveness of the proposed 
maintenance measures. However, few studies used 
long-term monitoring to examine the stress character-
istics of tunnel structures, and evaluate the effective-
ness of the proposed maintenance.

Considering the antecedent research endeavours, 
this paper uses field investigation data collected from 
the Sanlian (SL) Tunnel in Southwest China to inves-
tigate the heaving and cracks in the inverted arch on 
the tuff formation. Then, numerical simulation analy-
ses were used to study the cause of the inverted arch 
disease on the tuff formation. Next, the control meas-
ures were proposed based on the numerical simula-
tion results. Later, the maintenance of the inverted 
arch was conducted, and strain gauges were arranged 
on the inverted arch during the maintenance pro-
cess. Then stresses of the inverted arch structure was 
observed continuously for three years, and the field 
data was collected. Finally, the effectiveness of the 
maintenance measures is evaluated according to the 
field observation results.



4480 Geotech Geol Eng (2024) 42:4477–4507

1 3
Vol:. (1234567890)

Compared with the existing research results, 
this study is an improvement in the following three 
aspects. Firstly, factors that influence the inverted 
arch disease are examined through numerical simu-
lation, and the material properties are obtained from 
the experimental test. Secondly, the maintenance of 
inverted arch heaving is proposed for the tunnel exca-
vated in tuff deformation, which is widely distributed 
in Southwest China. Thirdly, the stress of prestressed 
anchor rods, the contact stress between surrounding 
rocks and the initial support, the stress of the steel 
arch frame, the stress of the initial support concrete, 
and the stress of the secondary lining concrete are 
observed for three years after maintenance. This com-
prehensive and long-term on-site monitoring provides 
a true picture of the stress state of the inverted arch 
structure after maintenance. The effectiveness of the 
proposed maintenance can be evaluated based on the 
field monitoring results.

Cases of inverted arch heaving in tuff forma-
tion have been repeatedly reported, and significantly 
impact structural safety of tunnels. Therefore, it is 
necessary to carry out the research on the counter-
measures of inverted arch heaving in tuff formation. 
Existing studies lack field monitoring of long-term 
stress characteristics of the inverted arch structure 
in tuff formation, which is the research gap. In this 
study, long-term field observations were conducted 
for three years to capture stress characteristics 
of the inverted arch structure and to evaluate the 

effectiveness of the proposed maintenance measures. 
This study is expected to provide a reference for the 
design and construction of tunnels in tuff formation.

2  Tunnel Background

2.1  Tunnel Overview

SL tunnel was chosen as the case study in this work. 
The tunnel was designed as a single tunnel with a 
double track to accommodate the design speed of 
160 km per hour. SL Tunnel is an extra-long railway 
tunnel of 12214  m (DK300 + 387 ~ DK312 + 601). 
"DK" is the abbreviation of "Distance Kilometre", 
indicating the distance (km) from the starting point 
of the railway. The entrance and exit mileage are 
300.387 km and 312.601 km from the starting point 
of the railway, respectively. The entrance elevation is 
about 1850 m, and the exit elevation is about 1960 m. 
With a total length of 495  m, the tunnel between 
DK305 + 945 and DK306 + 440 travels through the 
tuff Formation between the Mujia Fault and Shang-
tumu Fault.

The tunnel profile and the concrete lining are 
shown in Figs.  1 and 2, respectively. The tunnel is 
designed with an inverted arch, and the concrete 
lining structure consists of the primary and second-
ary lining. For the initial support of the arch wall 
and inverted arch, C25 shotcrete with a thickness of 

Fig.1  Sanlian tunnel profile
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25  cm was employed. Steel meshes with a spacing 
of 0.6 m × 0.6 m and an anchor rod system with 4 m 
length were adopted as the initial support. The sec-
ondary lining of the arch wall and the inverted arch 
was constructed out of C35 reinforced concrete with 
a thickness of 55  cm and 25  mm diameter primary 
reinforcement. The inverted arch was backfilled with 
C30 concrete. The inner contour of the tunnel lining 
on the tuff formation is 8.97 m high and 11.2 m wide.

2.2  Problem of the Inverted Arch Heaving

The construction work of the SL tunnel began in 
April 2011. As this was an extra-long tunnel, it took 
four years to complete the tunnel construction. The 
SL tunnel was completed in April 2015, and the tun-
nel was monitored after construction. About one year 
after the inverted arch (DK306 + 020 ~ DK306 + 146) 
was completed, the observation shows that there were 
different degrees of heaving on the surface layer of 
the inverted arch filling, shown in Fig. 3a. The maxi-
mum heaving was 85 mm at DK306 + 040, shown in 
Fig.  3b. The section DK306 + 020 to DK306 + 080 
had a higher invert heaving than the other section.

About one year after the SL tunnel was completed, 
the geological condition within the tuff deposit 
(DK306 + 020 ~ DK306 + 146) was fragmented, with 
cracks forming and a considerable risk of instability. 
The cracks were first observed in May 2016. The pre-
scribed tunnel segment had three long cracks: Crack 
A, B and C. The crack width was measured to be 
about 10 mm. The widest part of the crack was about 
100 mm, located at Dk306 + 040. Figure 4 illustrates 
the location of the prescribed cracks.

The broken tuff section at 
Dk306 + 040 ~ Dk306 + 045 was subjected to addi-
tional inspection. The filling layer and inverted arch 
were smashed to break, and the condition beneath the 
broken smashed and inverted arch layer was assessed. 
As illustrated in Table 1, longitudinal cracks formed, 
and the primary reinforcement was bent.

3  Numerical Analysis of the Inverted Arch 
Heaving and Crack

3.1  Numerical Model and Material Properties

3.1.1  Working Conditions and Numerical Model

A fast Lagrangian analysis of Continua in 3 dimen-
sions (FLAC3D) numerical modelling software was 
used to investigate the cause of inverted arch heaving 
and cracking. In this work, a selected cross-section 
of the tunnel (i.e. at DK306 + 080) was modelled in 
a two-dimensional (2D) space using a hexahedral 
element. The inverted arch heaving occurred in tuff 
formation in the Sanlian tunnel. Tuff is a kind of soft 
rock, and is characterized by the rheology and large 
plastic deformation (Nicotera and Russo 2021). Rhe-
ology refers to the phenomenon of increasing defor-
mations of rocks with time under constant stresses 
(He et  al. 2024). In order to investigate whether the 
rheology caused the inverted arch heaving, two work-
ing conditions were proposed in this study. In condi-
tion 1, rheology is not considered in tuff formation. In 
contrast, rheology is considered in tuff formation in 
condition 2.

Fig. 2  Lining structure of 
Sanlian tunnel
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The developed cross-section model has a hori-
zontal length of 230  m and a vertical length of 
150  m. The buried depth of this section is 200  m. 
The size and boundary condition of this model is 
shown in Fig. 5. Boundary conditions were applied 
to the three perimeter sides of the tunnel, denoted 
as side AB, side BC, and side CD. Specifically, 

side AB and CD were constrained in the translation 
along the x axis, while side BC was constrained in 
the z direction. The buried depth of the tunnel was 
realized by applying the equivalent gravity stress at 
the top (i.e., side AD) (Qiu et al. 2023; Senthil et al. 
2024). The grid of the developed model is shown in 
Fig. 6.

