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Abstract: This study presents an analytical approach for evaluating the reliability of anhydrite rock
tunnels, focusing on their characteristic swelling behavior. Anhydrite rocks, prone to significant
expansion upon moisture exposure, pose a challenge in tunnel construction, potentially leading to
structural issues such as floor heave and lining damage. To address this, this research develops an
elastic swelling analytical solution based on humidity stress field theory, enabling the assessment of
time-dependent stress and deformation changes in anhydrite tunnels. The solution’s applicability
is demonstrated through its application to the Lirang tunnel. The investigation into the effects
of support pressure, swelling time, and reserved deformation on tunnel reliability reveals that
circumferential stress at the tunnel wall increases by 13.94% and 21.86% for swelling periods of 30
and 365 days, respectively. Similarly, radial displacement escalates by 22.97% and 35.93% over these
periods, highlighting the significant impact of swelling behavior. Using a spreadsheet-based First
Order Reliability Method (FORM) for analysis, this study finds that the original design of the Lirang
tunnel did not meet the desired reliability standards under swelling conditions. However, strategic
adjustments in construction variables, such as increasing support pressure to 1.2 MPa or enhancing
reserved deformation to 59 mm, elevated the tunnel’s reliability to meet safety requirements. This
research provides a vital framework for assessing and enhancing the reliability of anhydrite rock
tunnels, considering the long-term effects of swelling. It underscores the importance of incorporating
swelling behavior in the design and construction of tunnels in anhydrite rock formations, offering
valuable insights for optimizing tunnel stability in such challenging geological conditions.

Keywords: anhydrite rock; swelling behavior; elastic swelling analytical solution; tunnel reliability

1. Introduction

Anhydrite rock, composed mainly of CaSO4, possesses unique engineering properties,
particularly its significant expansion behavior upon exposure to water. This expansion
tendency profoundly impacts the stability of tunnel openings and slope engineering. Upon
contact with water, anhydrite rock undergoes hydration reactions, leading to a theoretical
maximum volume increase of approximately 61%. This expansion poses a considerable
challenge to slope and tunnel stability, often resulting in instability in large slopes and
damage to tunnel tops and bottoms. The uneven distribution of groundwater exacerbates
this challenge, potentially causing localized or widespread instability in slopes and tunnels
due to uneven expansion.

In tunnels traversing anhydrite rock formations, swelling behavior can lead to signifi-
cant structural challenges, including tunnel floor heave, lining destruction, and even the
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uplifting of entire tunnel sections and the land surface [1–3]. This swelling is primarily
driven by the transformation of anhydrite (CaSO4) into gypsum (CaSO4·2H2O), a process
involving indirect anhydrite dissolution and gypsum precipitation, leading to a substantial
increase in the volume of sulfate minerals [4,5]. The swelling pressure, generated when
volumetric swelling strain is constrained, can reach up to 60 MPa at the crystal level, 10 MPa
in rock specimens, and 5 MPa at the tunnel scale [6]. Although in situ swelling pressures
are generally lower than laboratory measurements, they can still challenge or exceed tunnel
support pressures, significantly affecting stress and displacement distribution within the
tunnel. Ignoring the swelling behavior of anhydrite rock in tunnel design can result in
frequent structural damage [7,8].

After excavation, the surrounding rock deforms due to hydrostatic far-field stress and
swelling behavior. To leverage the self-supporting effect of the surrounding rock, initial
support structures are designed to allow a certain degree of deformation, with excavation
lines planned to accommodate this deformation. Exceeding the reserved deformation value
can lead to intrusion phenomena and lining structure failure. Tunnel reliability is assessed
by comparing the radial displacement at the tunnel wall against the reserved deformation
value using the convergence constraint method.

