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Introduction: The present study examines the fatigue reliability of subway tunnel
invert structures subjected to train-induced loads, a critical factor in ensuring the
safety and longevity of these vital infrastructures.

Methods: By integrating higher-order moment theory, fatigue equations, and
cumulative damage theory, this research analyzes the impact of train loads on
invert structures, taking into account factors such as tension stress, compression
stress, train axle weight, speed, and lining thickness.

Results: The findings indicate that the reinforcement of the invert structure is
required under tension stress, while it is not necessary for compression stress.
Notably, the train’s axle weight and speed exert a significant influence on the
fatigue reliability index, with speed displaying a marginally greater effect than axle
weight. Conversely, the lining thickness demonstrates a negligible impact on the
reliability index. As time progresses, the fatigue reliability index diminishes,
resulting in an elevated probability of failure.

Discussion: In light of these findings, it is imperative to conduct regular
inspections and maintain the tensile state of the invert structure, which
warrants the most attention. To safeguard the safety and longevity of subway
tunnel invert structures, it is essential to concentrate on the aspects related to
tensile stress and closely monitor train loads, specifically axle weight and speed.
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1 Introduction

The tunnel is an integral component of highway and railroad engineering construction
projects (Zhou et al., 2020). Scholars have made significant progress in tunnel engineering
theory over the past few decades. This research topic has shifted from deterministic research
(Shi et al., 2021; Wang et al., 2022; Zhou et al., 2023) to randomness and uncertainty (Chen
et al., 2014), which better reflect the realistic issues of underground engineering. As a result,
most tunnel engineering research has become closely associated with reliability theory,
which has become a significant subject of research, spanning the construction and operation
periods. During the operation period, the tunnel is primarily subjected to dynamic cyclic
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train loads over an extended period, leading to deterioration of the
structure beneath the rails.

In the field of engineering, various factors such as soil
parameters, train loads, lining structure, and surrounding rock
pressure can impact the fatigue of structures, and these effects
are often unpredictable and unknown. In order to ensure the
safety and reliability of subway tunnel components during
operation, it is crucial to consider the randomness and
uncertainty of these factors and conduct a reliability study based
on the establishment of fatigue performance functions. Reliability
methods are founded on the principles of probability theory. These
methods involve randomly selecting parameters in a model and
using these parameters to calculate the established reliability model,
thus determining the reliability index and the likelihood of failure.
When dealing with practical engineering problems, it is necessary to
consider multiple random factors and utilize appropriate reliability
methods, such as the first-order reliability method (FORM), the
second-order reliability method (SORM) (Fattahi and Jiryaee, 2022),
the Monte Carlo method (Xie et al., 2022), and the response surface
method (Li and Yang, 2019), to calculate the reliability indices for
different research objects. Examples have shown that the reliability
technique is more aligned with real-world conditions as it takes into
account the force situation in a complex geological environment.

The application of reliability theory to engineering problems
dates back to early times, but its use in tunnel engineering was first
proposed by Rosenblueth and Esteva (1972). They used reliability
methods based on performance functions and determined the
probability of failure in tunnel structures by assuming the type of
distribution of random variables. In 1985, Ellingwood and Hwang
conducted research on the reliability method and applied it in the
safety analysis of geotechnical engineering (Ellingwood and Hwang,
1985). Laso et al. (1995) used the method to perform a reliability
analysis of the tunnel support system and evaluated its safety based
on the obtained failure probability. Lü and Low (2011) utilized the
reliability method in the stability analysis of tunnel structural
systems and established a stochastic polynomial model for the
safety analysis of tunnel structures. Mollon et al. (2009) and
Mollon et al. (2011) improved the traditional reliability method
by using a quadratic polynomial model to calculate the failure
probability of tunnel structures (Mollon et al., 2009; Mollon
et al., 2011). Chen et al. (2014) improved the response surface
method and the first-second-order moment method to calculate the
safety of tunnels during construction. They confirmed the
superiority of the improved method over traditional methods.