(a) Heaving height of the inverted arch at DK306+020 ~ DK306+146
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(b) Image for the highest heave height at DK306+040

Fig. 3  Inverted arch heaving in the Sanlian tunnel. a Heaving height of the inverted arch at DK306 + 020 ~ DK306 + 146. b Image 
for the highest heave height at DK306 + 040
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Fig. 4  Plane expanding 
image of the cracks on the 
inverted arch filling
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Crack C
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Dk306 + 040, 

100mm wide

Table 1  Type of inverted arch damage observed in the SL tunnel within one year after completion

Damage Description Images

Cracks of an inverted arch Longitudinal cracks appeared on the 
top surface of the inverted arch, with 
a width of 5 ~ 15 mm

Flexural deformation of 
reinforcement

The 25 mm diameter primary rein-
forcement exhibited bending in the 
inverted arch
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3.1.2   Material Properties in Condition 1

In Condition 1, the linear elastic and Mohr-Column 
material models are utilized to simulate the tun-
nel concrete lining and the surrounding rocks. The 
mechanical properties of the surrounding rocks and 
the tunnel lining are determined using the Code for 

Design of Railway Tunnel (China Railway Eryuan 
Engineering Group Co.Ltd. 2016). In the geological 
investigation of tunnels, the surrounding rocks are 
identified into different classifications. For the design 
of the tunnel structure, reference can be made to the 
design scheme of existing tunnels with the same sur-
rounding rock classification. The tuff surrounding 

Fig. 5  Size and boundary 
condition of the numerical 
model
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rock in this tunnel was classified into Class V, based 
on the results of the geological investigation. The 
Code for Design of Railway Tunnel includes the refer-
ence values for the mechanical parameters of Class V 
surrounding rocks. Therefore, the mechanical param-
eters of tuff formations are taken from these reference 
values. Table 2 depicts the mechanical properties of 
the surrounding rocks and the tunnel structure.

3.1.3   Material Properties in Condition 2

According to Chu et al. (2018), Burgers Model could 
accurately depict the rheological features of soft rock 
strata. Since tuff is a typical soft rock stratum, the 
Burgers Model is employed to model the surround-
ing rocks for working condition 2. The linear elastic 
model is likewise employed to simulate the tunnel 
lining, and the mechanical properties of the lining 
are the same as in Table 2. As shown in Fig. 7, the 
Burgers Model includes a Kelvin cell series with a 
Maxwell component. The constitutive equation of the 
model is shown in Eq.  (1) (Chu et al. 2018). In this 
model (Fig. 7 and Eqs.(1)), e is natural constant, σ is 
stress, ε is strain, t is the rheological time, E1 is the 
elastic modulus, E2 is the viscoelastic modulus, η1 
and η2 are the viscosity coefficients, respectively.

The triaxial compression rheological test was car-
ried out in the laboratory to obtain the four param-
eters, namely E1, E2, η1 and η2. Four rock samples 
were taken from the tuff stratum in the SL tunnel. 
The test followed the Code for Rock Tests in Water 
and Hydropower Projects (China Renewable Energy 
Engineering Institute 2020) and consisted of three 
steps. Step 1: Two samples were used to perform 
the conventional triaxial compressive strength test, 
which showed a triaxial compressive strength value 
of 8.9 MPa. Step 2: Two samples were used to per-
form the triaxial compression rheological test. A 
confining pressure of 3.5 MPa was applied, which is 
consistent with the in-situ stress test result. The axial 
pressure was applied using a graded incremental 
loading method. Since the number of loading stages 
should not be less than 5 (China Renewable Energy 
Engineering Institute 2020), the difference between 
8.9 MPa (shown in Step 1) and 3.5 MPa was divided 
into 9 equal parts in this test, and the increment of 
each stage was 0.6 MPa. In the actual test, the axial 
pressure was applied in accordance with 4.3  MPa, 
4.9  MPa, 5.5  MPa, 6.1  MPa, 6.7  MPa, 7.3  MPa, 
7.9 MPa, and deformations of samples grew dramati-
cally and ruptured when loaded to 7.9 MPa. Step 3: 
Since the axial pressure of the rock from the in-situ 
stress test result was 5.5 MPa, the strain–time curve 
at 5.5 MPa axial pressure from the triaxial rheologi-
cal test was analyzed (shown in Fig. 8), and the least 
square approach (Chu et al. 2018) was used for fitting. 
The rheological properties of the surrounding rocks 
obtained from the fitting data were employed, and 
Fig.  8 depicts the precision of the experimental and 
fitting results. The rheological properties of surround-
ing rocks used in Condition 2 are shown in Table 3.

3.1.4  Numerical Analysis Procedure

The simulation procedure consisted of three steps. In 
Step One, the initial state of the tunnel prior to exca-
vation was modelled and the mechanical parameters 
(shown in Tables  2 and 3) and boundary conditions 
(shown in Fig.  5) were assigned to the surrounding 
rocks. The initial stresses in the surrounding rocks 
before excavation could be obtained from the calcula-
tions in this step. Then, the state of the tunnel after 

(1)� =
�

E1

+
�

�1

t +
�

E2

(

1 − e
−

E2

�2
t

)Table 2  Physical properties of surrounding rocks and tunnel 
lining

Condition Material Physical and mechanical 
parameter

Condition1 Surrounding rocks E = 1.3 GPa, ρ = 2350 kg/
m3, μ = 0.35, 
c = 500 kPa, φ = 40°

lining concrete E = 30 GPa, ρ = 2500 kg/
m3, fc′ = 16.1 MPa, 
ft = 1.52 MPa, μ = 0.2

Fig. 7  Schematic diagram of burgers model
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excavation was simulated in Step Two. ’Null’ mate-
rial model was employed to the elements within the 
tunnel contour. Next, the state of the tunnel after lin-
ing construction was simulated in Step Three. The 
linear elastic model and material parameters were 
employed to simulate the lining structure. Stresses 
and displacements were extracted and analyzed based 
on the calculation results in this step.

3.2  Analysis of Numerical Result

3.3  Displacement analysis.

The displacement of the adjacent rocks is shown 
in Fig.  9. The vertical displacement values at four 
points (refer to a, b, c, d in Fig.  9) are extracted 
from the numerical simulation and illustrated in 
Table  4. As shown in Table  4, the displacement 
values are positive, and these indicate that the 
surrounding rocks under the inverted arch both 
move upward in Condition 1 and 2. The heaving 
at the centerline (refer to point d in Fig. 9b) of the 

inverted arch is 42 mm, as shown in Table 4. As can 
be seen in Fig. 3a, The monitored heaving is 37 mm 
at DK306 + 080, which is the location of the cross-
section numerical model. The numerical simulation 
result (namely 42  mm) is close to the field moni-
tored displacement (namely 37 mm), indicating that 
the numerical model is reasonable and the results 
are reliable. By comparing the displacements at the 
four points (i.e., a,b,c,d in Table 4), it is found that 
the heaving displacements in Condition 2 are signif-
icantly greater than those in Condition 1. Consider-
ing the rheological properties of the tuff formation, 
the numerical model has caused significant heav-
ing deformation by the surrounding rock and led to 
the high stress on the inverted arch and forces it to 
move upward. The deformation of the inverted arch 
structure can be seen from the cracking effects of 
the concrete filling layer and heaves. Theoretically, 
the inverted arch heaving is caused by the long-term 
rheological deformation of the tuff and the extru-
sion effect on the inverted arch structure. Therefore, 
from the analysis, it can be highlighted that the rhe-
ology of the tuff may contribute significantly for the 
heaving of the inverted arch movement.

