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Abstract

Environmental conditions at shallow-buried tunnel portals often cause stratum moisture
content variations, where pipe roof support is commonly used for pre-reinforcement.
While studies show water content significantly affects soil strength, its impact on pipe
roof behavior remains largely unexplored. This study develops a theoretical model for
pipe roof longitudinal internal forces and deformations using Pasternak two-parameter
foundation theory, incorporating subgrade reaction and shear moduli expressions that
vary with saturation. Validation against field measurements shows good agreement with
peak values, confirming model reliability. Parametric analysis reveals that increasing water
content markedly amplifies pipe roof deformation: in unsaturated ground, deflection and
rotation increase significantly with water content, while peak bending moment and shear
force near the tunnel face slightly decrease. Under saturated conditions, the increases in
deflection and rotation become substantially greater. The model quantitatively evaluates
water content’s influence on pipe roof mechanical behavior, providing a theoretical basis
for optimizing support systems in water-rich strata.

Keywords: tunnel engineering; stratum moisture content; pipe roof support; Pasternak
foundation model

1. Introduction
The environmental conditions at the portal sections of shallow-buried tunnels often

lead to changes in the moisture content of the stratum, where pipe roof support is commonly
used for pre-reinforcement [1,2]. As an advanced pre-support measure for tunnels, the
pipe roof grouting reinforcement technique can effectively reduce construction risks at the
portal sections of shallow-buried tunnels [3] and is widely used in regions with humid and
rainy climates, such as South China [4]. The soil above shallow-buried tunnels is often in
an unsaturated state. Numerous existing studies have shown that changes in water content
affect the physical and mechanical properties of soil, such as granite residual soil widely
distributed in tropical and subtropical regions. For instance, Zhao et al. [5], analyzing results
from scanning electron microscopy and nuclear magnetic resonance tests, found significant
changes in the microstructure of granite residual soil during the wetting process, with an
exponential relationship existing between soil structural characterization parameters (such
as fractal dimension) and water content. Changes in water content affect the microstructure
of soil, thereby influencing its strength characteristics [6]. Field investigation and sampling
combined with laboratory analysis studies [7,8] indicate that water content not only affects
soil unit weight but also alters soil shear strength by influencing matric suction. Yao et al. [9]
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investigated the effects of soil compaction and vertical stress on the water retention of
granite residual soil and its implications for soil elastic modulus under rainfall and drying
conditions through laboratory tests. Lu et al. [10] found that the elastic modulus of soil is
closely related to its water content. Therefore, elucidating the influence of water content
changes on the mechanical behavior of pipe roofs is of great significance for the design of
tunnel pipe roof support.

Currently, there is extensive theoretical research on the mechanical behavior of pipe
roof support. Among these, the Pasternak foundation model is widely used in studying the
load-bearing mechanism of pipe roofs because it can effectively describe their mechanical
behavior during tunnel excavation. For example, Wu et al. [11] analyzed the mechanical
response of pipe roof structures considering soil arching effects based on the Pasternak
foundation model. Zhang et al. [12] used the finite difference method to calculate the
deflection of pipe roofs on a two-parameter foundation with variable subgrade coefficients.
Xiao et al. [13] analyzed the interaction between tunnel rock/soil mass and the pipe roof
support system during excavation and proposed measures to enhance the overall stability
of the pipe roof. Wang et al. [14], by comparing calculation results from different foundation
models with field test values, concluded that the pipe roof model based on Pasternak elastic
foundation theory is more reasonable. Yang et al. [15] modified the Pasternak foundation
model and established a mechanical model for pipe roofs in shallow-buried tunnels under
biased pressure terrain. Chen et al. [16], based on the Pasternak beam model and con-
sidering the generalized shear force on the beam, derived an analytical solution for the
deformation and internal forces of a finite-length beam under arbitrary load, establishing
an elastic foundation beam mechanical model for advanced pipe roofs under typical tunnel
excavation cycles. Li et al. [17] analyzed the influence mechanism of tunnel construction in
soft soil on pile foundations based on the Pasternak shear layer foundation model and es-
tablished a calculation model for the additional horizontal displacement and internal forces
of piles. From the above, it is evident that changes in soil water content significantly affect
the physical and mechanical properties of soil. However, the influence of variable soil wa-
ter content—a critical state in many geotechnical environments—on pipe roof mechanical
behavior remains poorly understood and rarely quantified in existing models.