Recent research has developed performance functions based on tunnel analytical
solutions to analyze tunnel reliability [9–13]. These solutions, based on criteria such
as Hoek–Brown or Mohr–Coulomb, include elastic–plastic, elastic–brittle–plastic, and
elastic strain softening models [14–17]. However, these models do not account for the
impact of swelling behavior on stress and displacement. Miao et al. [18,19] introduced the
humidity stress field theory for clay-sulfate rocks, providing a method to analyze stress and
displacement in rocks exposed to water inflow. This theory equates the effects of humidity
changes to those of temperature changes in materials, suggesting that stress fields generated
by humidity changes can be analyzed in a manner similar to temperature-induced stress
fields. This approach, typically employed for rocks with high water-absorbing minerals
such as mudstone and shale, is expanded upon in this study to include anhydrite rocks.
Anhydrite rocks exhibit swelling behavior driven by sulfate hydration over prolonged
periods. The resulting analytical solution captures the ongoing influence of swelling
behavior on stress and displacement distribution within anhydrite tunnels. Consequently,
this paper addresses two crucial objectives: developing an elastic swelling analytical
solution tailored for anhydrite rock tunnels while considering swelling behavior and
assessing the reliability of such tunnels.

2. Analytical Solution for Elastic Swelling in Anhydrite Rock Tunnels

Miao et al. and Wu et al. [18–20] extensively derived the mathematical model of hu-
midity stress field theory in the analysis of expansive rock engineering. Cheng et al. [21,22]
conducted experimental research on the above theory. Chen and Wu et al. [19,21,23] further
validated this theory through engineering practice. The theory of humidity stress field has
been proven to be an effective theoretical method for studying the stress–strain relationship
of the expansive surrounding rock. Therefore, this study draws on this theory to establish
an elastic analytical model for hard gypsum rock tunnels. The validation process of the
adopted theory is as follows:

Figure 1 depicts a circular tunnel excavation within a uniform, homogeneous, and
isotropic anhydrite rock mass. This mass, with a radius denoted as R0, is under hydrostatic
far-field stress (P0) and uniform support pressure (Ps). The prolonged swelling behavior
of the anhydrite rock continually modifies the stress and deformation patterns of the
surrounding rock over time.
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Figure 1. A circular anhydrite rock tunnel in a hydrostatic in situ stress field.

It is essential to recognize that the stress equilibrium equation remains unaffected
by the root causes of stress, and likewise, the relationship between displacement and
strain remains independent of causation. Therefore, in this context, both the equilibrium
differential equation and the geometric equation align with those of a standard elastic
problem encountered in circular axisymmetric tunnel analysis. These equations serve as
the cornerstone for comprehending and forecasting the behavior of the tunnel structure
under the provided conditions. Specifically, as shown in the following formula:

dσr

dr
+

σr − σθ
r

= 0 (1)

{
εθ − ur

r = 0

εr − dur
dr = 0

(2)

where σr and σθ are the radial stress and circumferential stress, respectively, εr and εθ are
the radial strain and annular strain, respectively, and ur is the radial displacement.

This research integrates the humidity stress field theory to tackle the swelling behavior
observed in anhydrite rock. This theory suggests a quasi-coupled relationship between the
humidity and stress fields, following Hooke’s law for the stress–strain relationship. In this
analysis, it is assumed that the mechanical properties of the surrounding rock, notably the
elastic modulus and Poisson’s ratio, remain constant within a specified range of moisture
content. While this assumption is essential for deriving analytical solutions, it is crucial to
acknowledge the nonlinear effects of these factors, necessitating thorough consideration in
more detailed numerical assessments.

Within the scope of this study, complexities such as the seepage movement of ground-
water and its resulting influence on swelling pressure are not considered. This simplification
is grounded in the assumption that anhydrite rock can completely absorb water if the initial
humidity level is below the saturation threshold. Additionally, it is hypothesized that the
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initial humidity distribution within the surrounding rock follows a linear increase relative
to the radial distance from the tunnel center.

W = w0r/R0 (3)

where w0 is the initial humidity when r = R0.
In the context of plane stress, the strain component in polar coordinates is as described

by Miao et al. and Wu et al. [18,19]:
εr =

1
E (σr − νσθ) + α∆W

εθ = 1
E (σθ − νσr) + α∆W

γrθ = 2(1+ν)
E τrθ

(4)

where E is the elastic modulus, ν is Poisson’s ratio, α is the linear swelling coefficient, ∆W
is the change in humidity, γrθ is the shear strain, and τrθ is the shear stress.

