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Grouting is widely used to mitigate ground surface deformation during shield
tunneling. However, the quantitative influence of grout solidification and
hardening on deformation and its prediction remains insufficiently understood.
This work investigates how time-dependent grout solidification and hardening
affect ground deformation. It combines analytical solutions with numerical
simulations. The time-dependent evolution of grout properties is incorporated
into both approaches for shallow-buried shield tunneling in mudstone strata.
Results show that explicitly simulating grout solidification yields larger settlement
than neglecting it. Compared with the instantaneous setting case (0 h), an initial
setting time of 4 h increases the maximum surface settlement by 59%. The grout
hardening rate plays a decisive role in deformation control. Theoretical analyses
further indicate that the shield tail, rather than the cutterhead, is the critical
reference location governing deformation development.

KEYWORDS
analytical method, metro shield tunneling, mudstone strata, numerical simulation,
synchronous grouting

1 Introduction

Shield tunneling has become the predominant construction method in metro
tunnel engineering owing to its advantages of minimal environmental impact, high
automation, and rapid excavation speed (Goh et al, 2018; Komiya et al., 2001;
Song et al., 2023; Liu B. et al., 2021). To ensure smooth advancement of the shield
machine, a difference is deliberately maintained between the cutterhead excavation
diameter and the external diameter of the segment lining, which inevitably generates
a tail gap once the segments are released from the shield tail (Cao et al, 2024;
Wang et al., 2019; Zheng et al., 2020). The formation of this tail gap induces contraction
of the surrounding soil and rock, constituting a major factor contributing to ground
deformation. To mitigate such deformation, synchronous grouting is commonly adopted
(Huang et al., 2020; Lou et al., 2022). In urban areas, however, stringent regulations
impose strict limits on ground surface deformation during metro tunnel construction
(Kong et al, 2022; Wang et al, 2022). This necessitates a clear understanding of
the deformation patterns induced by shield tunneling and the controlling mechanism
of grouting, thereby enabling both the prediction and effective mitigation of surface
deformation (Liu et al., 2023). In practical shallow-buried shield tunneling, inadequate
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control of synchronous grouting, delayed grout solidification, and
the time-dependent deformation of mudstone frequently lead
to excessive ground settlement and segmental dislocation. These
engineering problems highlight the need for a clearer understanding
of the interaction between grouting behavior and ground response
under real construction conditions.

To meet these requirements, many scholars have conducted
relevant studies. Alsirawan et al. (2023), Agbay and Topal (2020),
Goh etal. (2018), Qiao et al. (2010), and Zhang et al. (2023) focused
on the determination of maximum ground settlement values.
However, surface deformation does not occur uniformly within a
certain range, and differential settlement is often more detrimental
to surface structures. Therefore, obtaining two- and three-
dimensional distributions of ground deformation is considered
a more rational objective (Franzius et al, 2004; Ocak, 2014;
Shahin et al., 2016; Wang et al., 2009). Peck (1969) first proposed the
concept of ground loss and suggested that ground settlement caused
by tunnel excavation in soil follows a Gaussian distribution. Similar
findings have been reported for shield tunneling-induced settlement
by Mair et al. (1993), Dong et al. (2022), and Fang et al. (2014). In
addition to settlement, Cui et al. (2024), by integrating numerical
simulation with theoretical analysis, demonstrated that shield
tunneling can also induce heave deformation in both the strata
and the ground surface.

Beyond clarifying the distribution patterns of ground
deformation induced by shield tunneling, it is also necessary
to investigate the influence of different grouting parameters
on deformation control, with the aim of developing optimized
grouting schemes (Ding et al., 2021). Anato et al. (2021) confirmed
through numerical simulations that grout material properties
are critical factors for settlement control. Kavvadas et al. (2017)
and Liang et al. (2025) showed that high-performance grout
can effectively control ground deformation and compensate for
settlement. Previous studies indicate that parameters such as the
initial setting time, ultimate strength, strength growth rate, and
grouting pressure significantly affect the efficiency of synchronous
grouting in controlling ground deformation (Mooney et al., 2016;
Yang et al., 2023). Meng et al. (2018) and Zhang et al. (2023)
further demonstrated that grout materials characterized by short
setting times, high elastic modulus, and low shear strength are more
effective in controlling ground deformation.

These studies not only highlight the significant influence of
grout properties on ground deformation during shield tunneling
but also propose various calculation methods for surface settlement.
Nonetheless, the mechanisms by which specific grout hardening
characteristics influence ground and surface deformation remain
unclear. Moreover, the methods currently used to calculate shield
tunneling-induced surface deformation require further refinement.

Nevertheless, two issues remain insufficiently addressed in
existing studies. First, grout-related parameters (e.g., setting time,
stiffness and strength development) are often treated as static inputs
or are represented only by a final hardened state, while the early-
stage transition from a fluid-like grout to a load-bearing solid is
inherently time-dependent and can strongly influence deformation
evolution immediately after tail gap formation (Wang et al., 2025).
Second, many longitudinal deformation formulations implicitly
take the tunnel face as the reference location for deformation
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development (Abdelaziz et al., 2023). For shield tunneling in weak
rock formations such as mudstone, however, the shield shell provides
substantial temporary support, and pronounced deformation tends
to develop rapidly near the shield tail due to segment release, tail
gap formation and synchronous grouting. These features motivate
the present work to explicitly consider grout solidification and
hardening characteristics and to revisit the appropriate longitudinal
reference location for describing settlement development.