To address this gap, this study develops a Pasternak-based model that incorporates the
critical role of water content in pipe roof support. The model explicitly couples saturation-
dependent matric suction with soil stiffness to predict internal forces and deformation. A
parametric analysis then quantifies the influence of unsaturated conditions on structural
behavior during excavation, providing practical design guidance for such environments

2. Model Development Model for Pipe Roof on Pasternak Foundation
Considering Water Content
2.1. Influence of Water Content on the Two Parameters of Pasternak Foundation Theory

Elastic modulus is a key parameter in foundation settlement calculation. Existing
stress–strain experimental results for unsaturated soils indicate that the elastic modulus is
significantly affected by matric suction [18]. Therefore, it is necessary to consider the influ-
ence of soil saturation state on the elastic modulus and, consequently, on the two Pasternak
parameters (i.e., soil subgrade reaction coefficient k and foundation shear modulus G). This
paper adopts the research results from the literature [19] to calculate the two parameters
of Pasternak foundation theory. The soil subgrade reaction coefficient k (kN/m3) and
foundation shear modulus G (kN/m), which characterize the mechanical properties of the
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soil, can be expressed using the soil elastic modulus E (GPa), Poisson’s ratio µ, and the
equivalent width of the foundation shear layer b (m) as:

k =
5E

16(1 − µ2)b
(1)

G =
13Eb

32(1 + µ)
(2)

To establish the relationship between the two parameters and water content, this paper
adopts the method proposed in the literature [18], which is widely used internationally.
Based on results from indoor model tests on different soils combined with the soil-water
characteristic curve, it proposes a relationship between the unsaturated soil elastic modulus
Eunsat and the saturated soil elastic modulus Esat and the degree of saturation S:

Eunsat = Esat

[
1 + α

(ua − uw)

(Pa/100)
Sβ

]
(3)

where Pa is atmospheric pressure (taken as 100 kPa), α and β are fitting parameters, ua is
pore air pressure, uw is pore water pressure, and ua-uw is the matric suction of the soil.

Combining Equations (1)–(3), the soil subgrade reaction coefficient kunsat (kN/m3) and
foundation shear modulus Gunsat (kN/m) for the unsaturated soil layer can be obtained as
shown in Equations (4) and (5), respectively:

kunsat =
5Eunsat

16(1 − µ2)b
(4)

Gunsat =
13Eunsatb
32(1 + µ)

(5)

Therefore, Equations (1), (4) and (5) can be used to calculate the two Pasternak pa-
rameters for unsaturated soil, providing key input parameters in the subsequent pipe roof
model. Compared to the traditional method of directly using data from geotechnical inves-
tigation reports and applying empirical corrections for kunsat (kN/m3) and foundation shear
modulus Gunsat (kN/m) in traditional pipe roof theoretical models, the method proposed
in this paper reflects the relationship between the water content of the stratum soil and the
mechanical behavior of the pipe roof.

2.2. Longitudinal Mechanical Model of Pipe Roof in Unsaturated Stratum Based on Pasternak
Foundation Theory

Assuming the soil in the unsaturated stratum where the pipe roof is located is a
homogeneous medium (i.e., uniform unsaturation and porosity) with continuous stress
and deformation, the pipe roof is simplified as an Euler-Bernoulli beam longitudinally
for force and deformation calculation, establishing a pipe roof analysis model based on
Pasternak elastic foundation theory [15]. Treating the pipe roof as a beam with a constant
cross-section, the mechanical equilibrium equation of the beam is derived based on static
equilibrium conditions. Introducing the relationship between structural displacement and
internal force from the Bernoulli-Euler beam theory, the governing differential equation for
the deflection (m) of the pipe roof is obtained as Equation (6) [15,20]:

EI
d4ω(x)

d4x
− Gb

dω2(x)
dx2 + kbω(x) = bq(x) (6)

Substituting Equations (4) and (5) into Equation (6) yields the governing differential
equation for the deflection of the pipe roof in unsaturated soil, as shown in Equation (7).
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Here, E represents the equivalent elastic modulus of the pipe roof structure given as
E = (E1 I1 + E2 I2)/(I1 + I2), where the subscript 1 and 2 indicate the properties of pipe
and grout, respectively, I is its cross-sectional moment of inertia (m4) taken as the sum of
I1 and I2, w(x) is the deflection of the beam at point x (m), b is the equivalent width of the
foundation shear layer (m), q(x) is the overlying surrounding rock pressure on the pipe
roof (kPa), and q(x) = γh, where γ is the unit weight of the overlying soil on the tunnel pipe
roof, and h is the burial depth of the tunnel pipe roof (m).

