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Abstract

This study investigates the macro- and micro-mechanism of synchronous tail grouting in ground surface settlement (GSS) control of
coarse-grained strata through a computational fluid dynamics-discrete element method (CFD–DEM) coupled model, focusing on two
grouting port configurations (Type I: upper-lower symmetrical layout; Type II: lateral staggered distribution) in six-grouting-port shield
machines. Analyzing particle contact characteristics and force chain evolution patterns, the connection between particle-scale behavior
and macroscale GSS during grouting is elucidated. Key findings demonstrate that grouting duration is the primary factor for GSS devel-
opment. Grout injection disrupted the particle contacts and force-chain networks above the tunnel center, weakening natural arching
and redistributing interparticle forces. The central axis of the soil-arching effect exhibited a strong linear correlation with the spatial posi-
tion of the uppermost grouting port. The soil located 0.25D–0.5D (where D represents the tunnel diameter) from the tunnel centerline
horizontally, exhibited heightened sensitivity to grouting, with a low fabric anisotropy (a) and oscillating principal direction (b) sharply
between 0° and 180°, reflecting pronounced displacement and isotropy. This study provides theoretical support for intelligent shield
machine selection and grouting strategy optimization in geotechnical engineering, with significant implications for soil displacement con-
trol in complex strata.
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1 Introduction

The rapid expansion of urban infrastructure has driven
the widespread adoption of super-large-diameter shield
tunnels (>14 m) in recent years (Su et al., 2024; Zeng
et al., 2023; W. Zhang et al., 2022). A critical challenge
in shield tunneling arises from the annular tail-void formed
between the surrounding soil and tunnel lining due to

geometric discrepancies between the shield machine and
segments (Zhao et al., 2019). This void poses substantial
risks, including soil collapse, ground surface settlement
(GSS), and segment buoyancy. Synchronous grouting, a
process designed to fill the tail-void with cementitious
materials, serves as a primary mitigation measure. Besides
GSS control (Wang et al., 2019), it enhances tunnel water-
proofing (Wang et al., 2022) and optimizes the lining stress
states (Liang et al., 2020; J. Liu et al., 2021). However,
grouting efficacy depends on interdependent factors span-
ning grouting parameters, e.g., grout pressure (Liu et al.,
2019), grout rheology (Liang et al., 2022; Todaro & Pace,
2022), geological conditions (Ye et al., 2019), and

https://doi.org/10.1016/j.undsp.2025.10.005

2467-9674/© 2026 Tongji University. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⁎ Corresponding author at: School of Civil Engineering and Trans-
portation, Guangzhou University, Guangzhou 510006, China.

E-mail address: chaoliu@gzhu.edu.cn (C. Liu).

Peer review under the responsibility of Tongji University

www.keaipublishing.com/undsp

Available online at www.sciencedirect.com

ScienceDirect

Underground Space 27 (2026) 194–215



operational variables such as grouting-port configuration
and shield advance rate (Zhang et al., 2015). The opaque
nature of soil-grout interactions hinders mechanistic under-
standing, necessitating advanced methodologies to unravel
this multiscale fluid–solid coupling process.

Early research prioritized theoretical models to charac-
terize grout propagation modes under idealized assump-
tions. Analytical frameworks addressed radial filling (Zou
& Zuo, 2017), permeation-compaction-fracturing transi-
tions (Ye et al., 2020), and time-dependent pressure distri-
butions incorporating grout viscosity and soil porosity (Liu
et al., 2020; Ye et al., 2019). Although cost-effective, such
models oversimplify complex soil-fluid interactions, limit-
ing their applicability to field conditions. Experimental
approaches subsequently provided empirical insights.
Scaled tests revealed grouting port quantity and layout
effects (Ding et al., 2019; Zhang et al., 2015), linking pres-
sure and grout-type variations to GSS magnitudes (Zhao
et al., 2019). Recent experiments in coarse-grained and soft
soils highlight contrasting grout distribution patterns:
uneven crown filling in granular strata versus uniform void
occupation in cohesive soils (C. Liu et al., 2024b; F. Liu
et al., 2024). However, the scalability constraints in physi-
cal tests and high costs restrict their capacity to replicate
in situ complexities.