The reliability analysis methods mentioned above mainly focus
on the stability of the surrounding rock, support systems, and
settlement changes during the construction period of tunnels.
However, during the tunnel operation period, the degradation of
the structural components under train loads must also be
considered. This idea is known as time-varying reliability. There
are few studies that address this aspect. For example, Mori and
Ellingwood (1993) examined the time-varying characteristics of
external loads and simplified them to a stochastic process. The
results of their predictions provided a theoretical foundation for the
life prediction of similar bridge structures in service. Qing Li (2004)
reviewed the current time-varying reliability methods and proposed
several improved methods for the reliability index of time-varying
degradation of bridge junction performance under chloride salt

attack in coastal areas. Frangopol et al. (1997) conducted a study
on the time-varying reliability of concrete girder bridges in service in
the United States, proposing a time-varying resistance decay model.
This model was integrated into the flexural and shear load capacity
model of reinforced concrete bridges, resulting in accurate
predictions. Val and Melchers (1996) used a similar reliability
method to determine the time-varying laws of reinforced
concrete slab bridges under the influence of specific parameters.

The reliability of tunnels has been studied by several researchers
using various approaches. However, each method has its own
strengths and limitations when applied to engineering problems.
It is crucial to consider the actual engineering background while
selecting the reliability method. The primary stress pattern during
the tunnel’s operational phase is the cyclic train loads over a long
period of time. Hence, the analysis of the tunnel structure’s
reliability should consider not only the structural time-variability
but also the randomness and uncertainty of the factors that influence
it. Despite numerous studies on bridge structures, there are relatively
fewer studies on tunnel structures. This highlights the need for
research on subway tunnels. The present study aims to investigate
the time-dependent reliability analysis of the structure under subway
train loads. The goal is to determine the limit state function of
fatigue failure of the invert structure, which is subjected to the
combined action of train loads and surrounding rock pressure. The
study also proposes a new time-varying reliability calculation
method based on high-order moment theory.

2 Performance function of structures

The commonly used reliability methods for structural analysis
include the First-Order Reliability Method (FORM), the Second-
Order Reliability Method (SORM), the Monte Carlo Method, the
Response Surface Method, and the higher-order Moment Theory. A
review of existing literature shows that the higher-order Moment
Theory is characterized by its high computational efficiency,
accuracy, and wide application in engineering structural
reliability analysis. In this paper, we adopt the Moment Method
to analyze the time-varying reliability of the invert structure of
subway tunnels under long-term dynamic fatigue loads. The study
obtains the time-varying fatigue reliability index and failure
probability of the invert structure under compression and tension
and identifies the relationship between the fatigue reliability index
and the service deterioration index of the invert structure. This
research provides a new idea for the reliability calculation of the
invert structure of subway tunnels and provides theoretical support
for the evaluation of the service state of subway tunnel structures.

It is relatively convenient to obtain parameters for reliability
analysis of the structure using the first-order second-moment
theory. However, the method requires repeated iterative
verification, which has minor computational efficiency and
accuracy. Theoretically, the higher order, the higher the calculation
accuracy. Structure engineering problems are much more complex,
and various factors should be considered. Hence, establishing the
performance functions is more complicated, and the computational
difficulty and computation time will sharply increase. Currently, some
scholars have proposed a higher-order moment theory that can better
solve more complex issues with high computational efficiency and
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accuracy (Rosenblueth, 1975; Zhao and Ono, 2000; Zhao and Ono,
2001; Zhao et al., 2006). Therefore, this paper will use a higher-order
moment method to analyze the time-varying fatigue reliability of the
invert structure of subway tunnels.

The typical fatigue life curve (S-N curve) is shown in Figure 1. It
can be separated into three fatigue areas with various tendencies of
variation, i.e., low-cycle fatigue, high-cycle fatigue, and sub-fatigue.
Different parts of the S-N curve can be fitted using various fitting
functions, which include the exponential function equation, power
function equation, three-parameter equation, four-parameter
equations, etc. The subway tunnel is an important transportation
facility with a high frequency of use, and the stress state of its invert
structure is much lower than the strength limit of the concrete
material. Hence, it is in line with the high-cycle fatigue, which will be
the focus of this paper.