EI
d4ω(x)

d4x
− 13Eunsatb2

32(1 + µ)
· dω2(x)

dx2 +
5Eunsat

16(1 − µ2)
ω(x) = bq(x) (7)

2.3. Model Solution

This section adopts the computational model established in the author’s previous
research [15] and uses the matrix method for model solution. According to the construction
characteristics of advanced pipe roof support in tunnels, the pipe roof is divided along the
tunnel excavation direction into the supported section (AO), the excavated but unsupported
section (OB), the disturbed zone in the unexcavated section (BC), and the undisturbed zone
in the unexcavated section (CD), as shown in Figure 1.

Figure 1. Stress mode for pipe roof under water-rich stratum conditions.

In the OB section, the structure is only subjected to the overlying surrounding rock
load, so q(x) in Equation (7) is 0; for the BC section, the pipe roof is subjected to both the
overlying surrounding rock load and the foundation reaction force; while in the CD section,
only the foundation reaction force exists, so q(x) in Equation (7) is 0. Therefore, Equation (7)
can be solved at different sections (OB, BC, and CD) of the pipe roof, and the deflection for
the different zones is obtained as Equations (8), (9) and (10), respectively.

ωOB(x) =
1

24EI
bq(x) · x4 + π1x3 + π2x2 + π3x + π4 (8)

ωBC(x) = eα1x(ζ1 cos α2x + ζ2 sin α2x) + e−α1x(ζ3 cos α2x + ζ4 sin α2x) +
q(x)
kunsat

(9)

ωCD(x) = eα1x(ζ1 cos α2x + ζ2 sin α2x) + e−α1x(ζ3 cos α2x + ζ4 sin α2x) (10)
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where the dimensional parameters α1 and α2 (in units of rad/m) are related to attenuation
rates and are given by:

α1 =

√√√√1 +
Gunsatb

1
2

2(kunsatEI)
1
2

(11)

α2 =

√√√√1 − Gunsatb
1
2

2(kunsatEI)
1
2

(12)

Substituting Equations (4) and (5) into Equations (11) and (12) yields Equations (13)
and (14):

α1 =

√√√√1 +
13
√

5b2

80I
·
(

1 − µ

1 + µ

) 1
2

(13)

α2 =

√√√√1 − 13
√

5b2

80I
·
(

1 − µ

1 + µ

) 1
2

(14)

The parameters π1, π2, π3, π4 and ζ1, ζ2, ζ3, ζ4 are integral constants to be determined,
which can be solved once the boundary conditions are known. Specifically, the starting of
the pipe roof, i.e., point A (x = 0) at the tunnel portal (Figure 1), is simplified as an elastically
fixed end. Therefore, the boundary conditions at point A are:

ωA|x=0 = w0 , θA
∣∣x=0 = ωA

′|x=0 = θ0 (15)

where the subscript 0 indicates initial values.
Furthermore, the mechanical response of the pipe roof structure must strictly follow

displacement continuity conditions and load transfer continuity principles. Therefore, at
the tunnel face position, i.e., point B, the displacements and rotations on its left and right
sides are equal. Let the length of the excavated section AB be L. Then, as the critical point
between sections AB and BC, point B satisfies the relationship shown in Equation (16).

ωAB |x=L = ωBC |x=L , ωAB
′ |x=L = ωBC

′ |x=L , ωAB
′′ |x=L = ωBC

′′ |x=L , ωAB
′′′ |x=L = ωBC

′′′ |x=L (16)

Since the pipe roof is simulated as a semi-infinite elastic foundation beam, the displace-
ment and rotation at the far end of the pipe roof can be considered negligible. Therefore, for
point D at the end of the undisturbed zone CD, assuming x approaches infinity, under this
limit condition, the end deflection is 0 and the end rotation is 0, satisfying the relationship
shown in Equation (17):

ωD|x→∞ = 0 , θD
∣∣x→∞ = ωD

′|x→∞ =
∣∣0 ∣∣ (17)

Now the boundary conditions (Equations (15)–(17)) are established in which the
unknowns can be transformed into a matrix equation form as Equation (18):