Numerical simulations offer a versatile alternative, yet
conventional finite element methods (FEM) often neglect
critical microscale interactions by approximating grout lay-
ers as static annular loads (Kasper & Meschke, 2006; C.
Liu et al., 2021; D. Zhang et al., 2022). Advanced compu-
tational techniques, including the coupled discrete element
method (DEM) and computational fluid dynamics (CFD)
models, have begun bridging this gap. For instance, CFD
analyses have elucidated longitudinal grout spreading (Li
et al., 2021), whereas DEM–FDM hybrids have been used
to simulate grout flow from ports to voids (Yan et al.,
2024). Notably, C. Liu et al. (2024a) employed CFD–
DEM to investigate the soil-grout interaction in coarse-
grained ground, providing a more comprehensive under-
standing of the process. Despite the progress, existing stud-
ies predominantly focus on macroscopic behavior,
overlooking the micromechanical mechanisms governing
particle-scale force transmission and fabric evolution
(Bokkisa et al., 2023; Irani et al., 2024; Zhang et al.,
2023). This gap is particularly acute for large-diameter
shields employing six or more grouting ports, which remain
underexplored in terms of optimized port arrangements.

In this study, the CFD–DEM method was used to estab-
lish numerical models for simulating synchronous tail-
grouting during shield tunneling in sandy cobble strata, a
complex process involving particle–fluid interaction. Com-
pared to the model of Liu et al. (2024a), two different
grouting port distributions (Types I and II, both with six
ports) were considered. The specific content of this study
is as follows. Numerical models with different grouting-
port distributions were established based on the geometry
of a scaled model test (Liu et al., 2024b). The numerical

models were validated through settlement trough curves
predicted by the Peck formula based on scaled model tests.
The relationship between different grouting opening distri-
butions, soil displacement, and grout spreading modes, was
examined. The microscopic fabric of particle contacts was
analyzed to investigate the evolution of soil stress and its
influence on soil mechanical behavior. The study revealed
the microscopic mechanisms of particle interactions and
explained the causes of macroscopic phenomena during
synchronous grouting from a microscopic perspective.

2 Methodology

The CFD–DEM method was first proposed by Goniva
et al. (2012) and Kloss et al. (2012). In this approach, the
fluid phase is simulated using the open-source CFD soft-
ware package OpenFOAM, and the soil particles are simu-
lated using the open-source DEM software package
LIGGGHTS. The cfdemSolverMultiphase solver, devel-
oped by Vångö et al. (2018) based on the OpenFOAM sol-
ver multiphaseInterFoam and LIGGGHTS code is
employed in this study. The corresponding governing equa-
tions of motion are as follows.

2.1 Governing equations for DEM

In the DEM method (Cundall & Strack, 1979), the
motion of spherical particles is tracked in the Lagrangian
framework according to Newton’s laws of motion. Owing
to the high computational cost associated with modeling
polygonal or non-spherical particles and simulating parti-
cle crushing, these features were not incorporated into
the study. For each particle in the simulation system, the
governing equations of motion are as follows:

mpi
dupi

dt

nc

j 1

Fc
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where mpi is the mass of particle i; upi is the translational
motion of particle i; nc is the total number of contacts
for particle i; Fc

pij is the contact force between particles i
and j; Fg

pi is the gravitational force over particle i,
Fr

pi V piFr is the surface tension force of particle i, V pi

is the volume of particle i, Fr is the surface tension force,

F f
pi is the particle–fluid interaction force of particle i, Ipi

is the moment of inertia of particle i, xpi is the angular
velocity of particle i; Mpij is the moment acting on particle
i due to contact with particle j.

2.2 Governing equations of CFD

In the finite volume method (FVM) (Anderson &
Jackson, 1967), the fluid phase is discretized into control

C. Liu et al. / Underground Space 27 (2026) 194–215 195



volume, and used to solve the mass continuity and Navier–
Stokes equations, as follows:

/f

t
/fuf 0 3

/fqf uf

t /fqfufuf /f p /fg x qf /f s /fFr Fp-f
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where /f is the volume fraction of the fluid in a fluid cell; uf

is the fluid velocity, qf is the weighted density of the mixed
fluid; p is the dynamic pressure; p p qf g x, where p
is the fluid pressure and g is the acceleration of gravity, x
is the coordinate vector; s is the viscous stress tensor of
the fluid; Fr is the surface tension force; and Fp-f is the
fluid-particle interaction force. The direct numerical simu-
lation (DNS) method is employed to simulate grout flow
behavior. DNS directly solves the Navier-Stokes equations,
allowing precise resolution of fluid motion without relying
on turbulence models or empirical approximations.