With respect to research methodologies, Tian et al. (2023),
Deng et al. (2021), Zhang et al. (2023) and Han et al. (2025)
calculated ground deformation using numerical simulations,
whereas Kong et al. (2019), Zhou et al. (2021), and Shi et al. (2017)
employed theoretical analysis to study the deformation induced by
shield tunneling. Both approaches yielded reliable results, indicating
that combining numerical simulations and theoretical solutions
provides a reasonable basis for deformation calculations. To ensure
practical applicability of theoretical results, the present study not
only employs numerical simulations and analytical solutions but
also validates the findings against field data.

Based on the engineering conditions of Chongging Metro
Line 27, this work combines steady-state numerical simulations in
COMSOL Multiphysics with two analytical calculation approaches
to investigate ground deformation induced by synchronous grouting
in shallow-buried shield tunnels in mudstone strata. The main
objectives are: (i) to quantify the influence of grout solidification
and hardening characteristics (particularly initial setting time) on
surface and strata deformation; (ii) to clarify the deformation
development mechanism and identify the critical reference location
along the tunnel axis; and (iii) to improve the applicability of existing
analytical solutions through calibrated correction parameters and
field-data validation.

2 Methods

2.1 Theoretical solution of ground surface
deformation induced by shield tunneling

A geometric model is established, assuming the tunnel is
excavated along the positive y-axis, which y=0 represents the
location of the tunnel’s face. The x-axis lies on the ground surface
and is perpendicular to the tunnel axis, while the z-axis represents
the vertical direction, as illustrated in Figure 1.

Neglecting the elliptical deformation of segment lining resulting
from long-term service, and based on the cavity contraction theory
within soil proposed by Sen (1951), Mindlin and Cheng (1950),
as well as the theory of uniform radial contraction proposed by
Sagaseta (1987), it is assumed that the volume loss caused by lining
contraction during excavation is V' =2nRu,. Pinto and Whittle
(2014) derived theoretical solutions for the three-dimensional
surface deformation field, which are expressed as Equations 1-3:

vV (1-v)x ¥+ +H -y

ug=-¥. L0, 1)
™ X+ H \x2+y% + H?
uyoz_z.& @

T Vx2+22+H?
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FIGURE 1
Schematic diagram of surface deformation induced by shield tunnel excavation.
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In these equations, u,, 1, and u_, represent the displacement
components in the x, y, and z directions, respectively; v denotes the
Poisson’s ratio of the soil or rock mass; u, is the radial contraction of
the tunnel lining; R and H are the tunnel radius and the depth of the
tunnel axis, respectively.

For Equation 3, by neglecting soil compressibility and taking
Poisson’s ratio of the ground as 0.5, and setting y = — 0o to represent

3)

a stabilized settlement condition, the vertical displacement along the
x-direction can be simplified as Equation 4:

v=0.5

Uz
y——00

=-2u,R (4)

H
x*+ H?

In fact, Equation 4 is identical to the two-dimensional
analytical solution proposed by Verruijt and Booker (1996) for
surface deformation induced by tunnel excavation. However, field
monitoring data from actual engineering projects have shown
that this model does not provide accurate predictions of surface
settlement. Therefore, Yang et al. (2020) introduced an improved
formulation for the displacement component u,, by incorporating
correction coefficients in three spatial dimensions. As a result,
Equation 3 was modified to Equation 5, and Equation 4 was

R H V(Azx)z + (/13)’)2 +H2 =3y
DT 002 () e

refined into Equation 6:

A\ (5)

-
Uy =
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v=0.5

1 -
u =-2Mu,R
y——00

H

— 7 6
(Ayx)? + HP ©

In these equations, A, is the correction parameter for the
maximum settlement value, A, is the correction parameter for the
settlement trough width, and A5 is the correction parameter for the
settlement trough length.

The correction principle the
illustrated in Figure 2. Clearly, the value of V remains unchanged

in x-axis direction is

before and after the correction. Therefore:

+00 [ +00 +00 [ +00
J J ul dxdy = J J o dxdy
=00 J =00 =00 J =00

By solving Equation 7 with respect to the x-axis and the x-y
plane, respectively, the results are presented in Equations 8, 9:

@)

A=d=A (8)

Ay=1 )

Thus, the three-dimensional surface deformation induced by
tunnel excavation can be corrected and expressed as Equation 10:

VX +y2+H2 -y

(Ax)? +y* + H?

I . H .
(Ax)* + H?

u (10)

z0 €

Therefore, the vertical deformation in the x-direction can be
simplified as Equation 11:

v=0.5

' _ 2
U =-2)\eR
y——00

H

(Ax)* + H? an
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FIGURE 2
Correction principle in the x-axis direction.