The equilibrium differential equation is expressed as follows:{
∂σr
∂r + 1

r
∂τrθ
∂θ + σr−σθ

r − Eα
1−ν

∂∆W
∂r = 0

1
r

∂σθ
∂θ + ∂τrθ

∂r + 2τrθ
r − Eα

1−ν
1
r

∂∆W
∂θ = 0

(5)

To address the plane strain problem within this context, a transformation of the
material parameters in the constitutive equation is necessary. Specifically, the elastic
modulus (E) is modified to E/(1 − ν2), where ν is Poisson’s ratio, which in turn is adjusted
to ν/(1 − ν). Additionally, the linear swelling coefficient (α) is recalibrated to (1 + ν)α. This
adjustment is crucial as the tunnel traverses through the anhydrite formation, which is
closely intertwined with adjacent geological strata, leading to an axial strain that effectively
approaches zero. Therefore, the constitutive equation, when expressed in polar coordinates
for the plane strain scenario, is modified to account for these variations, thereby ensuring a
more precise portrayal of the mechanical behavior of the anhydrite rock under tunneling
conditions. 

σr =
(1−ν)2E

(1−2ν)(1−ν2)
(εr +

ν
1−ν εθ)− Eα∆W

1−2ν

σθ = (1−ν)2E
(1−2ν)(1−ν2)

(εθ + ν
1−ν εr)− Eα∆W

1−2ν

(6)

In employing the humidity stress field theory to simulate the swelling behavior of
anhydrite rock, a prevalent assumption is that the deformation modulus during swelling
aligns with the elastic modulus. However, experimental observations on anhydrite rock
swelling reveal a significant discrepancy; the deformation modulus in the swelling stage is
notably lower than the elastic modulus. This discrepancy is illustrated in Figure 2, where
equating the deformation modulus with the elastic modulus results in an overestimation of
stress levels.

In this study, the swelling behavior is likened to the effects of pore water pressure,
effectively reducing the effective stress. Here, effective stress is conceptualized as the differ-
ence between the elastic stress and the swelling-induced stress. To accurately characterize
the stress–strain relationship during swelling, a distinct swelling modulus, denoted as Es,
is introduced. Simultaneously, the elastic modulus is specifically denoted as Ee (instead of
the generic E) to differentiate it from the swelling modulus. Consequently, the constitutive
equation, when formulated in polar coordinates, incorporates these adjustments to offer a
more precise representation of the stress–strain dynamics during the swelling process of
anhydrite rocks. 

σr =
(1−ν)2Ee

(1−2ν)(1−ν2)
(εr +

ν
1−ν εθ)− Esα∆W

1−2ν

σθ = (1−ν)2Ee
(1−2ν)(1−ν2)

(εθ + ν
1−ν εr)− Esα∆W

1−2ν

(7)
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Consistent with the tenets of the humidity stress field theory, a dedicated swelling
experiment was conducted on anhydrite rock. This experiment played a crucial role in
establishing a quantitative relationship between water absorption and time, a fundamental
aspect in comprehending the swelling dynamics of anhydrite rock. As outlined in the study
by Chen et al. [21], this relationship is essential for understanding the temporal aspects
of anhydrite rock’s response to moisture exposure. The experiment’s findings establish a
foundational understanding of how anhydrite rock’s water absorption rate evolves over
time, providing essential insights into the swelling behavior under different humidity
conditions. This relationship is integral to the development of more accurate models for
predicting the swelling-induced changes in anhydrite rock formations.