Figure 2 compares the results of the fatigue equation for concrete
under different compression and tension conditions (as listed in
Tables 1, 2) where the stress level is dimensionless. As shown in
Figure 2A, with the increase in fatigue cycles, the stress level
calculated by the concrete fatigue equation for each stress
condition slowly and linearly decreases. However, the stress level
calculated by Kim and Kim (1996) is greater than 1, while the other
equations result in stress levels less than 1, indicating that concrete
stress levels generally decrease with fatigue cycles. Considering the
fatigue characteristics of subway tunnel structures, the results
obtained from Song et al. (2008) are more consistent with the
research object, have a clearer formula, and are more convenient
for engineering applications. The predicted results are also
conservative and in line with the fatigue stress state of subway
tunnel structures, ensuring service safety. Although the stress level

FIGURE 1
Typical fatigue life curve (S-N curve) (Shiozawa et al., 2001).

FIGURE 2
Comparative analysis of fatigue equation results for concrete under (A) compression conditions (Aas-Jakobsen, 1970; Matsushita and Tokumitsu,
1979; Yao, 1990; Kim and Kim, 1996; Hou, 2001; Song et al., 2008); and (B) tension conditions (Song et al., 2008; Tepfers, 1979; Saito, 1983; (Zhao et al.,
1993) (Cornelissen and Reinhardt, 1984) (Lü, 2002).
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obtained by Hou (2001) fatigue equation is lower, it underestimates
the fatigue stress level of subway tunnel structures. The formula
proposed by Song et al. (2008) can be used to study the time-varying
fatigue reliability of the subway tunnel under-track structure.

By analyzing the above results, the fatigue equation for concrete
under pressure state proposed by Song et al. (2008) is used for the
establishment of the fatigue function of the structure under the rail
of the subway tunnel, and the expression of the equation is as
follows:

Scmax � 0.9885 − 0.0618lgN (1)
Where Scmax is the maximum compressive stress of concrete; N

is the number of fatigue cycles.
In Figure 2B, the stress level calculated by the concrete fatigue

equation in each tensile state decreases linearly as the number of
fatigue cycles increases. Similar to the results obtained in the
compressed state, the stress level in the tensile state is generally
less than 1, consistent with the actual engineering situation. It is
found that the stress level obtained from the concrete fatigue
equation calculation by Cornelissen is too conservative, which
may cause misjudgment of the fatigue calculation results of
subway tunnel structures. The fatigue equation proposed by Song
et al. (2008), as expressed in Eq. 2, is more consistent with the
research object and has relatively conservative prediction results that
are safe for actual engineering use and in line with the concept of safe
operation of the subway tunnel.

lgN � 16.67 − 16.76Stmax + 5.17Stmin (2)
Where Stmax is the maximum tensile stress of concrete, Stmin is

the minimum tensile stress of concrete; N is the number of fatigue
cycles.

3 Performance function of the invert
structure of the subway tunnel

Long-term exposure of the subway tunnel structure to the cyclic
stress imparted by the upper train loads will produce fatigue damage to
the tunnel structure, particularly the tunnel invert structure. From the
standpoint of fatigue stress damage to concrete, there is frequently both
compressive and tensile damage. Thus, fatigue analysis will also be
conducted from these two perspectives. Miner fatigue cumulative
damage theory (Miner, 1945) is widely used in analyzing the fatigue
failure probability of the invert concrete structure of the tunnel:

Pf � P D t( )> 1[ ] (3)

Where D (t) is the loss factor.
The total damage to the tunnel invert structure in the tension or

compression state within 1 year is:

D 1( ) � ∑∞
i�1

ni
Ni

(4)

Assume that the concrete material is repeated ni times under the
action of the stress value of σi, which can be expressed by:

C � Ni σ i − σ min( )m (5)

Wherem is the concrete material constant, σmin is the minimum
stress level.