2.3 Fluid and particle interaction forces

In the cfdemSolverMultiphase solver, the primary fluid-
particle interaction force models (Zhu et al., 2007) consid-

ered include the pressure gradient force (F p
pi ), viscous force

(F s
pi ), and drag force (Fdrag

pi ). Other fluid-particle interac-

tion force models, such as lubrication and added-mass
forces, are ignored. Therefore, the total fluid-particle inter-
action force is calculated as follows:
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The pressure gradient and viscous forces were calculated
based on the pressure gradient and viscous shear stress,
respectively. The drag force was computed using the drag
model proposed by Koch and Hill (2001), where /p is the

solid volume fraction and b is the interphase momentum
exchange coefficient, which can be expressed as
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where lf is the fluid dynamic viscosity; dpi is the particle

diameter; Rep is the Reynolds number; F 0 /p and

F 3 /p are dimensionless parameters. These parameters

are calculated using the following formulae:
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The computational process is divided into two indepen-
dent modules: CFD and DEM, with information exchange
at specified time intervals. The coupled CFD–DEM calcu-
lation process is illustrated in Fig. 1.

3 Numerical model setup and validation

3.1 Model description and setup

C. Liu et al. (2024b) performed 1g scaled model tests to
characterize synchronous grout propagation behavior in
sandy cobble strata during shield tunneling, with the exper-
imental configuration schematically illustrated in Fig. 2.
Building upon these experimental foundations, this study
developed a CFD–DEM framework to numerically repli-
cate the grouting process in analogous granular soils. The
CFD module resolves grout-air multiphase flow dynamics,
whereas the DEM module explicitly models the discrete
sandy cobble matrix and its micromechanical interactions.

Engineering practice and scaled model tests consistently
demonstrate a temporal lag between shield advancement
and tail synchronous grouting activation, wherein grout
injection commences following a short machine progres-
sion. To streamline numerical analysis, this study approxi-
mates the grouting process as porous medium infiltration.
Building on the scaled test platform by C. Liu et al.
(2024b), a two-phase CFD–DEM framework was imple-
mented, adopting x-y plane symmetry through half-
structure modeling with the geometry parameters detailed
in Fig. 3. The model dimensions in the x and y directions
were consistent with the scaled model test to preserve geo-
metric similarity. The numerical domain measures 600 mm
(x) × 1600 mm (y) × 50 mm (z), featuring a centrally posi-
tioned 400 mm diameter tunnel located 600 mm above the
base and 1000 mm below the model surface. The numerical
model followed a similarity ratio of 15, consistent with the
scaled test. The z-direction thickness was set to 50 mm,
equivalent to approximately half the length of a segment
ring in the prototype. Although the model thickness was
limited by computational constraints, it adequately

Fig. 1. Flowchart of CFD–DEM coupling calculation.
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captured circumferential grout-spread behavior. Grouting
pipes (10 mm diameter × 500 mm length) were arranged
according to the six-port configurations, with the Type I
and II distributions illustrated in Fig. 4. For Type II,
top/bottom pipes were modeled as half-sections owing to
symmetry plane alignment.

Initial CFD conditions defined the primary domain as
air (with a gas volume fraction of 1.0) and pipe interiors
as grout (with a liquid volume fraction of 1.0), both phases
were treated as Newtonian fluids with constant viscosity.
Grout transport properties obtained from the previous
model tests (C. Liu et al., 2024b) are listed in Table 1.
The grout behavior was simulated using the Newtonian
fluid model based on the following two considerations:

(1) The grout used in the scaled model test had a water-
cement ratio (mW/mC) of 1.95. According to the study by
Ruan (2005), the rheological behavior of grout varies with
the mW/mC and does not conform to a single flow type.
Specifically, grout with mW/mC = 0.5–0.7 exhibits power-

law fluid behavior, with mW/mC = 0.8–1.0 corresponds to
Bingham fluid behavior, and mW/mC = 2.0–10.0 approxi-
mating Newtonian fluid behavior. A mW/mC of 1.0 repre-
sents the transition point between Bingham and

Fig. 2. Schematic diagram of the grouting model test (C. Liu et al., 2024b). (Unit: mm)

Fig. 3. Overview of the grouting model in the CFD and DEM domains.