3.4  Stress Analysis

The maximum principal stresses of the inverted 
arch are shown in Fig.  10. The principal stress val-
ues at four zones (refer to A, B, C, D in Fig. 10) are 
extracted from the numerical simulation and illus-
trated in Table 5. As shown in Table 5, the principal 
stress values are negative, and this indicates that the 
inverted arch is subjected to compressive stresses in 
Condition 1 and 2. By comparing the principal stress 
values of the four points (i.e. A,B,C,D in Table 5), it 
is found that the compressive stresses in Condition 2 
are significantly greater than those in Condition 1. It 
shows that the rheological effects of the surrounding 
rocks can cause significant increase in the principal 
stresses of the inverted arch. Then cracks may appear 
in the inverted arch, and the inverted arch may be 
damaged.

As a result, it is possible to conclude that the 
structural design of the SL tunnel crossing the tuff 
formation has omitted the effect of tuff rheology and 
its adverse effect on the structure, and the structural 
design needs to be optimised.

Fig. 8  Experimental and fitting result

Table 3  Rheological properties of surrounding rocks

Material Maxwell 
elastic 
modulus
(E1\MPa)

Maxwell 
viscosity 
coefficient
(η1\MPa·h)

Kelvin vis-
coelastic 
modulus
(E2\MPa)

Kelvin 
viscosity 
coefficient
(η2\MPa·h)

Surround-
ing rocks

21.8 43,110.9 177.4 929.9
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4  Proposed Control Measures of the Inverted 
Arch

4.1  Design of Control Measures

As the cause analysis shows that the continuous 
deformation because of the tuff rheological effect 
has an adverse impact on the inverted arch structure, 
resulting in cracking and heaving. Thus, rebuild-
ing a deeper inverted arch structure combined with 

Fig. 9  Displacement results 
of numerical simulation. a 
Displacement in working 
condition 1. b Displacement 
in working condition 2

(a) Displacement in Working Condition 1 

(b) Displacement in Working Condition 2 

dcba

Z

X

Vertical displacement 
of surrounding rocks 
along Z direction
(Unit: mm)

dcb
a

Z

X

Vertical displacement 
of surrounding rocks 
along Z direction 
(Unit: mm)

Table 4  Vertical displacement at Point a ~ d /mm

Serial number a b c d

Condition 1 8 9.7 10 11
Condition 2 27 36 40 42
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a prestressed anchor rod is adopted to control the 
inverted arch distress.

The rebuilt inverted arch after maintenance was 
deeper than the original one, as shown in Fig.  11. 
When determining this depth value (i.e., ’h’ in 

Fig. 11) of the inverted arch after maintenance, three 
working conditions (namely h = 50  cm, h = 65  cm, 
and h = 75 cm) were developed through the numeri-
cal simulation. The numerical model and material 
properties were similar to the previous simulation in 
Sect. 3.1.

The developed working conditions and numeri-
cal simulation results are reported in Table 6. Axial 
forces and bending moments of the inverted arch 
structure were extracted from the numerical simu-
lation results. Then, safety factors were calculated 
for five sections (refer to Section A to E, as shown 

Fig. 10  Lining stress of 
numerical simulation. a 
Principal stress in working 
condition 1. b Principal 
stress in working condi-
tion 2

(a) Principal stress in Working Condition 1

(b) Principal stress in Working Condition 2 

D

A
B

C

Maximum principal stress of
lining structure (Unit: Pa)

D

A
B C

Maximum principal stress of 
lining structure (Unit: Pa)

Table 5  Principal stress at Zoint A ~ D /kPa

Serial number A B C D

Condition 1 − 10.54 − 8.47 − 7.04 − 6.64
Condition 2 − 701.62 − 601.77 − 547.59 − 529.66
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in Fig. 11b) of the inverted arch. The inverted arch 
is an eccentrically compressed reinforced con-
crete member that carries axial forces and bending 
moments in its cross section. Based on the axial 
forces and bending moments, the safety factors are 
calculated according to the calculation principle of 
the section strength check for eccentrically com-
pressed reinforced concrete members with rectangu-
lar sections, as illustrated in the Code for Design of 
Railway Tunnel (China Railway Eryuan Engineer-
ing Group Co.Ltd. 2016). The numerical calcula-
tion results show that the lining structure is a small 
eccentric compression member, the safety factor K 
is calculated according to Eq. (2).

When the axial force N acts between the centers 
of gravity of steel reinforcement  Ag and A′

g
 , the 

safety factor is the minimum value obtained from 
Eqs. (2) and (3), respectively.

(2)KNe = 0.5R
w
bh

2
0
+ RgA

�

g

(

h0 − a
�)

In Eqs. (2) and (3), K is the safety factor; N is the 
axial force;  Ag and  Ag’ represent the cross-sectional 
area of the longitudinal tension and longitudinal 
compression reinforcement, respectively; e and e’ 
represent the distance from the center of gravity of 
steel reinforcements  Ag and  Ag’ to the point where 
the axial force is applied, respectively;  Rw is the 
compressive ultimate strength of concrete;  Rg is the 
calculated tensile or compressive strength of steel 
reinforcements; b and  h0 are the width and effective 
heigh of the lining section, respectively; a and a’ are 
the distance from the reinforcement  Ag and  Ag’ to 
the near side of the section, respectively;  h0’ is the 
distance between the tensile edge of the section and 
the center of gravity of the compression reinforce-
ment. The schematic of the safety factor calculation 
can be seen in the the Code for Design of Railway 
Tunnel (China Railway Eryuan Engineering Group 
Co.Ltd. 2016).

(3)KNe
�

= 0.5R
w
bh

�2
0
+ RgAg

(

h
�

0
− a

)

Fig. 11  Control measures 
of the inverted arch. a 
Original inverted arch b 
Rebuilt inverted arch

(a) Original inverted arch                                 (b) Rebuilt inverted arch

Scope of inverted arch demolish

h

Prestressed anchor bolt (8m in length)

S

L

S1

L1 D
E

CB
A

Table 6  Working 
conditions, inner forces and 
safety factors of the rebuilt 
inverted arch

Working condition Section A B C D E

Condition 1 (h = 50 cm) Axial force \kN 4899.0 7021.3 8742.1 7021.0 4899.1
Bending moment \ kN·m 9.7 69.1 20.3 69.2 9.7
Safety factor 3.95 2.67 2.20 2.67 3.95
Axial force \kN 3896.4 6249.8 7975.8 6250.1 3895.2

Condition 2 (h = 65 cm) Bending moment \ kN·m 8.0 66.4 18.9 66.4 8.1
Safety factor 4.97 2.98 2.62 2.98 4.97

Condition 3 (h = 75 cm) Axial force \kN 3282.6 5221.8 5644.1 5222.0 3282.5
Bending moment \ kN·m 7.2 49.1 15.3 49.2 7.2
Safety factor 5.89 3.59 3.50 3.59 5.89
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From the numerical simulation results, the mini-
mum safety factors of the inverted arch structure in 
three working conditions are 2.20, 2.62, and 3.50, 
respectively. The safety factor of the inverted arch 
must be greater than 2.4 according to the Code for 
Design on Tunnel of Railway (China Railway Eryuan 
Engineering Group Co.Ltd. 2016). The surrounding 
rocks at the bottom of the tunnel need to be exca-
vated prior to the construction of the reinforced con-
crete inverted arch structure. The deeper the inverted 
arch, the greater the amount of earth excavated, and 
the higher the costs related to the construction. The 
amount of earth excavated and the cost related to 
the construction is referred to as the quantities of 
construction. Therefore, the quantities of construc-
tion can increase with the increase of the inverted 
arch depth. Two points should be considered when 
designing the maintenance scheme: to ensure struc-
tural safety and not to increase the quantities too 
much. Therefore, the final depth value (refer to ’h’ in 
Fig. 11) was determined to be 65 cm.