Hence, Eq. 4 can be expressed by:

D 1( ) � ∑∞
i�1

ni σ i − σ min( )m
C

(6)

Therefore, the fatigue strength of the invert structure of the
subway tunnel under Ne times equal amplitude repetitive stress after
t years is obtained as σr(N0), which can be obtained from the S-N
curve of the concrete material, then the cumulative loss value after t
years is:

D t( ) � ∑∞
i�1

ni σ i − σ min( )m
Net σr N0 − σ min( )[ ]m (7)

Here, set Δσ i � σ i − σ min, assuming the probability density
function of repeated random stress variation is fΔσi(Δσ i). For
high circumferential cyclic fatigue structures, when the total
number of cycles is large enough (>105), N0 � ∑∞

i�0ni, Then the
number of cycles ni � NfΔσ i(Δσ i) � NetfΔσ i(Δσ i) and the
cumulative loss value is:

D t( ) � ∑∞
i�0

fΔσ i Δσ i( ) Δσ i( )m
σrN0 − σ min[ ]m � E Δσ i( )m

σrN0 − σ min[ ]m (8)

Where E(Δσ i)m is the m-order origin moment of Δσ i; σr (N0) is
the concrete tensile or compressive fatigue strength under equal
amplitude repetitive stress; m is the concrete material constant, and
the value ofm is determined according to the relevant literature and
is taken as 19.38 in bending and tension and 16.90 in compression
(Ou, 2016), hence:

Pf � P
E Δσ i( )m

σrN0 − σ min[ ]m > 1{ } (9)

Accounting for computational model uncertainty variables γ in
the equation:

Pf � P σr N0( )< σ min + γ E Δσ i( )m[ ] 1
m{ } � P σr N0( )< σe{ } (10)

The limiting state equation is obtained as follows:

g X, Y, t( ) � σr N0( ) − σe (11)
Substituting Eqs 1, 2 into Eq. 11, respectively, we obtain the limit

state equation for the compressive fatigue of concrete in the invert
structure of the subway tunnel as

g X, Y, t( ) � 0.9885fcu − 0.0618fculg Net( ) − σec (12)
Where σec is the equal amplitude equivalent repetitive

compressive stress of the invert structure of the subway tunnel.
The tensile fatigue limit state equation is:

g X,Y, t( ) � 0.994ftu + 0.3084σtmin − 0.0602ftulg Net( ) − σet
(13)

Where σet is the equal amplitude equivalent repetitive tensile
stress of the invert structure of the subway tunnel.

According to the Chinese code for the design of concrete
structures GB 50010-2015 (Zhou et al., 2021), under fatigue
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loading, the tensile and compressive stress amplitudes of concrete
can be calculated according to the following formula respectively:

σtmax � M max h − x0( )
I0

(14)

σcmax � M maxx0

I0
(15)

Where Mmax is the maximum moment caused by the combined
effect of train loads and rock surrounding pressure; h is the height of
the cross-section; x0 is the center of gravity position; I0 is the cross-
sectional moment of inertia.

Therefore, the standard stress spectrums of concrete at the
fatigue analysis location are:

Δσet � σet − σtmin � γ
1
N0

∑∞
i�0
ni Δσti( )19.38⎡⎣ ⎤⎦1/19.38

� γ E Δσti( )19.38[ ]1/19.38 (16)

Δσec � σec − σcmin � γ
1
N0

∑∞
i�0
ni Δσci( )16.9⎡⎣ ⎤⎦1/16.9 � γ E Δσci( )16.9[ ]1/16.9

(17)
The subway tunnel structure experiences the continuous cyclic

impact of dynamic train load when in service. As a result, the invert
structure may experience fatigue damage over time, which could
affect train operation safety and passenger safety. When the subway
tunnel operates for a long time in a complex underground
environment, the material properties of both the tunnel structure
and the surrounding rock structure may deteriorate. Hence, the
reliability of the tunnel structure must be calculated, taking into
account not only fatigue damage but also the time-varying decay of
resistance (Stewart and Val, 1999).

R1 t( ) � R0y t( ) (18)
Where R0 is the original resistance without considering the effect

of time, y(t) is a reasonable resistance decay function.
This paper uses a polynomial decay function to better express

the correlation between parameters and the design life of the subway
tunnel, considering the environment it will be used in. The
expression for the polynomial decay function is as follows:

y t( ) � 1 − k1t + k1t
2 (19)

Where k1 and k2 are the attenuation coefficient related to the
type of structure, generally divided into high, medium, and low three
different attenuation rates, combined with the subway tunnel
structure used in this paper to study the environment, determine
the parameters k1 and k2 in the function to take the value of
0.005 and 0, respectively (Vu and Stewart, 2000).