U max

Verruijt and Booker’s Solution

The
given by (see Equation 12):

, 05 AuR Y HE-y

N [ A (12)
x=0 y2+H2

In their study, Yang et al. (2020) determined the empirical value
of A through model tests, as shown in Equation 13:

settlement  expression in the y-direction is

R
1 =0.514 + 3.356¢">4%%% (13)

The the
illustrated in Figure 3. The correction only amplifies the maximum

correction  principle  in y-direction  is
surface deformation by a factor of A, without altering the distribution
pattern or variation trend of the surface deformation. This implies
that the second derivative of the surface settlement distribution
curve in the y-direction remains the same before and after the
correction. Moreover, in both solutions, the surface settlement
directly above the tunnel face corresponds to half of the maximum
post-excavation surface settlement.

However, both field monitoring and subsequent numerical
simulation studies indicate that in mudstone strata, the assumption
of y=0 representing the position of the tunnel face may not
be appropriate due to the significant support provided by
the shield shell. Therefore, in addition to the conventional
approach for calculating surface deformation induced by shallow-
buried shield tunneling in mudstone, this study also adopts
an alternative method in which y=0 denotes the location of
tail grouting.

This is not a simple translation of the settlement surface
along the negative y-axis by a distance equal to the length
of the shield shell J; rather, it requires the introduction of a
parameter ¥’ as the coordinate reference along the y-axis. The
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difference between the two approaches lies in the value of y':
the former method uses y' =y, while the latter uses y' =y+1.
For the case study project—Chongqing Metro Line 27—the shield
shell length measured on-site is /= 10.8m, as shown in Figure 3
and Equation 14.

VOAx)?2+y'2+ H2 -y

H
u',=-AuR-
= © ()P + H (Ax) + /2 + P2
H VX2 +y2 + H2—y

(14)

uR- > >
(Ax)”+H \(Ax)? + y* + H?

A2+ (y+D*+H2 = (y+1])

or

H .
(Ax)* + H?

-Au,R-

(Ax)? + (y +)? + H2
2.2 Modeling and analysis

The shield machine concurrently performs both tunnel face
excavation and support of the surrounding ground. As the segment
lining is assembled, the gap at the shield tail is immediately filled
with grout. The grout gradually hardens, and the grouting pressure
slowly dissipates, thereby providing support to the surrounding
strata. The factors involved in this process are illustrated
in Figure 4.

2.2.1 Simulation of construction stages
To achieve a simplified yet effective simulation of shield tunnel

construction, the first step is to set the step parameters, which
replace the time variable and define all field variables and function
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FIGURE 3
Correction principle in the y-axis direction and the two calculation methods.
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FIGURE 4
Simulated factors in shield tunnel construction.
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commands within the model. The model uses solid mechanics to
solve the physical field and is set to a steady-state analysis, as it
focuses on capturing the final deformation state after construction
steps, reducing computational cost while providing an accurate
representation of long-term deformation. This approach simplifies
the process and ensures efficient simulation, especially for large-
scale tunneling projects.

The solution of the model requires the initial stress state to be
based on the results from the previous step. Typically, the auxiliary
scanning function is used to import the calculation results from the
previous step as external stress. During the construction process,
excavation of the geotechnical body, activation of the segment lining
and grouting layer, and the advancement of the shield machine are
involved. The activation and deactivation of these elements must be
carried out using the “activation” function. Specifically, an activation
expression and activation factor need to be defined. Using the
centroid coordinate operator “centroid” in conjunction with the step
parameters, a judgment expression is written. When the activation
expression is satisfied, it is evaluated as 1, and the domain is activated
accordingly.

2.2.2 Element and interaction modeling

In the modeling process, the shield shell is constructed using
solid elements. Its self-weight is simulated by assigning an increased
equivalent density to represent the shield machine mass realistically
(Alsahly et al, 2016; Liu C. etal, 2021). The segment lining is
modeled as a homogenized circular ring with reduced stiffness,
using a reduction factor of 0.3 to reflect the mechanical behavior of
assembled segments (Liu C. et al., 2021). For the surrounding soil
and rock mass, the Drucker-Prager model is adopted to describe
the elastoplastic behavior. When configuring the plasticity model
in COMSOL Multiphysics, selecting the “Match Mohr-Coulomb
model” option allows direct input of equivalent parameters for
the Drucker-Prager model. It should be noted that although
mudstone exhibits creep behavior, the deformation associated with
synchronous grouting and the initial setting of grout occurs within
a short construction timescale, during which the creep effect of
mudstone is negligible. Therefore, creep is not included in the
theoretical formulation without affecting the applicability of the
analytical results.

The contact between the shield machine and the surrounding
geotechnical body, the segment lining and the grouting layer, as well
as the strata, is modeled using Coulomb friction for the tangential
behavior and penalty functions for the normal behavior. This contact
is represented by establishing a contact relationship between the
outer surface of the shield and the inner surface of the tunnel’s
circumferential excavation face.

In the solid mechanics physics field of COMSOL Multiphysics,
an assembly is first created during the geometry model setup.
Then, a contact pair is manually or automatically defined, and the
contact behavior between the pairs is specified to simulate real-world
contact interactions. After the segment lining is installed and the
synchronous grouting process is completed, a towing load needs
to be applied. Specifically, a line load of magnitude 50,000 N/m
is applied to the segment lining.
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2.2.3 Simulation of grout hardening

The grouting layer, located between the segment lining and
the surrounding ground, is typically simplified as a homogeneous
elastic circular ring in numerical models. Material randomness and
heterogeneity are neglected to streamline the analysis. The thickness
of the grouting layer is set to the theoretical value of the shield tail
gap, representing the designed annular space between the lining and
the excavation boundary.