At = Amax(1 − e−at) (8)

where At is the water absorption rate at time t, Amax is the water absorption rate at the end
of swelling, and a is the water absorption coefficient, which is used to describe the speed of
water absorption.
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The constitutive equation, essential for analyzing the swelling behavior of anhydrite
rock, incorporates the established relationship between water absorption and time. This
incorporation is crucial for understanding the dynamics of swelling, especially in scenarios
where the water content within a unit of surrounding rock is insufficient for the complete
hydration of CaSO4 in that unit. In such scenarios, the water is fully absorbed by the rock, re-
sulting in distinct swelling characteristics. The resulting constitutive equation encapsulates
the essence of elastic swelling evolution, integrating the temporal aspect. This equation
stands as a fundamental tool in forecasting and comprehending the swelling behavior of
anhydrite rock over time, offering a more nuanced and comprehensive perspective on the
rock’s response to fluctuating water content. It is expressed as follows:

σr =
(1−ν)2Ee

(1−2ν)(1−ν2)
(εr +

ν
1−ν εθ)− EsαW(1−e−at)

1−2ν

σθ = (1−ν)2Ee
(1−2ν)(1−ν2)

(εθ + ν
1−ν εr)− EsαW(1−e−at)

1−2ν

(9)

In tunnel engineering, the radial stress encountered by the tunnel wall after excavation
corresponds to the applied support pressure, a critical factor in comprehending tunnel
stability mechanics. The outer boundary of the elastic swelling rock mass, pivotal in
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this context, is influenced by its neighboring rock mass and the prevailing ground stress
conditions. This study explores a scenario where radial stress comprises both swelling stress
and hydrostatic far-field stress, a situation commonly encountered in practical engineering.
The boundary condition, crucial in this analysis, is mathematically represented by an
equation that succinctly captures the relationship between these stress components. This
equation plays a key role in modeling the stress dynamics around the tunnel, offering
insights essential for effective tunnel design and stability assessment. The boundary
condition equation can be expressed as:{

σr(r = R0) = Ps

σθ(r = Rmax) = P0 + Esεs(r = Rmax)
(10)

Drawing upon the principles of elastic mechanics, this study integrates an equilibrium
differential equation, a geometric equation, and an elastic swelling evolution constitutive
equation. This comprehensive approach facilitates the accurate determination of both radial
and circumferential stresses in the surrounding rock. Such calculations are indispensable
for comprehending stress dynamics in the context of tunnel stability and design.

σr = − Eeα

(1 − ν2)r2 (
∫ r

R0

Es

Ee
W(1 − e−at)rdr + C1) + C2 (11)

σθ =
Eeα

(1 − ν2)r2 (
∫ r

R0

Es

Ee
W(1 − e−at)rdr + C1 −

Es

Ee
W(1 − e−at)r2) + C2 (12)

C1 =

R2
maxR2

0(1 − ν2)[σθ(r = Rmax)− Ps −
Eeα

(1 − v2)R2
max

(
∫ Rmax

R0

Es

Ee
W(1 − e−at)rdr − Es

Ee
W(1 − e−at)R2

max)]

Eeα(R2
0 + R2

max)
(13)

C2 =
Eeα

(1 − ν2)R2
0

C1 + Ps (14)

where C1 and C2 are general solution parameters, which can be determined by boundary
conditions.

Utilizing Equations (9), (11) and (12), the circumferential strain can be calculated,
and the radial displacement of the surrounding rock can be derived using the geometric
equation. Post-excavation displacement occurs due to stress incrementation. By employing
this increment, particularly the radial and annular stresses minus the hydrostatic far-field
stress, the post-excavation radial displacement can be articulated as follows:

ur =
1 − ν2

Ee
[(σθ − P0)−

v
1 − v

(σr − P0)]r + α(1 + v)
Es

Ee
W(1 − e−at)r (15)