The invert structure of the subway tunnel may experience two
different stress states depending on the action form of the train
and the bottom surrounding rock pressure state. These stress
states can be categorized into two types: compressive strength
state and tensile strength state. The exact stress state experienced
by the invert structure will depend on the specific environmental
conditions.

When the invert structure of the subway tunnel is in the
compressive state, the limit state equation is obtained as follows:

g1(t) � Kpβabhminfc0 1 − 0.005t( ) − σ1 (20)

Kp is the uncertainty factor, β is the Longitudinal bending
coefficient of the component, and β = 1 for tunnel linings, a is
the eccentricity influence factor, b is Lining section width, h is Lining
section height, fc0 is the ultimate compressive strength of concrete, t
is time, σ1 is axial structural force.

When the invert structure of the subway tunnel is in the tensile
state, the limit state equation is obtained as follows:

g1 t( ) � Kpβ
1.75bh
6e0
h − 1

minft0 1 − 0.005t( ) − σ1 (21)

ft0 is the ultimate tensile strength of concrete; e0 is the axial force
eccentricity distance.

To summarize, the subway tunnel operates under dynamic train
loads and complex environmental conditions. The analysis
conducted reveals that the final limit state equation for the
tensile fatigue of the concrete structure of the invert structure of
the subway tunnel can be expressed as follows:

G X,Y, t( ) � 0.994ftu − 0.0602ftulg Net( )( ) 1 − 0.005t( )
+0.3084σtmin − σet (22)

Similarly, the final limit state equation for the compressive
fatigue of the invert structure of the subway tunnel can be
obtained as follows:

G X,Y, t( ) � 0.9885fcu − 0.0618fculg Net( )( ) 1 − 0.005t( ) − σec

(23)

4 Time-varying fatigue reliability
analysis of invert structure of subway
tunnel

In this section, a subway tunnel (liner thickness is 300 mm)
with a daily operating time of 15 h is investigated. The subway
train has a load vibration frequency of 1.0 Hz, a standard
operating speed of 80 km/h, a total length of 80 m, and an
axle weight of 14t. The cyclic train loads acting on the invert
structure are considered as an equal amplitude fatigue load, and
the number of repetitions is 4.

Combined with the research background of the subway tunnel
provided in this paper, the time-varying fatigue limit state function
of the invert structure of the subway tunnel under longitudinal
compression can be obtained by using the equation as follows:

G X,Y, t( ) � 0.9885fcu − 0.0618fculg 1.7345 × 106t( )( ) 1 − 0.005t( )
−σec (24)

fcu is a variable that varies with time, and other variables neglect the
effect of time. In this paper, six influencing factors that do not vary
with time are considered, and their random variables are described
in detail, as shown in Table 3.

The general description of the random variables given in Table 3
is in the original spatial state, while the failure probability of the
fatigue state of the tunnel invert is solved by the higher-order
moment method. After Rosenblatt’s inverse normal
transformation, the seven-point estimates corresponding to each
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random variable are determined, and the values obtained are shown
in Table 4.

The above calculation steps have been conducted to obtain the
origin moment of concrete under longitudinal compression. The
calculation results are then substituted into Eq. 24, resulting in the
following expression:

G X,Y, t( ) � 0.9885y − 0.0618ylg 1.7345 × 106t( )( ) 1 − 0.005t( )
− σcmin + 5.124x6( ) (25)

In order to study the effect of time on reliability and failure
probability, it is essential to consider the continuity of time T. A time
period of 70 years was selected, with a time interval of 1 year. When

TABLE 1 Arrangement of fatigue equations of concrete under compression condition.

References Sample Expression

Aas-Jakobsen (1970) Cubic Scmax � 1 − β(1 − R)lgN

Matsushita and Tokumitsu (1979) Cylinder Scmax � 1 − (lgN−0.23)(1−Scmin )
17

Yao (1990) — Scmax � Scmin + 1 − Scmin( )
1.09 − 0.074lgN( )

Kim and Kim (1996) Cylinder
Scmax � −7.6 fc

f1
( )2/30

lgN

+126 fc

f1
( )−1/40

Hou (2001) —
Scmax � 1.16 − 0.153

lgN

1 + 0.34lgN( )5[ ]1/5
−0.038lgN

Song et al. (2008) — Scmax � 0.9885 − 0.0618lgN

Note: Scmax=fcmax/fc; R is the stress ratio, and R= fcmin/fcmax; N is fatigue cycle; fcmin and fcmax are the minimum and maximum values of fatigue load respectively; β is the correction factor,

generally taking a value of 0.064; f1 is 1 Mpa.