0 0 0 1 0 0
0 0 1 0 0 0
a3 a2 a 1 −e−aα1 cos(aα2) −e−aα1 sin(aα2)

3a2 2a 1 0 c45 c46

6a 2 0 0 c55 c56

6 0 0 0 c65 c66





π1

π2

π3

π4

ζ3

ζ4


=



ω0

θ0

ρ3

ρ4

ρ5

ρ6


(18)
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From the equations, ζ1 and ζ2 are both 0, so they are not reflected in the matrix. The
parameters on the left side of the matrix equation are:

c45 = e−aα1(α2 sin(aα2) + α1 cos(aα2)), c46 = e−aα1 [α1 sin(aα2)− α2 cos(aα2)]

c55 = e−aα1
[
−2α1α2 sin(aα2)− (α1

2 − α2
2) cos(aα2)

]
c56 = e−aα1

[
2α1α2 cos(aα2)− (α1

2 − α2
2) sin(aα2)

]
c65 = e−aα1

[
−(α2

3 − 3α1
2α2) sin(aα2) + (α1

3 − 3α1α2
2) cos(aα2)

]
c66 = e−aα1

[
(α2

3 − 3α1
2α2) cos(aα2) + (α1

3 − 3α1α2
2) sin(aα2)

]
(19)

Parameters ρ3 to ρ6 on the right side of the matrix equation are parameter expressions,
whose forms are related to the adopted elastic modulus of the unsaturated soil layer:

ρ3 = q(x)

(
16
(
1 − µ2)b

5E
− ba4

24EI

)
, ρ4 = q(x)

ba3

6EI
, ρ5 = −q(x)

ba2

2EI
, ρ6 = −q(x)

ba
EI

(20)

Therefore, based on the deflection expressions (Equations (6) and (7)) for the afore-
mentioned tunnel segments, the corresponding solutions for deflection, rotation (as the

derivative of deflection), bending moment (M(x) = −EId2ω/dx
2
, kN·m), and shear force

(derivative of bending moment, kN) for each segment can be derived. For example, for the
excavated but unsupported OB segment:

ωOB(x) =
bq

24EI
x4 + π1x3 + π2x2 + π3x + π4 (21)

θOB(x) =
bq

6EI
x3 + 3π1x2 + 2π2x + π3 (22)

MOB(x) = − bq
2

x2 − 6π1EIx − 2EIπ2 (23)

VOB(x) = −bqx − 6π1EI (24)

which can be expressed in matrix form as:
ωOB(x)
θOB(x)
MOB(x)
VOB(x)

 = q(x)bx


1

24EI x3

1
6EI x2

− 1
2 x

−1

+


x3 x2 x 1

3x2 2x 1 0
−6EIx −2EI 0 0
−6EI 0 0 0




π1

π2

π3

π4

 (25)

Similarly, the deflection, rotation, bending moment, and shear force for the disturbed
zone BC in front of the tunnel face are


ωBC(x)
θBC(x)
MBC(x)
VBC(x)

 =


q(x)

kunsat

0
0
0

+


e−α1x cos(α2x) e−α1x sin(α2x)

−e−α1x(α2 sin(α2x) + α1 cos(α2x)) e−α1x(α2 cos(α2x)− α1 sin(α2x))
−2EIe−α1xα1α2 sin(α2x) + (α2

2 − α1
2) cos(α2x) EIe−α1x(α2

2 − α1
2) sin(α2x) + 2α1α2 cos(α2x)

−EI(α2
3 − 3α1

2α2) sin(α2x)− EI(3α1α2
2 − α1

3) cos(α2x) −EI(3α1α2
2 − α1

3) sin(α2x)− EI(3α1
2α2 − α2

3) cos(α2x)


[

ζ3

ζ4

]
(26)

and for the stable zone CD in front of the tunnel face:


ωCD(x)
θCD(x)
MCD(x)
VCD(x)

 =


e−α1x cos(α2x) e−α1x sin(α2x)

−e−α1x(α2 sin(α2x) + α1 cos(α2x)) e−α1x(α2 cos(α2x)− α1 sin(α2x))
−2EIe−α1xα1α2 sin(α2x) + (α2

2 − α1
2) cos(α2x) EIe−α1x(α2

2 − α1
2) sin(α2x) + 2α1α2 cos(α2x)

−EI(α2
3 − 3α1

2α2) sin(α2x)− EI(3α1α2
2 − α1

3) cos(α2x) −EI(3α1α2
2 − α1

3) sin(α2x)− EI(3α1
2α2 − α2

3) cos(α2x)


[

ζ3

ζ4

]
(27)

Once the unsaturated soil elastic modulus is determined using Equation (1), the sub-
grade reaction coefficient and shear modulus are subsequently calculated via Equations (4)
and (5). These parameters are then used in Equations (25)–(27) to compute the deformation
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and internal forces of the pipe roof within the OB, BC, and CD segments for a single
excavation cycle.