3. Application

The Lirang tunnel, located in Chongqing, China, traverses an anhydrite rock for-
mation and spans approximately 300 m (refer to Figure 3). This formation is primarily
composed of 94% CaSO4 and 6% other minerals. Above the anhydrite layer lies a limestone
stratum averaging 120 m in thickness. The area encompasses two significant reservoirs
and multiple streams. The surrounding rock is classified as Grade V, characterized by its
relatively fragmented nature. The main lining of the tunnel, designed to accommodate
building boundary and auxiliary structure requirements, adopts a triple-arched sidewall
configuration with an arch height of 7.05 m and a radius of 5.45 m (as depicted in Figure 4).
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To validate the analytical solution and evaluate the impact of anhydrite rock’s swelling
behavior on stress and displacement distribution, parameters were selected based on labo-
ratory experiments and specific tunnel design criteria. The elastic modulus and Poisson’s
ratio were determined through uniaxial testing of the anhydrite rock. The initial humid-
ity at r = R0 represents the average natural moisture content of the anhydrite rock and
was from the natural water content test. Swelling modulus, linear swelling coefficient,
and water absorption coefficient were derived from swelling experiments on anhydrite
rock [21,24]. The tunnel’s radius, the maximum thickness of the anhydrite formation, and
the hydrostatic far-field stress were determined from the tunnel design. Considering the
grade and integrity of the surrounding rock, a reduction coefficient of 0.15 was applied
between the rock mass’s elastic modulus and the experimentally measured rock elastic
modulus [25]. These parameters are detailed in Table 1.
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Table 1. The values of parameters in the analytical solution.

Parameters Ee/MPa ν w0/(%) Es/MPa α a R0/m Rmax/m P0/MPa

Reference value 735.45 0.311 1.5 94.383 0.001 0.034 5.45 30 3

Figure 5 depicts the stress and displacement distribution under unsupported condi-
tions. At zero swelling time, the radial stress at the tunnel wall measures 0 MPa, while
the circumferential stress peaks at 5.81 MPa due to stress concentration. Subsequently, the
radial stress significantly rises, gradually converging with the hydrostatic far-field stress.
In contrast, the circumferential stress diminishes as the radius increases, eventually ap-
proaching the hydrostatic far-field stress. Comparable patterns are observed under varying
swelling time conditions. At swelling times of 30 and 365 days, the radial stress at the tun-
nel wall remains at 0 MPa, while circumferential stresses measure 6.62 MPa and 7.08 MPa,
respectively. This pattern suggests that swelling deformation in circumferential directions
at the tunnel wall is mutually constrained, resulting in swelling stress. As swelling time
advances, both radial and circumferential stresses intensify at the same location, indicating
the swelling behavior of the surrounding rock. However, the stress increment decreases
with increasing distance from the tunnel wall.
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Additionally, as stated in the original text [20], we conducted a quantitative and
qualitative comparative analysis of the data in Figure 5 through finite element simulation.
This is why we have validated the results shown in Figure 5 for the stress distribution and
radial displacement within the tested periods of 0, 30, and 365 days.

According to Figure 5b, radial displacement at the tunnel wall measures 27.86 mm,
34.26 mm, and 37.87 mm for swelling times of 0, 30, and 365 days, respectively. Initially,
radial displacement decreases with radius, reflecting the limited influence range of tunnel
excavation on the surrounding rock. However, for swelling times of 30 and 365 days, radial
displacement first decreases and then increases with radius. This phenomenon is attributed
to the higher initial humidity and resultant swelling deformation in the anhydrite rock
at larger radii. Beyond a certain radius, swelling behavior predominantly dictates radial
displacement.

Post-excavation, the displacement of tunnel walls significantly impacts tunnel design
and construction. As illustrated in Figure 6, radial displacement at the tunnel wall stabilizes
after 150 days of swelling, corresponding to the reduction in moisture content in the
anhydrite rock and the subsequent decrease in swelling behavior. It is noteworthy that
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radial displacement at the tunnel wall decreases significantly with increased support
pressure for the same duration of swelling.
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4. Reliability Analysis
4.1. The Spreadsheet for the Reliability Solution

This study utilizes the spreadsheet solution method based on the First Order Reliability
Method (FORM) developed by Low and Tang [26,27]. This approach is noteworthy for its
straightforward input process and suitability for handling complex functions. To ascertain
the reliability of the anhydrite rock tunnel, the following steps were undertaken:

(1) A performance function was formulated for reliability analysis, defined as follows:

g(t) = ucv − uR0(t) (16)

where ucv represents the tunnel’s reserved deformation. If the displacement at the tunnel
wall exceeds this critical threshold, it leads to the intrusion of the lining. The magnitude of
the reserved deformation is influenced by various factors, such as the quality of the rock
mass and the active span of the tunnel. uR0(t) is the result of displacement at the free face,
i.e., r = R0 changing with expansion time, which is a time-dependent function. Therefore,
g(t) is a time-dependent functional function.