The grouting material is injected in a fluid state into the gap
behind the shield tail, gradually undergoing a hardening phase
change over time. This process is accompanied by the dissipation
of grouting pressure and the increase in the material’s mechanical
properties. Although this process is inherently time-dependent,
the steady-state analysis used in this study simplifies the grout
hardening to a final, stabilized state, which reduces computational
demands and focuses on capturing the long-term deformation
effects. The influence of grout hardening over time is therefore
represented in terms of its final mechanical properties at the end
of the grouting process. This process can be represented through a
fitting function (Kasper and Meschke, 2006; Lambrughi et al., 2012).
Initially, the grout behaves as a non-elastic, non-Newtonian fluid;
upon final setting, it transforms into a solid with stable mechanical
characteristics. To simulate this fluid-to-solid transformation using
only the Solid Mechanics physics module, the following assumptions
are made: before initial setting, the grout has an elastic modulus of
0 MPa and a Poisson’s ratio of 0.5, representing an incompressible
fluid-like state, and these pre-setting parameters are based on the
assumed behavior of a non-elastic, non-Newtonian fluid. After final
setting, the elastic modulus increases to 800 MPa and Poisson’s
ratio decreases to 0.3, representing a solid state, with these post-
setting mechanical properties determined from laboratory tests of
the grout used at the project site. To investigate the influence of
setting time on ground deformation, four comparative cases are
defined based on different initial setting times: O h, 1 h, 2h, and
4 h. The final setting time is uniformly set to 40 h. The evolution of
grout mechanical properties over time is described by Equation 15,
and the corresponding variation curves of grout properties are
illustrated in Figure 5.

0.3t

)]
)

In the equation, E(t) represents the elastic modulus of the grout

E(t) =E,- [l—exp<—
(15)

V() =0.3+02- exp(—%
“to

at time t, Eg is the elastic modulus of the grout after final setting,
v(t) denotes the Poisson’s ratio of the grout at time t, ¢, is the initial
setting time of the grout, and ¢t is the elapsed time since grout
injection.

2.2.4 Simulation of grouting pressure and its
dissipation

Due to the continuous operation of the grouting system, the

maximum grouting pressure typically appears behind the first ring
of segments at the shield tail. As the shield advances, the grouting
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FIGURE 5
Variation of elastic modulus and Poisson’s ratio of the grout with time.

pressure in this region dissipates accordingly. It is assumed that
complete dissipation occurs over a distance equivalent to five
segment rings. Given a typical advancement rate of six rings per day,
and considering that the grouting pressure at the shield tail is initially
equal to the ambient earth pressure and then decreases linearly, the
grouting pressure can be expressed by Equation 16. Similarly, by
combining the model spatial coordinates with the construction stage
parameter, the grouting pressure can be defined such that both the
vertical linear distribution and the axial linear dissipation of the
pressure are accurately represented.

p=P-k(t)=(150+10-h)- (1 -1¢/20) (16)

In Equation 16, h denotes the vertical depth of the grouting point
measured from the ground surface. In the equation, p represents the
grouting pressure, P represents the in situ environmental pressure,
which also corresponds to the magnitude of the tunnel face support
force, and k(t) is the ratio of the current grouting pressure to the
initial value at the time of injection. The constants 150 and 10
describe the initial shallow-ground pressure and its linear increase
with depth, respectively, while the value 20 corresponds to the
empirical dissipation duration of grouting pressure during shield
tunneling.

2.3 Modeling and calculation

In constructing the model, the geological conditions at the
site of Chongqing Metro Line 27 were considered. The detailed
geological profile is shown in Figure 6. The ground strata were
defined as mudstone, overlain by a 5-m layer of plain fill. The
established model consists of a total of 393135 finite elements.
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Material properties used in the simulation are listed in Table 1.
Based on a typical section of Chongqing Metro Line 27, a finite
element model of shield tunneling was developed using COMSOL
Multiphysics, as illustrated in Figure 7. In the model, the positive
direction of the y-axis corresponds to the tunnel excavation
direction.

Based on the assumptions and analysis described above and
considering that the grout hardening process spans ten segment
rings as well as the need to minimize boundary effects, the
model length along the tunnel axis was set to the equivalent
of 50 segment rings. As a result, the numerical simulation
domain was defined with dimensions of 45m x 90m x 45m
(x x y x z), respectively. The tunnel excavation diameter is
D = 8.83 m, making the model length along the tunnel axis
approximately 10.23D, and the width and height about 5.11D.
These dimensions satisfy the commonly accepted range of 3-5
times the excavation diameter for minimizing boundary influence
in tunnel simulations, allowing boundary effects to be reasonably
neglected. To facilitate gravity loading, the vertical coordinate
of the ground surface (Z) was set to 0 m. Similarly, the tunnel
axis was aligned such that the X-coordinate at the centerline
is 0m, and the excavation starting point was assigned a Y-
coordinate of 0 m.