3. Model Verification and Parametric Analysis
Measured data on tunnel pipe roof deformation in the literature seldom report stratum

saturation or water content. Therefore, this paper first validates the computational model
using a dataset from literature [14] that includes the necessary deformation measurements.
The application of this model requires the soil–water characteristic curve (SWCC) for the
specific soil to relate water content to matric suction. Subsequently, a parametric analysis is
conducted by varying the saturation of the soil layer surrounding the pipe roof, thereby
quantifying its influence on the pipe roof’s internal forces and deformation.

3.1. Model Verification

The pipe roof design parameters used in this paper are consistent with those in the
literature [14]. The excavation width and burial depth of the tunnel are 15.13 m and 5.137 m,
respectively. The portal section is mainly silty clay, and the friction angle and unit weight
have been reported to be 20◦ and 19 kN/m3, respectively. The length and spacing (b) of
the pipe roof, which is composed of steel pipes with an outer diameter of 108 mm, are
30 m and 40 cm, respectively. The single-cycle excavation advance length a is 1.2 m. The
surrounding rock pressure q is 97,507.7 Pa, and the excavation height H is 5 m. It should
be noted that the moment of inertia and elastic modulus of the pipe roof both adopt the
equivalent moment of inertia and equivalent elastic modulus of the entire pipe roof after
grout consolidation; specific values are detailed in Table 1.

Table 1. Input parameters for pipe roof analysis.

Excavation
Advance,

a/(m)

Circumferential
Spacing,

b/(m)

Excavation
Height H/(m)

Surrounding
Rock

Pressure
q/(kPa)

Equivalent
Moment of

Inertia,
I/(mm4)

Equivalent
Elastic

Modulus,
E/(GPa)

Tunnel Burial
Depth h/(m)

1.2 0.4 5 97.5077 21,510,000 91.7 5.137

For the silty clay stratum encountered in the tunnel excavation, due to the scarcity
of field monitoring data that concurrently record pipe roof behavior and soil–water char-
acteristic curves (SWCCs), the SWCC parameters used in this analysis are adopted from
the literature for a comparable silty clay [21], which gives matric suctions of 50 kPa and
200 kPa at saturation levels of 1.0 and 0.4, respectively. Poisson’s ratio is taken as 0.3.
The unsaturated elastic modulus (Eunsat) was subsequently calculated from these values
using Equation (3). The model parameters for the subgrade reaction (k) and shear modulus
(G) were then derived from Eunsat via Equations (4) and (5). The parameters α and β in
Equation (3) control the nonlinearity of the soil stiffness with respect to matric suction.
Ideally, these parameters should be calibrated using site-specific soil data. However, the
essential strength and SWCC data required for this calibration were not reported in the
case study used for comparison. While Ref. [18] provided values for sandy soils, no specific
values were available for the silty clay stratum in our case. Therefore, we adopted a value
of 1.0 for both parameters. This assumption is justified for the following reasons: This value
lies within the range reported for sandy soils [18] in the literature and serves as a standard
reference point for parametric studies; a brief sensitivity analysis reveals that the model is
symmetrically sensitive to ±25% variations in both α and β, leading to a ~±30% change
in the computed elastic modulus and a consequent ∓30% change in the peak deflection.
This confirms that while the exact values of α and β influence the quantitative output, the
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model’s qualitative behavior and the primary influence of saturation remain robust. The
selection of α = β = 1.0 is considered a reasonable choice for this study.