In this work, the inverted arch along the 
DK306 + 020 ~ DK306 + 146 was rebuilt. The 25-mm 
diameter and 8 m-long prestressed anchor bolts were 
applied, and the middle segment of the newly con-
structed inverted arch was deepened to 65  cm. The 
rise span ratio was adjusted from 1/12 to 1/6. The rise 
span ratio (i.e., 1/12) is the ratio between ’L’ and ’S’ 
in the original inverted arch shown in Fig. 11a. The 

rise span ratio (i.e., 1/6) is the raito between ’L1’ and 
’S1’ in the rebuilt inverted arch shown in Fig. 11b.

4.2  Construction Process of Control Measures

Prior to removing the original inverted arch, tempo-
rary reinforcement was placed appropriately (refer 
to Fig. 12). Steel foot pipes were installed on both 
sides of the side walls to prevent the liner structure 
from slipping downward. While replacing the origi-
nal inverted arch, transverse temporary supports 
were installed in the tunnel to prevent excessive 
introversion of the side wall lining. Table 7 depicts 
the three processes in the construction of the pro-
posed control measures. First, temporary reinforc-
ing measures were implemented. The inverted arch 
filling, inverted arch lining, and initial support were 
then removed in sequence. Later, shotcrete, steel 
arch, and re-shotcrete were built. The secondary 
lining of the inverted arch, the inverted arch filling, 
and the central ditch were built thereafter. The tem-
porary support shall be removed once the secondary 
lining concrete of the inverted arch has reached the 
design strength. Six months after the heaving and 
cracks were observed, the maintenance work for the 
inverted arch began. During this four-month period, 
the cause of the inverted arch disease was analyzed, 
and the control measures were proposed. It took two 

Fig. 12  Temporary rein-
forcement measures
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Table 7  The construction process of the proposed control measures

Serial number Description Images

Step 1 • Construction of transverse temporary supports 
and steel foot pipes

• Remove filling layer, initial support and sec-
ondary lining of inverted arch

• Excavation to design depth

Excavation  

Step 2 • Construction of initial support shotcrete, steel 
arch frame ①and prestressed anchor bolts②

• Construction of secondary lining

Step 3 • Remove transverse temporary supports
• Construction of the Central ditch
• Construction of the filling layer

Filling layer
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months to complete the maintenance work, from 
November 2016 to December 2016.

5  Maintenance Effect

The effectiveness of the proposed treatment meas-
ures was monitored for three years from January 2017 
to January 2020 after maintenance. The measuring 
points and monitoring results are presented in the 
subsequence sections.

5.1  The Axial Force of the Prestressed Anchor Rod

To investigate the axial force of the prestressed 
anchor rods, the axial force was monitored continu-
ously. As shown in Fig. 13a, anchor rod – A, anchor 
rod – B, and anchor rod – C were chosen to moni-
tor their axial forces. Three measuring points were 
arranged for each anchor rod, namely top, middle, 
and bottom of the anchor rod. Monitoring points A1, 
A1-1 and A1-2 were arranged in anchor rod-A, points 
B1, B1-1 and B1-2 were arranged in anchor rod-B, 
points C1, C1-1 and C1-2 were arranged in anchor 
rod-C, as illustrated in Fig. 13a. The field installation 
of the axial force monitoring device can be seen in 
Fig. 13b.

The analysis results of the axial force at the top 
of the prestressed anchor rods (refer to Fig. 13) are 
illustrated in Fig. 14a. The anchor bolt rods, which 
are in tension, imply that the rheological effect of 
the tuff does exist, resulting in the upward uplift 

of the inverted arch structure. Within the first six 
months, the axial force of the anchor rod grew rap-
idly. All the prestressed anchor bolts (i.e. points 
A1, B1 and C1) at the bottom of the inverted arch 
produce a downward force on the inverted arch to 
resist the uplift of the surrounding rock. Later, from 
the sixth month to the eighteenth month, the axial 
force of the anchor rods increased slowly. The axial 
force of the anchor rod (i.e. point A1) increased 
from 25.589kN to 32.03kN. To ensure the optimum 
prestressed forces were applied in stabilising the 
inverted arch, the stress of each part of the structure 
was then adjusted to achieve balance. Thereafter, 
during the monitoring period from the eighteenth 
month to the thirty-sixth month, the increase of the 
axial forces for all the anchor rods was very small. 
At the end of the thirty-sixth month, the monitor-
ing results of the prestressed anchor bolts measured 
at points A1, B1, and C1 were in tension with the 
axial forces of 32.11kN, 41.471kN and 34.58kN, 
respectively.

The analysis results of the axial force at the mid-
dle of the prestressed anchor rods (refer to Fig. 13) 
are illustrated in Fig.  14b. The monitored axial 
force values are all positive, indicating that the 
prestressed anchor rods are under tension. Within 
the first six months, the axial force of the anchor 
rod grew rapidly. The measured axial force in the 
sixth month at points A1-1, B1-1, and C1-1 was 
20.589kN, 32.45kN, and 31.254kN, respectively. 
Later, from the sixth month to the eighteenth month, 
the axial force of the anchor rods increased slowly. 

Fig. 13  Axial force field 
testing of the prestressed 
anchor rod. a Measuring 
points, b monitoring device 
installation

(a) Measuring points    (b) Monitoring device installation

A1-1
B1-1

C1-1

C1

C1-2

A1

A1-2

B1

B1-2

Anchor rod-A
Anchor rod-B

Anchor rod-C Anchor rod
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Fig. 14  Axial force of the 
prestressed anchor rods. a 
Axial force at the top of the 
prestressed anchor rods, b 
Axial force at the middle of 
the prestressed anchor rods, 
c Axial force at the bottom 
of the prestressed anchor 
rods

(a) Axial force at the top of the prestressed anchor rods

(b) Axial force at the middle of the prestressed anchor rods
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Thereafter, the increase of the axial forces for all 
the anchor rods was very small during the monitor-
ing period from the eighteenth month to the thirty-
sixth month. At the end of the monitoring period, 
the axial forces at points A1-1, B1-1, and C1-1 were 
22.11kN, 32.474 kN and 31.32 kN, respectively.

The analysis results of the axial force at the bottom 
of the prestressed anchor rods (refer to Fig.  13) are 
illustrated in Fig.  14c. The prestressed anchor rods 
were all under tension and continued to increase dur-
ing the monitoring period. The axial force changes at 
the bottom of the anchor rods (refer to points A1-2, 
B1-2, and C1-2) went through three stages, i.e., 
rapid increase, slow increase, and gradual stabiliza-
tion. This is similar to the characteristics of the axial 
force changes monitored at the top and middle of the 
anchor rods, shown in Fig. 14a and Fig. 14c. At the 
end of the monitoring period, the tension at points 

A1-2, B1-2, and C1-2 were 14.221kN, 18.289kN and 
11.104kN, separately.

The monitoring results (refer to Fig. 14) show that 
the maximum tensile force borne by the anchor rod 
was 41.471kN (i.e. point B1). As the diameter of the 
anchor rod was 25 mm, the calculated maximum ten-
sile stress was 84.527 MPa at point B1 in the anchor 
rod-B.

5.2  Contact Pressure Between Initial Support 
Concrete and Surrounding Rocks

As shown in Fig.  15a, three measuring points (i.e. 
Point A2, B2 and C2) were arranged to monitor the 
contact pressure between the initial support concrete 
and surrounding rocks. Prior to the construction 
of the initial support, the earth pressure cells were 
installed. Then, the contact pressure was measured by 
the earth pressure cell, as illustrated in Fig. 15b.