(2) This study involves categorizing variables for reliability analysis and determining
their distribution types and parameters. In this context, variables such as ucv, P0, Ps, R0,
Rmax, and t are treated as deterministic variables. The values of ucv and Ps are determined
within specified constraints by tunnel engineers. For the Lirang tunnel, ucv and Ps are
set at 50 mm and 0.5 MPa, respectively. Given the inherent uncertainties in geotechnical
parameters, variables such as Es, Ee, v, α, a, and w0 are categorized as random variables.
The types and parameters of their distributions are outlined in Figure 7 [13,28]. As shown
in Figure 7, for a normally distributed random variable, para1 represents the mean, and
para2 represents the variance. The solution in Column x*(cells G7:G12) of Figure 7 denotes
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the design point. The x* values shown in cells G7:G12 render Equation (16)—performance
function g1(x)—equal to zero.
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(3) Assessing correlations among random variables is a crucial aspect of this analysis.
Particularly, the variable Ee demonstrates a negative correlation with v, indicated by a
correlation coefficient of −0.5 [13]. This suggests an inverse relationship between these two
parameters. All other random variables in this study are regarded as independent, with no
interdependencies influencing their behavior or impact.

(4) The optimization process was carried out using the constraint optimization feature
integrated within Excel. This method involved leveraging Excel’s built-in optimization
solver to minimize the reliability index β. The optimization was constrained by the con-
dition g(t) = 0, ensuring that the solution aligns with the specified performance function.
During the optimization process, the initial values assigned to the variable x* were set as
their respective mean values, establishing a balanced starting point for the optimization
procedure.

4.2. The Influence of Variables on Reliability

Aligned with the “Uniform Standard for Reliability Design of Building Structures”,
this study adopts a target reliability index of 4.2. As illustrated in Figure 8a, the reliability
of the Lirang tunnel fluctuates with varying swelling durations and support pressures.
Particularly noteworthy is that with a designed support pressure of 0.5 MPa, the tunnel’s
reliability index progressively diminishes with increasing swelling time, falling below
the target threshold after 30 days. Conversely, increasing the support pressure enhances
the tunnel’s reliability index. A support pressure of 1.2 MPa ensures that the tunnel’s
reliability index remains compliant with the target requirements, even amidst swelling
effects. Figure 8b depicts the tunnel’s reliability concerning swelling time for different
levels of reserved deformation. Achieving a reserved deformation of 59 mm enables the
tunnel’s reliability index to satisfy the target requirements under swelling conditions.

This analysis reveals that the initial design of the Lirang tunnel does not meet the
target reliability criteria when accounting for swelling effects. However, by adjusting
design variables such as support pressure and reserved deformation, the desired reliability
target can be achieved. Figure 9 illustrates the combined impact of support pressure and
reserved deformation on tunnel reliability over a swelling period of 150 days.
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In summary, the reliability of the anhydrite tunnel is intricately tied to factors such
as support pressure, swelling duration, and reserved deformation. Through careful ad-
justment and optimization of these controllable variables during the construction phase,
the tunnel’s reliability under swelling conditions can be enhanced to meet predefined
reliability standards.

5. Discussion
5.1. Elastic Swelling Boundary Condition

When formulating the elastic swelling analytical solution, the external boundary con-
dition for the anhydrite surrounding rock is set with the circumferential stress accounting
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for both the ground stress and swelling stress. However, in practical scenarios, these outer
boundary conditions are closely tied to the characteristics of the adjacent rock mass.