The deflection distribution and magnitude of the pipe roof calculated by the proposed
model are relatively consistent with the field monitoring results and the numerical model
calculation results proposed in the relevant literature [22] (as shown in Figure 2). The
theoretically predicted deflection of the pipe roof all show a characteristic of first gradually
increasing and then tending to stabilize. Changes in water content not only affect the
asymptotic value of the deflection but also affect its peak value. For example, when the soil
layer is fully saturated, i.e., under the extreme condition of direct excavation in a water-rich
stratum, it can be found that within the excavation distance of 3 m in front of the entrance,
the deflection of the tunnel pipe roof increases sharply, followed by a gradual decrease
after reaching the peak. The peak deflection is about twice that calculated when the soil
saturation is 0.4. After 6 m from the entrance, the deformation of the pipe roof tends to
stabilize, and its value is slightly smaller than the stabilized deflection value when the
soil saturation is 0.4. Especially, the prediction results when the soil saturation is 0.4 are
more consistent with the data when the tunnel face is excavated to a position 22.5 m from
the entrance than the results when the soil saturation is 1. When comparing the data at
the tunnel face, the model results are closer to the field-measured data compared to the
calculation results of previous numerical models (Figure 2b). Therefore, changes in water
content have an important influence on both the peak and asymptotic values of deflection.

  

Figure 2. Comparison of the proposed model’s predictions and available monitoring data (a) along
the excavation and (b) at the excavation face [22].

The hydro-mechanical behavior of unsaturated soils is highly dependent on an accu-
rate soil–water characteristic curve (SWCC), which is a function of soil type, hysteresis,
and void ratio [8,23]. Consequently, the proposed model requires further calibration with
site-specific SWCC data when such monitoring data becomes available.

3.2. Parametric Analysis of Pipe Roof Mechanical Behavior Under Different Soil Water Contents

The parametric analysis in this section focuses on the influence of water content,
as the relationship between saturation, matric suction, and soil stiffness is a central and
novel component of the proposed model. While the sensitivity of the model to geometric
parameters (e.g., pipe spacing, diameter) has been explored in prior literature [11–15] under
fully drained or saturated conditions, their specific responses to the variation in water
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content introduced here are a critical area for further investigation. The parametric analysis
selects a single steel pipe at the vault of the entrance of the Birgl Tunnel in Austria [12]
as the research object. Assuming the initial deflection and initial rotation at the starting
end of the pipe roof are both 0 (i.e., initial deflection w0 and initial rotation (rad) θ0 are 0),
the mechanical behavior changes in the pipe roof are calculated based on the proposed
model when the tunnel face is excavated to a position 1.5 m (a = 1.5 m) from the tunnel
entrance. Stratum parameters use data, including the soil water characteristic curve from
literature [24], to investigate the influence of water content changes in granite residual soil
stratum on the mechanical behavior of the pipe roof during tunnel excavation. Relevant
physical parameters are shown in Table 2:

Table 2. Physical and mechanical parameters.

Tunnel Burial
Depth

h/m

Elastic Modulus
E/MPa

Pipe Diameter
D/mm

Pipe Spacing
b/cm

Internal Friction
Angle
φ/(◦)

Soil Unit Weight
γ/(kN/m3)

30 100 114 40 30 18.5

The influence of different water contents in the stratum where the pipe roof is located
on the longitudinal deformation (including deflection, rotation) and internal forces (i.e.,
bending moment, shear force) of the pipe roof during excavation, calculated according to
the tunnel face being 3 m from the entrance, are shown in Figures 3–6, respectively.

Figure 3. Effect of soil volume moisture content on deflection deformation of pipe shed.
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Figure 4. Effect of soil volume moisture content on rotation deformation of pipe shed.

 

Figure 5. Effect of soil volume moisture content on the bending moment of the pipe shed.
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Figure 6. Effect of soil volume moisture content on the shear force of the pipe shed.

Figure 3 illustrates the distinct influence of stratum water content on pipe roof de-
flection during tunnel excavation. In both saturated and unsaturated soils, the deflection
exhibits a consistent trend: it increases sharply, peaks at a point behind the tunnel face (the
first turning point at approximately 3 m), then decreases slowly before a second turning
point ahead of the face (also near 3 m), after which it declines sharply and stabilizes. The
primary difference lies in the magnitude of deformation and the span between turning
points. The distance between the first and second turning points is significantly smaller in
unsaturated soil than in saturated soil. Furthermore, within unsaturated conditions, the
pipe roof deflection increases progressively with higher soil water content.