TABLE 2 Arrangement of fatigue equation of concrete under tensile condition.

References Sample Expressions

Tepfers, (1979) Cubic Stmax � 1 − β(1 − R)lgN

Saito (1983) — Stmax � 0.9873 − 0.0413lgN

Zhao et al. (1993) — Stmax � A − BlgN

Cornelissen and Reinhardt (1984) Cylinder Dry sample: lgN � 14.81 − 14.52Stmax + 2.79Stmin Sealed maintenance
specimens. lgN � 13.92 − 14.52Stmax + 2.79Stmin

Lü (2002) Prism lgN � 16.67 − 16.76Stmax + 5.17Stmin

Song et al. (2008) — lgN � 16.67 − 16.76Stmax + 5.17Stmin

Note: β is the correction factor, generally taking a value of 0.0685; The axial, split, and bending tensions correspond to A and B of 0.970 and 0.05, 0.965 and 0.054, 0.942 and 0.045, respectively;

Stmax is the maximum stress level; Stmax is the minimum stress level.

TABLE 3 General description of random variables.

Variables Number Unit Mean value Coefficient of variation Distribution type

fcu y MPa 32.5 0.098 Log-normal distribution

P x1 kN 280 0.15 Normal distribution

Ey x2 MPa 3.5 × 104 0.08 Log-normal distribution

Ek x3 N/m 4 × 107 0.1 Normal distribution

Kf x4 — 1.35 0.035 Normal distribution

Et x5 MPa 1.5 × 104 0.1 Weibull distribution

γ x6 — 1 0.05 Log-normal distribution

Note: fcu is the concrete compressive strength, P is the train load, Ey is the modulus of elasticity of the invert structure, Ek is the fastener stiffness, Kf is the lateral force adjustment factor, Et is the

liner elasticity model, γ is uncertainty variable factor.
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the selected time is 1 year, the expression with only two variables can
be obtained. Then, the first third-ordermoments of this expression are
estimated using the seven-point estimationmethod. Similarly, the first
third-order moments of this expression can be obtained for each time
period. Finally, the reliability indexes and corresponding failure
probabilities of the concrete structure of the invert structure of the
subway tunnel under fatigue stress in each time period are calculated
using the third-ordermomentmethod. Additionally, theMonte Carlo
method (4 million times) was used for comparative analysis to verify
the feasibility and rapidity of the third-order moment method. The
trend of the reliability indexes with time was obtained by collating and
analyzing the calculation results shown in Figure 3.

The fatigue reliability of the concrete structure of the invert
structure of the subway tunnel was calculated, and the results
indicate that there is no significant fatigue problem for this part of

the structure under the action of dynamic train load. The calculated
fatigue reliability indexes are above 4.5 in both lateral and longitudinal
compression cases, with a corresponding failure probability of less than
0.86 × 10−7. The lateral fatigue results are even better, with all indexes
above 8.0, and it can be considered that the failure probability under this
force condition is close to zero. However, in the lateral bending-tension
edge of the invert structure, the fatigue reliability indexes of concrete
bending-tension fatigue cracking range from 1.774 to 3.235, with
corresponding failure probabilities between 2.436 × 10−6 and 3.356 ×
10−4. On the other hand, the fatigue reliability indexes of bending and
tensile fatigue cracking of concrete in the longitudinal tension edge are
only between 0.473 and 1.421, with corresponding failure probabilities
between 0.104 and 0.293. These results indicate that bending and tensile
fatigue cracking is more likely to occur in the longitudinal tension edge
of the invert structure under train load and complex environmental

TABLE 4 Random variable seven-point inverse normal transition value.