Fig. 4. Distribution of grouting ports: Types I and II.
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Newtonian fluids. Therefore, given the relatively high mW/
mC used in this study, it was reasonable to simplify the
grout as a Newtonian fluid. Moreover, some practical engi-
neering applications employ Newtonian fluid for grout; (2)
Under the current numerical framework, directly imple-
menting a Bingham model presents technical challenges
and may result in non-convergence or interruptions in the
simulation process. It should be noted that actual grout
comprises many fine particles. However, these were not
explicitly simulated in the current simulations owing to lim-
itations in computational resources. Boundary conditions
comprised: Inlet (fluid entry), Outlet (fluid exit), and Wall
(all other surfaces), as annotated in Fig. 3. In actual con-
struction, the next excavation step is usually carried out
after the grout has preliminarily solidified. Consequently,
the backward spread of newly injected grout is impeded
by the already solidified grout. Moreover, structures such
as the shield tail and tail brushes restrict the grout from
flowing forward (i.e., towards the tunnel face). As a result,
longitudinal spread of grout beyond the filling zone is not
prominent in actual engineering scenarios. In this study,
the focus was mainly on the circumferential spread of
grout, and a systematic analysis of its longitudinal diffusion
has not yet been conducted. Therefore, the numerical
model restricted grout flow in the longitudinal direction,
with only the top boundary serving as the fluid outlet. A
constant flow rate was set at the inlet boundary, specified
using the flowRateInletVelocity keyword. The inlet flow
rate was determined based on scaled model tests and calcu-
lated using the following formula:

Q
aGVR p R2

s r2
s v

2 3 zs
13

where aGVR is the grout-volume ratio (GVR), set at 200%;
Rs is the radius of the shield-shell (200 mm); rs is the radius

of the segment lining (185 mm); v is the tunnel advance rate
(15 mm/s); zs is the axial thickness (50 mm); and Q is the
grout flow rate per grouting opening. Based on this equa-
tion, the inlet flow rate for a single grout opening was cal-
culated as 0.91 × 10−4 m3/s. For computational efficiency,
this value was rounded to 1 × 10−4 m3/s in the numerical
simulations, achieving 200%GVR within 3 s. Because this
study primarily investigated the initial stage of grout injec-
tion, the time-dependent stiffening effect of the grout was
not included in the simulation. Temporal resolution was
governed by computational stability via the Rayleigh crite-
rion (Burns et al., 2019).

The geometric configuration of the DEM model is
depicted in Fig. 3. Consistent with the CFD approach, a
half-structure model was implemented to leverage symme-
try. The tunnel, with a diameter of 400 mm, was centered
600 mm above the model base and 1000 mm below the
model surface, yielding a burial depth of 800 mm (equiva-
lent to twice the tunnel diameter, 2D). Particle size distribu-
tion and mechanical parameters were adopted from the
calibration by C. Liu et al. (2024a), as detailed in Fig. 5
and Table 1. During DEM initialization, spherical particles
were generated within a predefined domain, and mechani-
cal equilibrium was attained following gravitational set-
tling. After removing extraneous particles outside the
target region, the final simulation comprised 312 412 parti-
cles. As shown in Fig. 3, particle motion in the initial phase
was restricted by a semi-circular shield-shell boundary
(400 mm diameter), representing the mechanical support
provided by the shield machine. Subsequent separation of
the shield and lining segments was simulated by deactivat-
ing the shell boundary and introducing a 370 mm diameter
lining boundary, consistent with the scaled test dimensions
(C. Liu et al., 2024b). Key coupling parameters are summa-
rized in Table 1.

Table 1
Numerical parameters in the simulation.

Simulation
modules

Parameter Value or type

Grout Fluid type Newtonian
Density 1769 kg/m3

Kinematic viscosity 5.5 × 10−5 m/s2

Dynamic viscosity 0.097 Pass
Particle Density 2200 kg/m3

Contact model Hertz
Young’s modulus 20 GPa
Poisson’s ratio 0.3
Coefficient of restitution 0.2
Coefficient of friction 0.5

Coupling settings CFD timestep 1.25 × 10−5 s
DEM timestep 2.5 × 10−7 s
Coupling interval 50
Void fraction model Divided
Force models Gradient pressure force

Viscous force
Koch and Hill drag force
Surface tension force

Fig. 5. Cumulative particle-size plot of the particles.
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3.2 Boundary validation