Figure 4 illustrates the influence of soil water content on pipe roof rotation. The general
trend is consistent across different saturations: rotation increases sharply, followed by a
slight decrease, after which it then surges to a peak before a sharp decline and eventual
stabilization. The key differences are in the magnitude of deformation. Rotation in saturated
soil is significantly greater than in unsaturated soil. Furthermore, within the unsaturated
regime, an increase in water content leads to higher rotation values along the entire curve,
although the peak rotation remains relatively constant. A significant jump in the peak
rotation occurs only when the soil transitions from an unsaturated to a fully saturated state.

Figure 5 shows the influence of soil water content on the bending moment in the pipe
roof. The general trend is consistent for all saturation levels: the bending moment increases
sharply behind the tunnel face, then decreases slowly before stabilizing. However, the
magnitude of the bending moment is highly dependent on water content. The bending
moment in the excavated section behind the tunnel face is greater in saturated soil than
in unsaturated soil. In contrast, the peak bending moment is larger in unsaturated soil.
Furthermore, within the unsaturated regime, a higher soil water content leads to a reduction
in the peak bending moment. Consequently, a transition from unsaturated to saturated
conditions results in a significant decrease in the peak bending moment.

Figure 6 shows the influence of soil water content on the shear force in the pipe roof.
The general trend is consistent for all saturation levels: the shear force decreases sharply,
reverses direction, and increases, then decreases again before gradually stabilizing. The
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primary differences lie in the magnitude of the forces. The shear force in the excavated
section behind the tunnel face is slightly smaller in saturated soil than in unsaturated
soil. Conversely, the peak shear force is greater under saturated conditions. Furthermore,
within the unsaturated regime, a higher soil water content leads to a reduction in the peak
shear force. However, a transition from an unsaturated to a fully saturated state causes a
significant increase in the peak shear force.

4. Conclusions
This paper proposes a theoretical model, based on the Pasternak foundation theory,

for calculating the deformation and internal forces of pipe roofs under varying stratum
water content. The model’s novelty lies in its incorporation of the soil–water characteristic
curve (SWCC) to define how the subgrade reaction coefficient and shear modulus change
with saturation. This allows it to quantitatively assess the impact of water content, a
key advancement over traditional models. Due to the scarcity of field data that includes
water content measurements, the model was validated against deformation data from the
literature. The close agreement between the model’s predictions and the field monitoring
data verifies its rationality and practical utility.

Parametric analysis results show that during excavation in unsaturated strata, as
the water content of the soil increases, the deflection and rotation deformations of the
pipe roof show an increasing trend, while the peak bending moment and shear force near
the section behind the tunnel face (excavated section) gradually decrease. Therefore, if
the water content of the soil in the stratum continuously increases due to rainfall during
construction, it is necessary to consider changing the pipe roof layout scheme to improve
construction safety.

Compared with unsaturated strata, during tunnel excavation in saturated strata, both
the deflection and rotation deformations of the pipe roof show a significant increasing
trend, while the peak bending moment and shear force borne by the pipe roof decrease
significantly. Therefore, during construction, close attention should be paid to changes
in soil water content, and drainage measures should be taken promptly to avoid the soil
transitioning directly from an unsaturated to a saturated state.
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Nomenclature

Symbol Units Meaning
a m advance length of a single-cycle excavation
b m equivalent width of the foundation shear layer
D m diameter of pipe
E, Esat, Eunsat GPa Young’s modulus and the one at saturated and unsaturated conditions, respectively
G, Gunsat kN/m shear modulus and the one at unsaturated condition
h m burial depth of the tunnel pipe roof
H m excavation Height
I m4 cross-sectional moment of inertia
k, kunsat kN/m3 soil subgrade reaction coefficient and the one at unsaturated condition
M kN·m bending moment
Pa kPa atmospheric pressure
q kPa overlying surrounding pressure on the pipe roof
V kN shear force
ua kPa pore air pressure
uw kPa pore water pressure
α, β / fitting parameters in Equation (3)
α1 α2 1/m attenuation rate parameters in Equations (11) and (12)
µ / Poisson’s ratio
γ kN/m3 unit weight of the overlying soil on the tunnel pipe roof
φ ◦ internal friction angle
w, w0 m deflection of the beam and initial deflection
ρ3 to ρ6 / abbreviations used for parameter expressions
π1, π2, π3, π4 / integral constants in Equation (8)
ζ1, ζ2, ζ3, ζ4 / integral constants in Equations (9) and (10)
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