The shield advancement rate was assumed to be six rings per
day under ideal conditions. At each construction step, all associated
processes—such as excavation, segment installation, grouting, and
grout hardening—advance by exactly one ring. Therefore, an
increment of one in the step parameter T corresponds to 4 h of actual
construction time. Considering the time requirements of various
construction processes, a total of 68 steps were required to complete
the full construction sequence in the numerical model, which covers
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FIGURE 6
Geological profile of the project site.
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TABLE 1 Summary of material parameters used in the numerical model.

Material Thickness/m  Density/kg-m-

3

Cohesion/kPa

Poisson's
ratio

Elastic
Modulus/MPa

Internal
friction

Angle/°

Plain fill 5 2000 28 15 0.3

Mudstone 16~35.2 2,550 468 326 1,342 0.32

Segment lining 0.4 2,500 24000 0.2

Shield machine 0.3 6,000 200000 0.15

Hardened grouting 0.165 2,200 800 0.3
layer

a tunnel length of 50 segment rings along the tunnel axis. The key
construction stages and their corresponding step parameters are
summarized in Table 2.

3 Results
3.1 Vertical surface displacement

The development of vertical surface displacement at the middle
cross-section perpendicular to the tunnel axis (Y = 45 m) is shown
in Figure 8. It can be observed that the surface settlement in
all models approximately follows a normal distribution, which is
consistent with the surface loss theory proposed by Peck. Figure 8a
illustrates the vertical surface displacement when the hardening
process of the grout is not considered. When the cutterhead reaches
the location, the vertical surface displacement is —0.26 mm, and it
reaches —2.02 mm as the shield tail passes. Ultimately, the surface
experiences a maximum settlement (most negative displacement)
of —4.36 mm. The distribution of surface displacement for grout
initial setting times of 1 h, 2 h, and 4 h is shown in Figures 8b-d.
The maximum settlement (most negative displacement) reaches
—5.60 mm, —6.51 mm, and —7.49 mm, which represent increases of
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19%, 39%, and 59%, respectively, compared to the case with an initial
setting time of 0 h.

3.2 Vertical displacement of strata

As shown in Figure 9, the final vertical displacements along the
cross-sections at positions x = 0m, 5m, 10m, 15m, and 20 m on the
middle cross-section (Y = 45 m) of the model are plotted. This is
done to analyze the impact of different grout initial setting times
on the vertical displacement of the surrounding strata. It can be
observed that the further the distance from the tunnel center, the
more stable the strata become.

When the initial setting time is 1h, as shown in Figure 9a
for the position x = 0m: The strata above the tunnel exhibit
settlement, and the settlement value fluctuates and increases
with depth. Below the tunnel, a gradually decreasing heave is
observed, with the maximum settlement and heave values at the
crown and invert of the lining being —9.62 mm and 25.13 mm,
respectively.

At position x = 5m, as shown in Figure 9b, with increasing
depth, the vertical displacement of the strata initially experiences
settlement followed by heave. In the shallow layer (z > —12 m),
the settlement value remains relatively stable at approximately
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Finite element model of shield tunnel construction.

TABLE 2 Step parameters correspond to key simulation states
in the model.

Step parameter T Construction activity

0 Initial state
1 Cutterhead contact with model boundary
2~7 Shield machine entry

8~51 Shield tunneling, segment assembly, and
synchronous grouting
52~57 Shield machine exit with completed segment and
grouting works
58~62 Grout hardening and grouting pressure dissipation
completed
63~67 Final grout hardening achieved

-4.9mm. Subsequently, the settlement decreases rapidly and
transforms into heave, reaching a maximum heave value 0of 9.29 mm
near z = -25m.

At position x 10m, as shown in Figure 9c, the vertical
displacement of the strata with increasing depth shows the largest
settlement at the surface, with a maximum value of —2.96 mm. At
z = —21m, the displacement reaches zero and then turns into heave,

with the maximum heave value of 3.75 mm near z = -31 m.
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At position x 15m, as shown in Figure 9d, the vertical
displacement of the strata initially shows a maximum settlement
value of —1.27 mm at the surface, which decreases until it reaches
an inflection point at z = —15m. The settlement then increases
again, reaching —0.79 mm at z = —22 m. As the depth increases, the
settlement value gradually decreases, and at z < —30m, the vertical
displacement of the strata turns into heave, with the maximum heave
of 1.1 mm atz = -36.5m.

At position x = 20m, as shown in Figure 9e, with a grout initial
setting time of 1 h, the vertical displacement of the strata first shows
heave followed by settlement with increasing depth. The maximum
heave of 0.22 mm is observed at z = -9m, after which it decreases. At
z = —15m, the heave becomes zero, and at z = —27m, the settlement
reaches its inflection point with a maximum settlement value of

~0.88 mm.
3.3 Horizontal displacement of strata

The development of horizontal strata displacement at a depth
of Z = -19.4m, which corresponds to the tunnel axis depth,
is shown in Figure 10. The horizontal displacement follows an
antisymmetric distribution about the tunnel axis.