To evaluate the validity of the symmetry assumption, a
numerical simulation was conducted for the full-domain of
lateral staggered layouts. A systematic comparison was
made between half- and full-domain models in terms of
grout spreading modes and GSS. Figure 6(a) presents the
volume fraction distribution of grout, where the volume
fraction is a dimensionless parameter ranging from 0 to
1. A value of 1 indicates that a fluid cell is fully occupied

by grout, whereas a value of 0 denotes a cell entirely filled
with air. In the full-domain model, the circumferential
spread angles of the grout at the top were 32.6° on the left
and 30.5° on the right, with a maximum radial spread dis-
tance of 79.8 mm. The corresponding values in the half-
domain model were 32.6° and 70.8 mm, respectively, indi-
cating close agreement. At the bottom, the maximum
radial spread distance was 97.9 mm in the full-domain
model and 88.8 mm in the half-domain model, resulting
in a relative error of 9.3%, which is considered acceptable.

Fig. 6. Validation of the symmetry assumption. (a) Grout-spreading modes, and (b) GSS.
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Owing to the intersection of grout flowing from adjacent
grouting openings at the bottom, the circumferential
spread angle in this region was excluded from the compar-
isons. For GSS, the maximum value was 6.3 mm in the full-
domain model and 7.0 mm in the half-domain model,
showing a difference of 11.1%, which was also deemed
acceptable. In conclusion, the variations in grout spreading
modes and GSS between the half- and full-domain models
remained within acceptable limits, thereby validating the
applicability of the symmetry assumption in the numerical
model.

3.3 Model validation

In shield tunneling engineering, GSS is a ubiquitous
concern, representing the spatial–temporal evolution of
subsurface deformation caused by stress redistribution, soil
arching effects, and void formation during excavation. As a
direct indicator of geo-mechanical disturbance, GSS serves
as a critical metric for evaluating the construction-induced
impacts on surrounding strata. Peck (1969) pioneered a
semi-empirical framework for predicting transverse settle-
ment troughs in homogeneous soils, derived from field
observations and soil mechanics principles. The model
defines the vertical displacement S x at a transverse dis-
tance x from the tunnel centerline as

S x Smaxexp
x2

2i2
14

Smax

V S

i 2p
15

V S V LpR2 16

i kz 17

where S x is the GSS (mm); Smax is the maximum vertical
displacement of the settlement trough (mm); x is the dis-
tance to the tunnel centerline (m); V S is the volume of soil
loss per unit length (m3/m); R is the tunnel radius (m); and
V L is the volume loss ratio, defined as the ratio of the set-
tlement trough volume to tunnel volume. The V L is a
dimensionless parameter primarily influenced by engineer-
ing geological conditions, tunneling methods, and technical
levels. The parameter i is the horizontal distance from the
tunnel center to the inflection point of the settlement
trough, commonly referred to as the width of the settle-
ment trough, and is measured in meters. Empirical studies
(O’reilly & New, 1982) have demonstrated a simple linear
relationship between i and the tunnel axis burial depth z
(m). The coefficient k, known as the settlement trough
width coefficient, is a dimensionless parameter that deter-
mines the shape of the settlement trough curve (e.g., wide
and shallow, or narrow and deep) and is largely dependent
on soil properties. Therefore, V L and k are two critical
parameters in GSS prediction.

To thoroughly investigate the development of GSS and
soil structure, the non-grouting condition (aGVR = 0) was

set as the benchmark for the comparative analysis in this
study. As indicated in Table 2, results from the model test
(C. Liu et al., 2024b) demonstrated that the settlement
trough width coefficients (k) derived from experiments
under varying burial depth ratios (C/D = 1.0, 1.5, and
2.0; where C is the thickness of tunnel covering soil; D is
the tunnel diameter) were 0.265, 0.198, and 0.118, respec-
tively, at a 200%GVR. The average value of k was 0.194

(denoted as k), which was employed to characterize the
mechanical behavior of the sandy cobble stratum. Numer-
ical simulations further revealed that the V L for Type I and
Type II under the same GVR were 2.0% and 2.2%, respec-
tively, whereas the V L for the non-grouting case was 1.0%.