Fig. 15  Contact pressure 
field monitoring. a measur-
ing points, b installation of 
the earth pressure cell,

(a) Measuring points (b) Installation of the earth pressure cell 
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Fig. 16  Contact pressure 
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The analysis results of contact pressure between 
initial support concrete and surrounding rocks are 
illustrated in Fig.  16. The contact pressure between 
the initial support concrete and surrounding rocks 
increased rapidly within the first six months. After the 
inverted arch structure was constructed, the contact 
pressure was adjusted to achieve balance. The con-
tact pressure grew slower than before from the sixth 
to the twelfth month. The measured contact pressure 
in the twelfth month at points A2, B2, and C2 was 
0.208 MPa, 0.02 MPa, and 0.398 MPa, respectively. 
After that, slow but steady growth in contact pressure 
was monitored from the twelfth month to the twenty-
fourth month. The contact pressure ranged from rapid 
to slow transition from the beginning to the twenty-
fourth month. This implies that the rheological effect 
of the tuff induced the continuous upward uplift of 
the surrounding rocks, increasing pressure on the 
initial support of the inverted arch. Later, from the 
twenty-fourth month to the thirty-sixth month, the 
contact pressure at point C2 remained stable, while 
the contact pressure change at points A2 and B2 was 
tiny. This indicates the contact pressure achieved a 
steady state at this stage. At the end of the monitoring 
period, the contact pressure between the initial sup-
port concrete and surrounding rocks at points A2, B2, 
and C2 was 0.212 MPa, 0.029 MPa, and 0.406 MPa, 
respectively.

5.3  Stress of Initial Support

5.3.1   Layout of Measuring Points

As shown in Fig.  17a, six measuring points (i.e. 
Point A3, A3-1, B3, B3-1, C3, and C3-1) were 
arranged to monitor the stress in the steel arch 
frame. Meanwhile, three measuring points (i.e. 
Point A3, B3, and C3) were arranged at the inner 
edge of the steel arch frame, while three measur-
ing points (i.e. Point A3-1, B3-1, and C3-1) were 
arranged at the outer edge of the steel arch frame. 
The outer edge of the steel arch frame is close to 
the surrounding rocks, while the inner edge of the 
steel arch frame is adjacent to the secondary lining. 
Surface-mounted concrete strain gauges (JMZX-
212) were used to monitor the stress of steel arch 
frames. Surface-mounted concrete strain gauges 
were welded to the inside of the upper and lower 
flanges of the steel arch frame.

As shown in Fig.  17b, six measuring points (i.e. 
Point A4, A4-1, B4, B4-1, C4, and C4-1) were 
arranged to monitor the stress in the initial support 
concrete. three Measuring points (i.e. Point A4, B4, 
and C4) were arranged at the inner edge of the ini-
tial support concrete, while three measuring points 
(i.e. Point A4-1, B4-1, and C4-1) were arranged at the 
outer edge of the initial support concrete. The outer 
edge of the initial support concrete is close to the 
surrounding rocks, while the inner edge of the initial 
support concrete is adjacent to the secondary lining. 

Fig. 17  Measuring points 
arranged in initial support. 
a Measuring points on the 
steel arch frame. b Measur-
ing points in initial support 
concrete

(a) Measuring points on the steel arch frame

(b) Measuring points in initial support concrete

A3,
A3-1 B3,

B3-1

C3,
C3-1

Steel arch 
frame

Steel arch 
frame 

Strain gauge C3-1

Strain gauge C3

A4-1
B4-1

C4-1

Initial 
support 
concrete

A4
B4 C4



4496 Geotech Geol Eng (2024) 42:4477–4507

1 3
Vol:. (1234567890)

Embedded concrete strain gauges (JMZX-215) were 
used to monitor the stress of initial support concrete.

The field layout of these monitoring points in the 
steel arch frame and initial support concrete is illus-
trated in Fig. 18a. The installation of strain gauges on 
the steel arch frame and initial support concrete are 
illustrated in Fig. 18b.

5.3.2   Stress of Steel Arch Frame

Figure 19a presents the monitoring results at the inner 
edge of the steel arch frame stress. The stress in steel 
arch frames was negative, indicating compressive 
stress. Steel arch frames began to bear loads imme-
diately after completion, and the compressive stress 
in steel arch frames increased rapidly, with a maxi-
mum compressive stress of 36.96 MPa (i.e. at Point 
B3). Later, from the second to the fourth month, the 
stresses at points B3 and C3 gradually decreased, 
while the stress at point A3 steadily increased. 
Afterwards, the compressive stress of the steel arch 
increased until the twelfth month. The compressive 
stress in the twelfth month at points A3, B3, and C3, 
was 12 MPa, 21.85 MPa, and 8.6 MPa, respectively. 
Next, a slowing trend of increase appeared in the 
steel arch frame from the twelfth to the twenty-fourth 
month, implying that the stress of the steel arch frame 
was gradually adjusted and tended to be steady in the 
initial support. From the twenty-fourth to the thirty-
sixth month, the stress of the steel arch changed very 

little and eventually reached a steady state. The com-
pressive stress on the inner edge the steel arch frame 
at points A3 and C3 was 13.5  MPa and 9.6  MPa, 
respectively. Moreover, the ultimate maximum com-
pressive stress of the steel arch frame was 22.4 MPa 
(i.e. at Point B3).

Figure 19b shows the monitoring results of stress 
at the outer edge of the steel arch frame. During 
the first two months of the monitoring period, the 
stresses at points A3-1, B3-1, and C3-1 in steel 
arch frames were negative, indicating compressive 
stress. The compressive stress in steel arch frames 
increased rapidly at the beginning of the monitor-
ing period, with a maximum compressive stress of 
22.89 MPa (i.e. at Point A3-1), implying that steel 
arch frames began to bear loads immediately after 
completion. Later, the stresses in the steel arch 
frame were adjusted and gradually reduced. At the 
end of the second month of the monitoring period, 
measurement points A3-1 and B3-1 were still sub-
jected to compressive stresses, while the stress 
at point C3-1 was positive, indicating a tensile 
stress. Then, from the second to the fourth month, 
the change in stress at point A3-1 was very small, 
the stress at point B3-1 still gradually decreased, 
while the stress at point C3-1 steadily increased. 
The stress at the end of the second month at points 
A3-1, B3-1, and C3-1, was -15.11 MPa, -1.05 MPa, 
and 6.3  MPa, respectively. Afterwards, the stress 
of the steel arch increased until the twelfth month. 

Fig. 18  Field stress moni-
toring of initial support. a 
layout of measuring points. 
b Installation of strain 
gauges

(a) Layout of measuring points   (b) Installation of strain gauges 
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The compressive stress in the twelfth month at 
points A3-1 and B3-1 was 16.4 MPa and 2.8 MPa, 
respectively. Additionally, the tension stress at 
point C3-1 was 10.98MPa at the end of the twelfth 
month. Next, a slowing trend of increase appeared 
in the steel arch frame from the twelfth to the 
twenty-fourth month, implying that the stress of the 

steel arch frame was gradually adjusted. From the 
twenty-fourth to the thirty-sixth month, the stress of 
the steel arch changed very little and finally reached 
a steady state. At the end of the monitoring period, 
the ultimate maximum compressive stress at the 
outer edge of the steel arch frame was 16.7 MPa at 
Point A3-1, and the maximum tensile stress at the 

Fig. 19  Stress of steel arch 
frame. a Stress at the inner 
edge of steel arch frame. b 
Stress at the outer edge of 
steel arch frame

(a) Stress at the inner edge of steel arch frame

(b) Stress at the outer edge of steel arch frame
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outer edge of the steel arch frame was 12.1 MPa at 
Point C3-1. Additionally, point B3-1 was subjected 
to compressive stress, 3.8 MPa.