Figure 10a illustrates the horizontal displacement development
when the grout initial setting time is Oh. Before the shield
tail passes, the horizontal displacement is within 2 mm. As the
shield tail passes and the grouting is performed, the horizontal
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displacement increases towards the tunnel arch waist along both
sides of the model, reaching a maximum value of 5.5mm.
Subsequently, the horizontal displacement rebounds and decreases.
After 4h of grouting, the horizontal displacement at the tunnel
arch waist decreases to 2.4 mm, and when the grouting pressure
dissipates (20 h after grouting), it stabilizes at 2.1 mm. After
40 h of grouting, the horizontal displacement at the tunnel arch
waist is 2.3 mm, which is a 58% reduction compared to the
horizontal displacement at the time when the shield tail passed and
grouting began.

The development of horizontal displacement for grout initial
setting times of 1 h, 2 h, and 4 h is shown in Figures 10b-d. During
the grout hardening process, especially at the beginning of grouting,
the slower the initial setting of the grout, the larger the horizontal
displacement at the same moment. After 4h of grouting, the
horizontal displacements at the tunnel arch waist corresponding to
the grout initial setting times of 1 h,2 h,and 4 hare 2.4 mm, 2.9 mm,
3.1 mm, and 3.7 mm, respectively.
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4 Discussion
4.1 Rationality of numerical simulation

The initial setting time used in the field is approximately 1 h.
Therefore, the calculation results for a grout initial setting time of 1 h
are compared with the data obtained from on-site monitoring. The
vertical surface displacement variation at the center of the surface
in the model is extracted and compared with the measured vertical
surface displacement at the monitoring point above the tunnel axis
in the project, as shown in Figure 11.

Clearly, the calculation results are in close agreement
with the on-site monitoring data. This indicates that the
established numerical model can reasonably reflect the actual
the the
model can converge the errors within a relative tolerance
supporting the validity of

strata response observed in field. Furthermore,

through iterative calculations,

the model.

frontiersin.org


https://doi.org/10.3389/feart.2026.1756354
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhang et al. 10.3389/feart.2026.1756354
0 0 0,
-5 -5 5
-10 -10) -10]
-15 -15 -15
= -20] -20) -20)
N -25 -25 -25
-30 -30) -30)
-35 -35 -35
-40 -40 -40
4 ; )
TA10 0 10 20 30 4078 6 -4 22 0 2 4 6 8 10 12 1474 3 -2 -1 0 1 2 3 4 5 6
0 0 0
-5 -5 -5
-10 -10 -10
-15 -15 -15
" 5 B Initial Setting Time:Oh
E -20 -20 -20 Initial Setting Time:1h
N_2s 25 225 Initial Setting Time:2h
Initial Setting Time:4h
-30 -30 -30)
-35 -35 -35
-40 @ -40 EI -40)
-45 -45 -45
20 -15 -10 05 00 05 10 15 20 -14-12-1.0-08-06-04-0200 02 04 06 08 =15 -10 -5 0 5 10 15 20 25 30 35 40
Vertical Displacement of the Strata/mm Vertical Displacement of the Strata/mm Vertical Displacement of the Strata/mm
FIGURE 9
Vertical displacement of the strata under different initial setting times. (a—e) show the vertical displacement profiles at different transverse offsets. The
dashed circle in (a) indicates the tunnel center at X = 0 m. Z = 0 denotes the ground surface, and negative Z values represent depth below ground.

4.2 Influence of initial setting time on
surface displacement

Based on the variation patterns of vertical surface and strata
displacement presented earlier, it can be concluded that vertical
displacement magnitude increases as the grout initial setting time
increases. Additionally, grouts with slower setting times, due to
their delayed effect, reduce the supporting capacity of the strata,
weakening the stress coordination ability of the strata. This leads
to an increase in the vertical displacement difference between
the strata on both sides of the tunnel. The large settlement zone
caused by tunnel construction stabilizes within a range of 15 m on
either side of the tunnel axis, with more significant increases in
settlement values.

Furthermore, for the strata farther from the tunnel axis, the
influence of a slower-setting grout layer results in more pronounced
surface heave. This suggests a more apparent trend of overall shear
deformation of the geotechnical body.

As the grout initial setting time increases, the maximum value
of vertical settlement also increases. As seen in Figure 9c, the
depth at which the displacement value is zero gradually rises. This
indicates that the increased grout initial setting time causes the
strata at this depth to transition from settlement to heave. Figure 9¢
shows

from

also
shifts
hardening process.

At the tunnel axis depth, horizontal displacement shows

that at certain depths; vertical displacement

settlement to heave due to the delayed

that the grout initial setting time has a minimal impact on
the final horizontal displacement, with differences of less than
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1 mm. This is likely due to the supporting effect of the grouting
pressure. However, rapidly setting grout significantly reduces
the maximum horizontal displacement of the strata immediately
after the shield tail passes and grouting occurs, while also
accelerating the rebound of horizontal displacement during the
grouting process.

Figure 12 shows the final surface vertical displacement for
different grout initial setting times. Clearly, as the grout initial
setting time increases, the surface vertical displacement significantly
increases, and the rate of surface vertical displacement development
also accelerates.