By integrating k from the model test with the V L calculated
by numerical models, settlement prediction curves were
established (Fig. 7). The results demonstrated that the
GSS obtained from numerical simulations closely aligns
with the prediction curve generated by the Peck formula,
thereby validating the reliability of the proposed numerical
approach. However, the GSS at the tunnel center for Type
II exhibited a notable deviation from the maximum value
of the predicted settlement trough. This discrepancy is
attributed to the influence of an additional grouting open-
ing at the tunnel crown, in contrast to the conventional
four-opening grouting configuration (C. Liu et al.,
2024b). Notably, V L was influenced not only by soil prop-
erties but also by various factors such as GVR, tunnel
depth, and grouting pressure. The V L obtained from the
scaled model test was 2.5%, which is slightly higher than
the values obtained from the numerical simulations. This
discrepancy is primarily attributed to differences in grout-
ing configurations: the numerical model employed a six-
hole arrangement, whereas the scaled model test used a
four-hole configuration. These findings suggest that under
otherwise identical conditions, six-hole grouting is more
effective than four-hole grouting in mitigating GSS. More-
over, the study revealed a phenomenon that contradicts
conventional engineering understanding: the GSS under
grouting conditions was significantly greater than that
under non-grouting conditions. Although this finding
appears counterintuitive, it aligns with the conclusions of
C. Liu et al. (2024a, 2024b), who reported a similar trend
in numerical simulations and scaled model tests, indicating
a positive correlation between GVR and GSS in coarse-
grained strata. This consistency further substantiates the
validity of the present model. The underlying mechanism
stems from the distinctive mechanical behavior of the stra-
tum. Unlike the soft clay typically modeled as a continuous

Table 2
Coefficient k calculated from the model test results (C. Liu et al., 2024b).

Case C/D GVR (%) i (mm) z (mm) k k

1 1 200 159 600 0.265 0.194
2 1.5 200 158 800 0.198
3 2 200 118 1000 0.118
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medium, the coarse-grained strata exhibit pronounced
heterogeneity, discreteness, and high permeability, with
structural stability mainly dependent on interparticle fric-
tion and interlocking. During the grouting process, contin-
uous infiltration and disturbance of the grout may reduce
the frictional resistance at particle contacts, which disrupts
the original force-chain network of the soil skeleton and
impedes the formation of potential self-stabilizing struc-
tures (such as soil arches). Consequently, the macroscopic
mechanical properties of the soil deteriorate, resulting in
anomalously high GSS values. A quantitative analysis of
the granular microstructure is presented in Section 4.2.

Figure 8 illustrates grout spreading modes under differ-
ent grouting-opening distribution configurations. The
results demonstrate significant differences in spreading pat-
terns between the Type I and Type II models. At low GVR,
grout propagated in a semi-circular pattern in both models,
with a gravity-induced downward offset the center. The
semi-circular spread pattern is highly consistent with the
grout spread modes reported by Ye et al. (2019) and C.
Liu et al. (2024a), demonstrating good applicability of
the model in simulating grout spread behavior. As GVR
increased, the spreading radius progressively expanded,
enabling grout to fill the tail void and intersect with mate-
rial from adjacent openings. However, although increasing
GVR enhanced spreading and intersection, grout in the
Type I model faced substantial upward resistance due to
sudden soil collapse at the tunnel crown and gravitational
effects. Consequently, even at high GVR, grout in the Type

I model did not reach the tunnel crown. This phenomenon
is consistent with the findings of C. Liu et al. (2024b) in
scaled four-opening synchronous grouting tests, confirming
the limited effectiveness of Type I configurations for crown
grouting. In contrast, the Type II model demonstrated
improved grout filling at crown and bottom voids. Nota-
bly, the numerical simulations focused on the brief syn-
chronous grouting phase, and non-grouted regions can be
subsequently filled via gravity-driven permeation over time.

An unstable grout pressure was observed in the numer-
ical simulation, consistent with the findings reported by
Ding et al. (2019) through model tests and by C. Liu
et al. (2024a) via numerical simulations. The instability of
grout pressure at a given location primarily results from
the interaction between two competing mechanisms: con-
tinuous grout injection increases local pressure, whereas
spread dissipates it. These opposing processes lead to fluc-
tuations in grout pressure. Note that numerical simulation
accuracy and sensor precision in model tests may have also
contributed to the observed fluctuations. Further, certain
differences are noted between the numerical model and
scaled model test used in this study (six-port vs. four-port
grouting conditions), and the available experimental data
were limited. Moreover, most existing analytical solutions
for grout pressure distribution are based on filling spread
in soft soils. Analytical models applicable to permeation
spread in coarse-grained strata remain underdeveloped.
Therefore, direct validation of grout pressure is not achiev-
able. Because grout pressure was not the major focus of

Fig. 7. GSS at aGVR = 200%: comparison between numerical simulations and predicted results.
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this study, a systematic analysis was not conducted within
the present research framework.