To precisely and scientifically determine these external boundary conditions and better
represent the stress and displacement distribution of the surrounding rock, the integration
of an ideal elastic rock mass surrounding the elastic swelling region is proposed. This
approach is depicted in Figure 10. Here, the radial stress at the outer boundary of this
idealized elastic region is equated to the hydrostatic far-field stress. Simultaneously, the
radial stress at the inner boundary matches that observed in the elastic swelling region.
Consequently, the boundary condition equation can be expressed as follows:

σr(r = R0) = Ps

σes
r (r = Rmax) = σe

r (r = Rmax)

σθ(r = Re) = P0

(17)

where σr
es and σr

e are the radial stresses in the elastic-swelling region and the elastic region,
respectively.
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This methodology guarantees a more realistic and comprehensive comprehension of
the stress distribution around the tunnel, considering the intricate interactions between the
swelling anhydrite rock and its adjacent geological structures.

5.2. Application in Noncircular Tunnels

In Section 2, the analytical solution was tailored specifically for circular tunnels.
However, it is crucial to acknowledge that tunnels are frequently constructed in diverse
sizes and shapes, customized to their intended purpose. For example, horseshoe-shaped
tunnels, as emphasized by Zhang [29], are renowned for their efficient use of underground
space and their capacity to minimize soil excavation volume compared to circular tunnels.

When encountering noncircular tunnel configurations, such as semicircular or
horseshoe-shaped designs (as depicted in Figure 11), a pragmatic approach is to approxi-
mate these structures as equivalent circular tunnels. This method enables the application
of the circular tunnel analytical solution to a wider range of tunnel geometries, thereby
expanding its utility and relevance across diverse tunneling projects. This conversion to



Buildings 2024, 14, 2357 13 of 15

an equivalent circular format is a pragmatic solution that streamlines the analysis and
design of various tunnel shapes within the framework of the established circular tunnel
model [30,31].

R0 = (h + b)/4 (18)

R0 =

√
h2 + (b/2)2/2 cos[tan−1(2h/b)] (19)
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Equations (18) and (19) represent the transformation formulas for semicircular and
horseshoe-shaped tunnels, respectively. In these equations, ‘h’ denotes the height of the
tunnel, while ‘b’ signifies its span. These formulas establish a mathematical framework
for converting the dimensions of noncircular tunnel geometries into their circular equiva-
lents, thereby facilitating the application of circular tunnel analysis methods to a broader
spectrum of tunnel shapes. This conversion is pivotal for aligning established analytical
solutions with diverse tunnel configurations, ensuring their relevance and applicability
across various engineering scenarios.

6. Conclusions

This study presents an elastic swelling analytical solution for anhydrite rock tunnels
rooted in the principles of humidity stress field theory. The solution’s validity is affirmed
through its application to the Lirang tunnel. Additionally, this research explores the effects
of support pressure, swelling duration, and reserved deformation on tunnel reliability. Key
findings include:

1. Initially, radial stress intensifies while circumferential stress diminishes as the radius
increases, both converging towards the hydrostatic far-field stress. Radial displacement
similarly decreases. With prolonged swelling, all three parameters—radial stress, circum-
ferential stress, and radial displacement—escalate at the same radial distance, mirroring
the swelling behavior of anhydrite rock. Notably, at swelling durations of 30 and 365 days,
radial displacement first decreases and then surges with increasing radius. This pattern is
attributed to the swelling behavior becoming the dominant factor in radial displacement
beyond a certain radius, where initial humidity is higher. After 150 days, radial displace-
ment at the tunnel wall stabilizes, correlating with the diminishing swelling behavior as
the rock’s internal moisture is absorbed.

2. The original design of the Lirang tunnel falls short of meeting the desired reliability
standards when considering the swelling effect. However, increasing the support pressure
to 1.2 MPa or enhancing the reserved deformation to 59 mm can guarantee that the tunnel
meets the target reliability criteria.

3. The reliability of an anhydrite tunnel is intricately linked to factors such as support
pressure, swelling time, and reserved deformation. Through careful adjustment and
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optimization of these controllable variables during construction, such as modifying support
pressure and reserved deformation, the tunnel’s reliability under swelling conditions can
be significantly enhanced to meet predetermined reliability requirements.
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