5.3.3   Stress of Initial Support Concrete

The monitoring results at the inner edge of initial 
support concrete stress are illustrated in Fig.  20a. 
During the whole monitoring period, the stress of 
the initial support concrete in the inverted arch was 
negative, indicating compressive stress. Within three 

months after the completion of the inverted arch con-
struction, the initial concrete support stress showed a 
rapid growth trend. It suggests that the initial support 
concrete resisted the deformation of the surround-
ing rock and bore considerable compressive stress. 
From the third to the twelfth month, the compressive 
stress of the initial support concrete at points A4 and 
B4 increased slower than before, while the stress at 
point C4 remained steady. It implies that the concrete 
stress gradually stabilized during this period. The 
concrete compressive stress in the twelfth month at 

Fig. 20  Stress of initial 
support concrete. a Stress 
at the inner edge of initial 
support concrete. b Stress 
at the outer edge of initial 
support concrete

(a) Stress at the inner edge of initial support concrete

(b) Stress at the outer edge of initial support concrete

-10.03 

-10.07 -9.72 -9.72

-10.51 -11.04 -11.41 -11.43 

-8.46 -8.46 -8.70 -8.71 

-12

-10

-8

-6

-4

-2

0
0 3 6 9 12 15 18 21 24 27 30 33 36

St
re

ss
 o

f i
ni

tia
l s

up
po

rt 
co

nc
re

te
/M

Pa

Time/Month
A4 B4 C4

-10.20 -10.80 -11.05 -11.05 

-12.35 -12.71 -12.91 -12.92 

-12.72 -13.20 -13.35 -13.35 -15

-13

-11

-9

-7

-5

-3

-1

0 3 6 9 12 15 18 21 24 27 30 33 36

St
re

ss
 o

f i
ni

tia
l s

up
po

rt 
co

nc
re

te
/M

Pa

Time/Month
A4-1 B4-1 C4-1



4499Geotech Geol Eng (2024) 42:4477–4507 

1 3
Vol.: (0123456789)

points A4, B4, and C4, was 10.07 MPa, 11.04 MPa, 
and 8.46  MPa, respectively. From the twelfth to the 
twenty-fourth month, A minor increase appeared in 
compressive stress of the initial support concrete at 
points B4 and C4, while a slight decrease appeared 
at point A4. Later, the initial support for concrete 
stress remained almost steady from the twenty-fourth 
to the thirty-sixth month. At the end of the monitor-
ing period, the concrete compressive stress at points 
A4, B4, and C4 at the inner edge of initial support 
concrete was 9.72  MPa, 11.43  MPa, and 8.71  MPa, 
respectively. The monitoring results showed that the 
ultimate compressive stress of the initial support con-
crete was 11.43 MPa at point B4.

The stress monitoring results at the outer edge of 
the initial support concrete are illustrated in Fig. 20b. 
During the whole monitoring period, the stress of 
the initial support concrete at the outer edge of the 
inverted arch was negative, indicating compressive 

stress. The compressive stress in the initial support 
concrete increased rapidly at the beginning of the 
monitoring period. At the end of the third month 
of the monitoring period, the compressive stress 
at points A4-1, B4-1, and C4-1 in the initial sup-
port concrete reached 10.2  MPa, 12.35  MPa and 
12.72 MPa, separately. From the third to the twelfth 
month, the compressive stress of the initial support 
concrete increased slower than before. The increase 
in stress at points A4-1, B4-1 and C4-1 was 0.6 MPa, 
0.36  MPa and 0.48  MPa, respectively. It implies 
that the concrete stress gradually stabilized during 
this period. The concrete compressive stress in the 
twelfth month at points A4-1, B4-1, and C4-1, was 
10.8  MPa, 12.71  MPa, and 13.2  MPa, respectively. 
From the twelfth to the twenty-fourth month, A minor 
increase appeared in compressive stress at the outer 
edge of the initial support concrete. Then, the stress 
at the outer edge of initial support concrete remained 

(b) Layout of measuring points (c) Installation of the strain gauge

A5, A5-1

B5, B5-1

C5, C5-1

Secondary 
lining 

Tunnel axis

Strain gauge

(a) Measuring points in secondary lining concrete

A5-1
B5-1

C5-1
Outer edge of 
the lining

A5
B5

C5

Inner edge of 
the lining

Fig. 21  Control measures of the inverted arch. a Measuring points in secondary lining concrete. b Layout of measuring points. c 
Installation of the strain gauge
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almost steady from the twenty-fourth to the thirty-
sixth month. At the end of the monitoring period, the 
concrete compressive stress at points A4-1, B4-1, and 
C4-1 at the outer edge of initial support concrete was 
11.05 MPa, 12.92 MPa, and 13.35 MPa, respectively. 
The monitoring results showed that the ultimate com-
pressive stress at the outer edge of the initial support 
concrete was 13.35 MPa at point C4-1.

5.4  Stress of Secondary Lining Concrete

As shown in Fig.  21a, six measuring points (i.e. 
Point A5, A5-1, B5, B5-1, C5 and C5-1) were 
arranged to monitor the stress of secondary lin-
ing concrete in the inverted arch. Points A5, B5, 
and C5 were arranged at the inner edge of the sec-
ondary lining concrete in the inverted arch, while 
points A5-1, B5-1 and C5-1 were arranged at the 

Fig. 22  Stress of secondary 
lining concrete. a Stress at 
the inner edge of secondary 
lining concrete. b Stress at 
the outer edge of secondary 
lining concrete

(a) Stress at the inner edge of secondary lining concrete

(b) Stress at the outer edge of secondary lining concrete
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outer edge of the inverted arch lining concrete. The 
inner edge of the secondary lining is adjacent to the 
inverted arch filling layer, while the outer edge of 
the secondary lining concrete is close to the sur-
rounding rocks. The field layout of these monitoring 
points is illustrated in Fig. 21b. Embedded concrete 
strain gauges (JMZX-215) were used to monitor the 
stress of secondary lining concrete. Embedded con-
crete strain gauges were tied with steel wire to the 
main reinforcement in the secondary lining struc-
ture, as shown in Fig. 21c.

Figure 22a depicts the monitoring results of con-
crete stress at the inner edge of the secondary lining. 
The secondary lining concrete stress in the inverted 
arch was negative, indicating compressive stress. In 
the first two months of the monitoring period, the 
compressive stress in the inverted arch concrete lin-
ing increased quickly, implying that the concrete lin-
ing began to bear loads after the inverted arch lin-
ing was completed. A continuous but slow growth 
appeared in the lining stress from the second to the 
twelfth month. This is probably due to the constant 
deformation of the surrounding rock caused by rheol-
ogy, resulting in an increasing pressure acting on the 
lining. In the twelfth month, the concrete compres-
sive stress at points A5, B5, and C5 was 2.60 MPa, 
7.40 MPa, 3.35 MPa, respectively. The secondary lin-
ing bears loads together with the initial support, so 
the stress of the secondary lining concrete was gradu-
ally adjusted and tended to be steady from the twelfth 
to the twenty-fourth month. The stress at points B5 
and C5 slightly reduced, while the stress at point A5 
increased somewhat. Thereafter, the compressive 
stress of the steel arch remained almost steady from 
the twenty-fourth to the thirty-sixth month. At the 
end of the monitoring period, the compressive stress 
at the inner edge of secondary lining concrete in the 
inverted arch at points A5 and C5 was 2.80  MPa 
and 3.30  MPa, respectively. Moreover, the ultimate 
maximum compressive stress at the inner edge was 
7.20 MPa (i.e. at Point B5).