Figure 13 shows the distribution of surface vertical displacement
along the tunnel axis when the shield cutterhead reaches Y = 72 m
(at this point, the grouting layer behind the 24th ring of lining
is fully hardened, and the shield tail is at Y = 61.2 m). Clearly,
for the four models with different grout initial setting times, the
surface settlement reaches its maximum approximately two ring
positions (Y = 46.5 m) before the grouting layer is fully hardened.
The slower the grout hardens, the worse its control effect on
surface settlement. When the grout initial setting times are 0 h,
1h, 2h, and 4h, the maximum surface displacement above the
tunnel axis is —4.13 mm, —-4.97 mm, —5.83 mm, and -6.77 mm,
respectively.

Moreover, the development of surface vertical displacement
follows the same pattern in all four models. Before the cutterhead
arrives, the surface exhibits slight heave due to the pressure from
the cutterhead. As the cutterhead arrives, the surface vertical
displacement rapidly develops into settlement. The rate of settlement
growth reaches its maximum at the shield tail, with the surface
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settlement at this point being 0.5 times the maximum settlement
value. After reaching the maximum settlement value, the surface
settlement begins to rebound.

4.3 Comparison between theoretical
calculation results and simulation results

The geotechnical tests conducted at the metro construction
site indicate that the mudstone strata encountered by the tunnel
exhibit a high Poisson’s ratio and a low elastic modulus. The
low compressibility of the mudstone strata suggests that the error
introduced by neglecting the surface vertical displacement caused
by strata compression is acceptable. Additionally, as mudstone is a
relatively weak rock formation, it is reasonable to approximate it as
soil for calculation purposes.

For the Chongqing Metro Line 27, the shield excavation radius
is 4.43 m. In this study, the tunnel axis depth is uniformly taken
as 15 + 4.43 m. Therefore, the calculated correction factor is 2.43.
After analyzing the radial shrinkage data of the segments on-
site, it was found that the shrinkage values of the segments are
concentrated between 3.5 and 4.5 mm. Four frequently occurring
values were selected for the calculation, namely;: 3.6, 3.9, 4.1, and

Frontiers in Earth Science

12

4.4 mm. Additionally, to investigate which location, between the
cutterhead and the shield tail, is more suitable as the point of
y = 0 for the calculation, two calculation methods—where y' =
y and y' = y+I—were employed to compute the surface vertical
displacement.

Based on this, Figure 14 presents the surface vertical
displacement along the y-direction calculated using the two
methods, along with the surface deformation results obtained from
numerical simulations at the same excavation position. Due to the
size limitations of the numerical model, the simulation results do not
cover the entire Y range. However, it can be observed that the surface
vertical displacement range shown by the numerical simulation is
smaller. Compared to the theoretical calculation results, surface
vertical displacement in the numerical simulation begins to occur
only when the cutterhead is closer, and it stabilizes earlier. This also
indicates that the missing numerical simulation data has a negligible
impact on the analysis in this study.

Moreover, it is evident from the numerical simulation results in
the figure that surface vertical displacement significantly occurs at
the shield tail. When using the method y' = y + I, when calculating
with the original model, it is more reasonable to add the shield
shell length to the value of y. Furthermore, it is observed that
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Comparison between numerical simulation results and field
monitoring data. The monitoring data were obtained from routine
surface vertical displacement measurements carried out at the project
site using leveling points arranged along the tunnel alignment. The
monitoring scheme consisted of multiple observation points spaced at
regular intervals above the tunnel axis, with settlement recorded
throughout the shield advancement process.
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Final vertical surface displacement.

the numerical simulation results not only change more rapidly but
also show a noticeably larger maximum settlement value. The on-
site monitoring data shown in Figure 11 indicates that there is
indeed slight heave on the surface before the cutterhead reaches the
location. At the same time, the on-site monitoring results are slightly
larger than the numerical simulation results, which suggests that
the theoretical calculation of the maximum deformation is closer to
the actual situation. However, the numerical simulation can predict
the surface heave in front of the cutterhead, which highlights the
advantage of the simulation.
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Figure 15 shows the surface vertical displacement along the
x-direction at different locations using two calculation methods,
compared with the numerical simulation results. (a), (b), (c),
and (d) show the surface vertical displacement in four different
states: when the cutterhead reaches the location, when the shield
tail passes and grouting occurs, 20 h after grouting, and after
the surface vertical displacement stabilizes. It is evident that
the numerical simulation results change more rapidly over time.
Clearly, the numerical simulation results exhibit a faster rate
of change. Additionally, surface vertical displacement calculated
using methods y' =y and y' =y+I gradually converge over
time. However, before the deformation stabilizes, the results
obtained using y' = y +1 generally fall between those of the other
two methods.

4.4 Limitations of the deformation
modeling framework and future work

Although this work combines analytical solutions with
numerical modeling to quantify how grout setting and hardening
affect construction-stage surface settlement in shallow-buried
shield tunneling in mudstone strata, and identifies the shield tail
as the critical longitudinal reference location for deformation
development, several simplifications were adopted to keep the
framework computationally efficient and suitable for systematic
parametric evaluation. The main boundaries of applicability are
summarized as follows.