Variables Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7

y 18.8834 22.4782 27.6532 32.3452 37.1567 42.0678 47.7832

x1 144.542 193.421 234.331 280 331.321 382.412 439.438

x2 27137.6 29906.6 32795.3 35053.3 39126.4 44217.6 49541.8

x3 2.45 × 107 3.04 × 107 4 × 107 4 × 107 4.43 × 107 4.94 × 107 5.46 × 107

x4 1.0532 1.1437 1.2567 1.35 1.474 1.562 1.6834

x5 0.42 × 104 0.82 × 104 1.12 × 104 1.5 × 104 1.94 × 104 2.46 × 104 2.86 × 104

x6 0.8263 0.8875 0.9433 0.9978 1.0522 1.1327 1.2143

FIGURE 3
Variation of time-varying fatigue reliability of invert structures of subway tunnels.
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conditions, especially in long-term service conditions. Moreover, the
probability of failure increases significantly over time.

The results obtained from the two methods (the third-order
moment method and the Monte Carlo method) overlap, indicating
that the third-order momentmethod is both accurate and efficient in
evaluating the fatigue reliability of concrete structures in subway
tunnel invert structures. The Monte Carlo method, while commonly
used for reliability verification, requires a high number of calculation
runs, making it less efficient. Thus, the third-order moment method
is a suitable choice for the analysis of fatigue reliability in invert
structure of subway tunnels.

5 Parametric analysis

In the previous section, we examined the time-varying fatigue
reliability of the invert structure of the subway tunnel under train
load stress. However, during actual subway operation, there are
variations in operating speed, train type, and lining thickness in
different sections. These variations can impact the fatigue life of the
subway tunnel structure, necessitating detailed research and comparative
analysis. In this section, we will further discuss the influences of subway
train speed, axle weight, and tunnel lining thickness.

5.1 Effects of the train speed

The train speeds are set to 60, 80, 100, and 120 km/h, and the
fatigue reliability indices of the invert structure of the subway

tunnel under different operating speeds are calculated using the
third-order moment method. The calculated results are depicted in
Figure 4.

Figure 4 illustrates how the time-varying fatigue reliability of the
invert structure of the subway tunnel changes at four different
speeds for longitudinal and lateral compression and tension. All
four cases show a decrease in the fatigue reliability index and an
increase in failure probability as the number of fatigue cycles
increases. When the train speed increases, the fatigue reliability
index decreases, and the failure probability increase, but the rate of
change slows down. The worst damage occurs in the longitudinal
tension position, followed by the lateral tension position. This
suggests that the invert structure will experience significant
concrete tension damage due to cyclic train loads, which are also
affected by factors such as surrounding rock pressure, groundwater
conditions, and structural form. Train speed has a significant impact
on the fatigue reliability index of the invert structure, so a
comprehensive analysis is necessary to determine the fatigue life
in different regions and interval sections.

5.2 Effects of axle weight

This study will evaluate the effects of axle weight on the fatigue
reliability of the invert structure of the subway tunnel. The train axle
weights are set to 11, 14, and 16 t based on the actual service
conditions of the subway tunnel.

Figure 5 shows the fatigue time variation reliability indexes of the
invert structure of a subway tunnel under three different train axle

FIGURE 4
Effects of different train speeds on the fatigue reliability of the invert structure.
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weights in both longitudinal and lateral compression and tension.
As fatigue cycles increase, the reliability index decreases, and the
probability of failure increases, indicating degradation of the concrete
material during service. Increasing train axle weights results in a
continuous decrease in the fatigue reliability index and an increase in
the probability of failure, with themost severe damage occurring at the
location of longitudinal tension and then transverse tension. This
effect is consistent with the influence of train speed and reduces the
service life of the invert structure of the subway tunnel. The effect of
different train axle weights on the fatigue life is slightly greater than
that of train speed and should be evaluated for tunnel sections with
high pedestrian flow. While heavier trains may be needed for
transporting large numbers of people, such sections require special
attention to avoid unpredictable dangers. Therefore, it is important to
evaluate the impact of different axle weights on the fatigue life of the
invert structure in high-pedestrian-flow interval sections. While it
may be necessary to use trains with heavier axle weights in these
sections to meet capacity demands and prevent overcrowding, the
increased weight will also accelerate the degradation of the concrete
structure, potentially posing a safety risk.