Figure 22b depicts the monitoring results of con-
crete stress at the outer edge of the secondary lining 
in the inverted arch. The secondary lining concrete 
was subjected to compressive stress during the moni-
toring period. During the first half month of the moni-
toring period, the compressive stress at the outer edge 
of the secondary lining in the inverted arch increased 
quickly, implying that the concrete lining began to 

bear loads after the inverted arch lining was com-
pleted. The maximum compressive stress at points 
A5-1, B5-1 and C5-1 reached 4.1 MPa, 2.2 MPa and 
5.0 MPa, respectively. From the half month to the end 
of the fifth month, the compressive stresses at points 
A5-1 and B5-1 gradually decreased and rebounded, 
while the compressive stress at point C5-1 contin-
ued to decrease. This indicates that the stresses were 
gradually adjusting and the secondary lining struc-
ture and the initial support structure were sharing 
the load together. At the end of the fifth month, the 
concrete compressive stress at points A5-1, B5-1, 
and C5-1 was 0.84  MPa, 1.0  MPa, and 3.31  MPa, 
respectively. Then, the stresses at the outer edge of 
the secondary lining show similar variation char-
acteristics as those at the inner edge. A continuous 
but slow growth appeared in the lining stress from 
the fifth to the twenty-fourth month. The increase 
in compressive stress at both points A5-1 and B5-1 
was approximately 0.3  MPa, while the increase in 
compressive stress at point C5-1 was 0.64  MPa. In 
the twenty-fourth month, the concrete compressive 
stress at points A5-1, B5-1, and C5-1 was 1.1 MPa, 
1.29 MPa, and 3.95 MPa, respectively. Thereafter, the 
compressive stress of the secondary lining concrete 
remained steady from the twenty-fourth to the thirty-
sixth month. At the end of the monitoring period, the 
compressive stress at the outer edge of secondary lin-
ing concrete at points A5-1 and B5-1 was 1.10 MPa 
and 1.30  MPa, respectively. Moreover, the ultimate 
maximum compressive stress at the outer edge was 
4.0 MPa at Point C5-1 from the monitoring results.

5.5  Stress Characteristics of the Inverted Arch 
Structure

5.5.1   Comparison of Field Observation Results 
of Sanlian Tunnel with Similar Projects

Table  8 shows the comparison of field monitored 
stresses of the Sanlian Tunnel with similar pro-
jects. As a result, it can be confirmed that the field 
monitoring results in this tunnel are reliable. As the 
inverted arch heaving occurred in the grade V tuff 
formation in this tunnel, field monitoring results 
of other tunnels excavated in grade V surround-
ing rocks were selected for comparison. As seen 
in Table  8, the stress distribution characteristics 
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of the tunnel structure monitored in this work are 
roughly consistent with those of similar tunnels. 
The measured stresses of the tunnels are not exactly 
the same due to the different types of surrounding 
rocks and the variation in design and construction 
conditions. By comparison, it can be inferred that 
the field monitoring results of this work are reliable 

and can be used to evaluate the structural safety of 
the repaired inverted arch.

5.5.2   Long‑Term Stress Characteristics 
of the Inverted Arch

The inverted arch field monitoring results suggest 
that the anchor rod stress, initial support stress, and 
secondary lining stress underwent three stages: rapid 
increase, slow increase, and gradual stabilization, as 
shown in Fig. 23. Figure 23 only shows the develop-
ment trend of stresses, the exact values of stresses can 
be seen in Figs. 14, 19, 20, and 22. The inverted arch 
structure was subjected to loads immediately after the 
construction, and thus the monitored stresses showed 
a rapid increase. Then, the rheology of the tuff rocks 
extruded the inverted arch structure, resulting in a 
continuous slow increase in the monitored stresses. 
Two years after the completion of the inverted arch, 
the rheological deformation of the surrounding 

Table 8  Comparison of Sanlian Tunnel with similar projects

Items for comparison Field monitored stresses in this 
tunnel

Field monitored stresses in similar 
projects

Reference

Contact pressure between initial 
support concrete and surrounding 
rocks

Average contact pressure is 
0.216 MPa

Grade V laminar stratum, average 
contact pressure is 0.377 MPa

Li et al. 2020

Stress of steel arch frame All but one of the measuring points 
were subjected to compressive 
stresses ranging from 3.80 MPa 
22.40 MPa

Grade V stratum, most measuring 
points were subjected to compres-
sive stresses of approximately 
14.5 MPa to 46.8 MPa

Cao et al. 2018

Compressive stress of initial support 
concrete

The maximum compressive stress is 
13.35 MPa

Grade V tuff stratum, the maximum 
compressive stress is 13.47 MPa

He et al. 2024

Stress of secondary lining concrete The maximum compressive stress is 
7.2 MPa

Grade V mudstone stratum, the 
maximum compressive stress is 
8.5 MPa

Du et al. 2020

The 24th monthApproximately 4th month

Stage 1: Rapid 
increase

Stage 2: Slow increase Stage 3: Stabilization

The 36th month

St
re

ss

Monitoring time

Fig. 23  Development trend of the inverted arch stress

Table 9  Stress distribution of the inverted arch structure (Unit:MPa)

Structure Location Monitoring 
points on the 
left

Monitoring 
points in the 
middle

Monitoring 
points on the 
right

Location of 
the maximum 
stress

Average 
compressive 
stress

Stress of the steel arch frame Inner edge − 13.35 − 22.40 − 9.60 Middle − 13.17
Outer edge − 16.70 − 3.80 12.10 Left

Stress of initial support 
concrete

Inner edge − 9.72 − 11.43 − 8.71 Middle − 11.20
Outer edge − 11.05 − 12.92 − 13.35 Right

Stress of secondary lining 
concrete

Inner edge − 2.80 − 7.20 − 3.30 Middle − 3.28
Outer edge − 1.10 − 1.30 − 4.00 Right
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rocks tended to stabilize, and thus the stresses in the 
inverted arch also show a gradual stabilization state.

Table  9 depicts the stress distribution of the 
inverted arch structure at the end of the monitoring 
period. The positive stress indicates tensile stress, 
while the negative stress indicates compressive stress. 
The inverted arch structure was mainly subjected to 
compressive stresses, and only one monitoring point 
at the outer edge of the steel arch frame was subjected 
to tensile stresses (i.e., 12.10  MPa). The maximum 
stresses mostly occurred in the middle of the inverted 
arch, implying that the middle of the inverted arch 
was subject to the maximum surrounding rock pres-
sure. The average compressive stress of the steel arch 
frame (i.e., 13.17 MPa) was greater than that of the 
initial support concrete (i.e., 11.20  MPa). The steel 
arch frame was very stiff and could share more sig-
nificant stresses. The secondary lining bore minimal 
compressive stresses (i.e., 3.28 MPa), indicating that 
the secondary lining had considerable safety reserves 
in the inverted arch structure.

5.6  Safety Evaluation of the Inverted Arch After 
Maintenance

5.6.1  Allowable Stress of Inverted Arch Structure

The maximum stresses at the end of the monitoring 
period are illustrated in Table 10. The strength limits 
of different materials in this table are obtained from 
Code for Design of Railway Tunnel (China Railway 
Eryuan Engineering Group Co.Ltd. 2016). Table  10 
illustrates that the maximum stresses of the pre-
stressed anchor bolt, the steel arch frame, the initial 
support concrete, and the secondary lining concrete 
were separately less than the allowable stress. Thus, 
after maintenance, the inverted arch is in a safe state.