The
modeling focuses on construction-stage responses associated

1. Time-scale representation and long-term effects.

with synchronous grouting and early-age grout behavior, and
it adopts a construction-step, quasi-static representation to
efficiently evaluate the influence of grout setting time (0 h-4 h)
(Wang et al., 2025). This approach captures the stabilized
response relevant to the short time window of interest,
but it does not reproduce detailed short-term transients
immediately after grout injection and pressure dissipation,
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nor does it address long-term rheological effects of mudstone
(e.g., creep) that may become relevant over months to years
(Wang et al., 2020; Yan et al., 2025). Fully time-dependent
analyses and rheology-aware constitutive descriptions would
be valuable when transient evolution or longer time scales
are the focus.

Material and structural idealizations. To isolate the role
of grout setting and hardening, the grouting layer is
represented with idealized, spatially uniform properties,
and the surrounding ground is modeled without explicitly
accounting for irregular defects, localized weak zones, or
anisotropy associated with bedding and discontinuities in
mudstone strata (Zhou et al., 2024; DeReuil et al., 2019;
Bao et al.,, 2025). In the theoretical comparison, mudstone
is idealized as a soil-like medium, which may not fully
capture structural rock behavior and discontinuity effects (Liu
B. et al., 2021). These simplifications help clarify dominant
mechanisms and trends, but they may limit accuracy where
strong spatial heterogeneity or structural control governs
the response (Zhang et al., 2024a; b; Zhang et al., 2022).
Future work could incorporate heterogeneous grouting
representations and ground descriptions that account for
anisotropy and discontinuities to better reflect site-specific
complexity.

Generalizability and parameter uncertainty. Model calibration
and validation rely on a single engineering case (Chongqing
Metro Line 27) and on available on-site monitoring and project
parameters. Uncertainties in grouting pressure history, tail gap
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evolution, local stratigraphic variability, and monitoring noise
may influence the fitted correction parameters and the inferred
sensitivity to grout setting time (Liu et al, 2025). Broader
verification using multiple projects, together with uncertainty-
aware parameter ranges (or simple uncertainty quantification),
would strengthen generality and provide confidence bounds
for predicted surface settlement.

5 Conclusion

This study investigates the surface deformation caused by
the excavation of a shallow-buried shield tunnel in mudstone
strata, using both theoretical models and numerical simulations,
with a particular focus on the impact of grouting with different
initial setting times on surface deformation. The results show that
both numerical simulation and theoretical calculations can reliably
capture the overall characteristics of surface deformation induced
by shield tunneling. Numerical simulation remains advantageous
for capturing localized responses such as the surface heave ahead
of the cutterhead. The advantage of theoretical calculations is that
they provide a more accurate estimate of the maximum surface
settlement.

In the numerical simulation process, the results using a grout
initial setting time of 1h can effectively predict the surface
deformation caused by shield tunnel excavation. This indicates that
the assumptions and fittings of the grouting layer’s mechanical
properties are reasonable. Additionally, when using the theoretical

frontiersin.org


https://doi.org/10.3389/feart.2026.1756354
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhang et al. 10.3389/feart.2026.1756354
2 T T T T T T T T T 2 T T T T T I T T T
g
g
=
g
)
(=
)
Q
=
[=9
-
a
[
g
&
—
=]
w
<
9
=1
)
>
g
g
=
<]
)
=
)
Q
=
(=9
2
a
)
Q
&
bl
=
wn
G
2
=1
)
>
X/m X/m
Theoretical Solution 1(y=y) Theoretical Solution 1(y=y) Theoretical Solution 1(y=y) = Theoretical Solution 1(y=y)
Theoretical Solution 1(y=y+10.8) Theoretical Solution 1(y=y+10.8) Theoretical Solution 1(y=y+10.8) Theoretical Solution 1(y=y+10.8))
= Numerical Simulation
FIGURE 15
Theoretical calculation of surface vertical displacement in the x direction. (a) Cutterhead position, (b) shield tail position, (c) 20 h after grouting, (d)
final state.

model for calculations, adding the shield shell length to the y-
coordinate for the calculation aligns more closely with the rapid
increase in deformation after the shield tail passes, which is
confirmed by on-site monitoring results.

The calculated results show that, although deformation may
rebound after a period, both vertical displacements of the surface
and the strata increase with the hardening of the grout. Horizontal
displacement in the strata behaves differently. This suggests that,
when a shield tunnel crosses through mudstone strata, the presence
of synchronous grouting increases the likelihood of vertical
deformation in the strata, which leads to surface building damage.
This is more probable than horizontal deformation, which may
damage adjacent underground structures.

Specifically, accelerating the grout setting time is beneficial for
controlling surface deformation during construction. Based on the
comparative results of initial setting times from 0 h to 4 h, a practical
initial setting time of approximately 1-2h is recommended for
engineering applications, as it provides effective deformation control
without imposing excessive constraints on grouting operations. The
longer the grout initial setting time, the slower the increase in the
grout’s mechanical properties and the later its support effect, which
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leads to significantly higher surface loss and an increased likelihood
of shear deformation in the strata. Reducing the initial setting time of
the grout material can effectively control both vertical and horizontal
displacements in the surface and strata.
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