5.3 Effects of lining thickness of the subway
tunnel

The lining thicknesses of the subway tunnel are set to 300, 350,
400, and 450 mm. The fatigue reliability indices are calculated using
the third-order moment method; the obtained fatigue reliability
index calculation results are shown in Figure 6.

Figure 6 shows the fatigue time variation reliability index of
the concrete structure of the invert structure at four different
lining thicknesses in longitudinal compression, tension, and
lateral compression and tension, and they all exhibit similar
trends. As the fatigue time increases, the fatigue reliability index
decreases, and the failure probability increases. When the lining
thickness increases under longitudinal tension, the fatigue
reliability index decreases slowly, and the failure probability
increases slowly. However, under longitudinal compression,
lateral compression, and lateral tension, the fatigue reliability
index does not change significantly. The most severe fatigue
failure occurs under transverse tension, regardless of the lining
thickness, and the most severe fatigue failure occurs under
longitudinal tension. These findings suggest that the concrete
structure of the invert structure of subway tunnel will
experience severe concrete strain degradation from long-term
cyclic train loads. This is also influenced by the surrounding
rock pressure and tunnel structure type within the subway
tunnel. Although the lining thickness has a certain influence
on the fatigue reliability index of the concrete structure of the
invert structure at the local position, this influence is less than
that of the previous two influencing parameters. Therefore,
when designing the tunnel lining thickness, it is necessary to
meet only the minimum requirements of the design and save
construction costs to realize the concept of green environment
protection.

According to the analysis above, different factors such as train
speeds, axle weights, and lining thicknesses have impacts on
the fatigue reliability index and failure risk of the concrete

FIGURE 5
Effect of different axle weights on the fatigue reliability of the invert structure.
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construction of the subway tunnel. The influence pattern of these
factors on the fatigue reliability index of the invert structure is
similar, showing a gradual decrease of the fatigue reliability
index and a corresponding increase in failure probability with
increasing fatigue time, but none of these factors change the
location of the most severe damage, which occurs mainly along
the longitudinal axis. This is related to the uniform distribution
of the surrounding rock pressure and the continuous force
produced by the train’s dynamic load combined with the
direction of the tunnel. The results of the fatigue reliability
analysis of the concrete structure of the invert structure
indicate that on-site inspections of the subway tunnel should
focus on the areas most susceptible to damage. The time-varying
fatigue reliability analysis of the invert structure of the subway
tunnel is more consistent with the actual service period, and the
computed results provide a scientific and theoretical basis and
technical indicators for the subsequent evaluation of the subway
tunnel’s health status.

6 Conclusion

A study was conducted to assess the reliability of the concrete
structure of the invert structure in subway tunnels over
time, considering the repeated loads from trains. Higher-order
moment theory, fatigue equation, and cumulative damage theory

were used for this purpose. The results of this study will provide
insight into the health and reliability of subway tunnels and
facilitate their condition monitoring. Key findings include the
following:

(1) The extent of fatigue damage in the invert structure of subway
tunnels is largely determined by the stress it is under. Stress
levels were measured and used to predict the concrete’s stress
tolerance, which was then used to determine the stress limit for
the invert structure before fatigue damage occurs.

(2) The results of the time-varying fatigue performance function of
the invert structure of the subway tunnel are essentially consistent
with those obtained from theMonte Carlo method, indicating the
method’s suitability for fatigue reliability analysis of the invert
structure. The probability of failure in the case of compression is
low, while the concrete is more susceptible to bending and tension
fatigue cracking in the case of tension, necessitating
reinforcement of the invert structure for longitudinal and
lateral tension concrete detection and maintenance.

(3) Train axle weight and speed have a relatively large impact on
the fatigue reliability index, with speed having a slightly
greater effect than axle weight, and lining thickness having
a negligible effect. As the number of fatigue cycles increases
over time, the fatigue reliability index decreases
continuously, and the corresponding probability of failure
increases continuously. The area requiring the most

FIGURE 6
Effect of different lining thicknesses on the fatigue reliability of the invert structure.
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inspection and maintenance is determined to be the tensile
state of the invert structure.
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