5.6.2   Safety Factor of Inverted Arch Lining

Based on the secondary lining stresses at the end of 
the monitoring period in Fig. 22, the axial force N 
and bending moment M of the secondary lining are 
calculated according to Eqs. (4) and (5) (Wang et al. 
2024). Positive axial forces represent tension, while 
negative axial forces represent pressure. Positive 
bending moments represent tension on the outside 
of the lining, while negative bending moments rep-
resent tension on the inside. The outside is close to 
the surrounding rocks, while the inside is adjacent 
to the tunnel clearance.

where b is the width of the calculated cross-section, 
i.e., 1 m along the longitudinal axis of the tunnel. h is 
the thickness of the secondary lining, i.e., 0.55 m. σ1 
is the stress acting at the outer edge of the lining, and 
σ2 is the stress acting at the inner edge.

Figure  24 illustrates the calculated axial force 
and bending moment values at three sections (refer 
to A ~ C) in the secondary lining of the inverted 
arch after maintenance. As shown in Fig. 24a, nega-
tive axial forces, namely pressure, are applied in the 
lining structure. The axial force value at Section 
A, B and C in the secondary lining of the inverted 
arch is 1072.5kN, 2337.5kN and 2007.5kN, respec-
tively. The maximum axial force value is 2337.5kN 
and is located at section B in the middle section 
of the inverted arch secondary lining. As shown in 
Fig.  24b, positive bending moments are applied in 
Section A and B in the secondary lining, indicating 

(4)N =
1

2
bh(�1 + �2)

(5)M =
1

12
bh

2(�1 − �2)

Table 10  Summary of 
monitoring results

Materials Maximum stress (MPa) Allow-
able stress 
(MPa)

Prestressed anchor bolts (HRB400) 84.527 (tensile stress) 210
Steel arch frame (HPB300) 12.1 (tensile stress) 160
Steel arch frame (HPB300) 22.4 (compressive stress) 160
Initial support concrete (C25) 13.35 (compressive stress) 23.8
Secondary lining concrete(C35) 7.2 (compressive stress) 32.5
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tension on the outside of the lining. Addition-
ally, negative bending moment is applied in Sec-
tion C in the secondary lining, indicating tension 
on the inside of the lining. The bending moment 
value at Section A, B and C in the secondary lin-
ing of the inverted arch is 42.9kN·m, 148.9kN·m 
and 17.6kN·m, respectively. The maximum bending 
moment value is 148.9kN and is located at section 
B in the middle section of the inverted arch second-
ary lining.

Secondly, based on the inner force values (shown 
in Fig. 24), the safety factors of the inverted arch sec-
ondary lining are calculated according to the Code for 
Design of Railway Tunnel (China Railway Eryuan 
Engineering Group Co.Ltd. 2016). The safety fac-
tors for critical sections (refer to A ~ C) are shown 
in Fig.  25. The safety factors in sections A, B, and 
C are 16.02, 6.75, and 9.7, respectively. The maxi-
mum safety factor is 16.02, located in section A. The 

minimum safety factor is 6.75, located in section B, 
in the middle of the inverted arch. The safety factors 
at the two sides (refer to points A and C in Fig. 25) 
of the inverted arch are larger than that of the middle 
(refer to point B in Fig. 25). As can be seen Condition 
2 in Table 6, safety factors at the two sides (refer to 
points A, B, D, E) are greater than that in the mid-
dle (refer to point C). The safety factors calculated 
by the numerical simulation and the field observation 
have similar characteristics, which indicates the reli-
ability of the numerical analysis and field observation 
results. As illustrated in Code for Design of Railway 
Tunnel (China Railway Eryuan Engineering Group 
Co.Ltd.,2016), the safety factor of concrete lining 
must be greater than 2.4. These safety factors (refer 
to Fig. 25) meet the requirement. Therefore, the sec-
ondary lining structure of the rebuilt inverted arch is 
safe, and the maintenance of the inverted arch in the 
Sanlian Tunnel may achieve a good effect.

Although the two-dimensional numerical simula-
tion used in this work was able to derive the cause 
of the inverted arch heaving, deformations of the 
inverted arch along the longitudinal axis of the tun-
nel could not be grasped. The tunnel construction 
encounters varying geological conditions, it is still 
not known whether the maintenance proposed in 
this work is applicable to other geological conditions 
other than tuff. Therefore, examining the longitudi-
nal deformation characteristics by three-dimensional 
analysis and proposing maintenance suitable for a 
wide range of geological conditions will be the next 
research focuses.

(a) Axial force (Unit: kN)    (b) Bending moment (Unit: kN·m) 
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Fig. 24  Inner force of inverted arch lining after maintenance. a Axial force (Unit: kN). b Bending moment (Unit: kN·m)
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Fig. 25  Safety factor of inverted arch lining after maintenance
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6  Conclusion

By providing an overview of the inverted arch heav-
ing in tuff formation in the SL Tunnel, this study has 
explored the cause and maintenance of the heaving. 
The numerical analysis using FLAC3D was con-
ducted to investigate the cause of the inverted arch 
heaving. Then, field monitoring of stresses lasting for 
three years in the rebuilt inverted arch was undertaken 
to evaluate the effectiveness of maintenance. The fol-
lowing conclusions can be derived:

1. The field investigation shows that the maximum 
heaving on the inverted arch was 85 mm. Cracks 
with a width of 5~15mm and flexural deforma-
tion of reinforcement were also observed. The 
numerical simulation results indicate that the rhe-
ological effect of tuff is the main reason for the 
uplift and cracking of the inverted arch. It is pos-
sible to conclude that the structural design of the 
SL tunnel omitted the effect of tuff rheology and 
that the structural design needs to be optimized.

2. The proposed maintenance consists of remov-
ing the damaged inverted arch and constructing 
a new one. The depth of the rebuilt inverted arch 
was determined by a comparative analysis of 
numerical simulations for three working condi-
tions. Deepened inverted arch structure by 65cm 
combined with 8m-long prestressed anchor rods 
were adopted to control the inverted arch distress.

3. After maintenance, the stresses of the inverted 
arch were observed for three years to evalu-
ate the maintenance effect. Influenced by the 
long-term rheology of the tuff, the stresses in 
the inverted arch underwent three stages: rapid 
increase, slow increase, and gradual stabiliza-
tion. The maximum stress of prestressed anchor 
rods, steel arch frames, initial support concrete, 
and secondary lining concrete were 84.53MPa, 
22.40MPa, 13.35MPa, 7.20MP, respectively, 
which were lower than the permissible stress 
(namely 210MPa, 160MPa, 23.8MPa, 32.5MPa, 
respectively). Furthermore, the minimum safety 
factor (namely 6.75) calculated by the field moni-
toring results met the requirements (greater than 
2.4) specified by the Code for Design of Railway 
Tunnel, signifying the safety of the inverted arch.

4. This study has improvement in the following 
three aspects. (i) Numerical simulations using 

experimentally obtained material parameters 
reveal that tuff rheology is responsible for the 
inverted arch heaving. (ii) Deepened inverted 
arch structure combined with prestressed anchor 
rods are proposed to manage the inverted arch 
heaving of tunnels excavated in tuff deforma-
tion. (iii) The field stress observation lasting for 
three years is implemented to analyze the devel-
opment of stresses in the inverted arch structure 
after maintenance. The proposed maintenance 
measures for addressing inverted arch distress are 
anticipated to yield positive results.

5. Tuff formation is widely distributed in southwest 
China. With the development of transportation 
infrastructure, more and more tunnels will be 
excavated in tuff strata. The suggested control 
technology holds substantial promise for practi-
cal implementation in engineering scenarios in 
tuff stratum. The designers and constructors of 
tunnels can learn from the design strategy of the 
inverted arch proposed in this work to ensure the 
safety of the tunnel structure.
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