4 Results and discussions

4.1 Macroscopic responses during synchronous grouting

4.1.1 Soil displacement

The evolution of the particle velocity field of the soil sur-
rounding the tunnel is illustrated in Figs. 9 and 10. The
results indicate that after the shield shell boundary was
removed, the surrounding soil was rapidly displaced
toward the tunnel (at 0.01 s). At approximately 0.05 s,
the soil above the tunnel reached the crown, and further
downward movement was constrained by the tunnel lining.
Owing to the relatively flat geometry at the tunnel crown,
particles in this region remained relatively stable during
the initial phase, whereas the soil located farther above
continued to settle. By 0.09 s, the tail-void above the tunnel
center was fully filled with soil, and some particles began
migrating downward along the right tunnel edge, continu-
ing to fill the lower tail void. These movement paths are

indicated by arrows in Fig. 9. The particle trajectories
had a significant influence on the vertical stress distribution
of the soil under non-grouting conditions, as discussed in
Section 4.1.2. The evolution of particle displacement can
be divided into two distinct phases. The first phase involved
the rapid filling of the tail-void above the tunnel center,
completed within approximately 0.09 s. During this phase,
the particle displacement patterns were similar under differ-
ent conditions. The second phase was characterized by a
gradual downward migration of particles along the right
tunnel edge, slowly filling the lower tail void. Differences
between grouting and non-grouting conditions became
apparent primarily during the second phase. Under non-
grouting conditions, the soil reached a stable state shortly
after 0.75 s. By 1.50 s, particles became stationary, and
the tail-void was almost entirely filled, except for localized
areas at the tunnel invert. Under grouting conditions, as
grouting continued, the soil adjacent to the grouting open-
ings around the tunnel haunch became unstable under
grout pressure, causing particles to migrate toward the bot-
tom and gradually fill the voids. When GVR reached 50%
(at 0.75 s), the tail-void was mostly filled with particles and

(a)

(b)

Fig. 8. Grout spreading modes at different GVRs. (a) Type I, and (b) Type II.
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grout, while the soil above the tunnel continued to deform.
The evolution of the velocity field revealed that grout from
the grouting openings above the tunnel center can only
spread by permeation, as the soil collapse rate significantly
exceeded the grout spreading rate, resulting in rapid occu-
pation of the voids by falling soil before the grout could
adequately fill them. Consequently, only permeation
spread occurred. In contrast, grout from those under the
tunnel center exhibited a composite filling-permeation
spreading mode. Notably, with increasing GVR, the unsta-
ble soil region at the tunnel crown in the Type II model was
significantly larger than that in the Type I model because of
continuous grouting from the top grouting opening. This
indicates a more pronounced impact on GSS in the central
tunnel region. Furthermore, the distribution of the particle
velocity field closely aligns with the grout spread paths,
suggesting a direct correlation between soil particle insta-
bility and the disturbances induced by grout permeation,
which in turn influences the development trend of GSS.

Numerical simulations revealed significant differences in
the morphological characteristics of surface settlement
troughs under distinct grouting-opening distribution
modes (Fig. 11), with the non-grouting condition (aGVR

= 0) serving as the benchmark for comparative analysis.
The GSS values in the Type I model exhibited reduced vari-
ability within 0.25D of the tunnel center and were markedly
lower than those in the Type II model. The overall GSS at
the tunnel center of the Type I configuration was reduced
by 1.76 mm (25%) compared to the six-opening Type II
configuration. The disparity gradually diminished with dis-
tance from the center. This trend is attributed to the stron-
ger influence of crown grouting openings in the Type II

model on overlying soil near the tunnel center compared
with the Type I configuration, resulting in significantly
higher GSS magnitudes at the center. Additionally, a nota-
ble GSS disparity was observed between grouting and non-
grouting conditions arising from the natural soil response
in the latter, where grout absence enabled post-collapse
arching effects, yielding substantially smaller short-term
GSS than in the grouted scenarios. These mechanisms, fur-
ther discussed in Section 4.2, underscore the critical role of
grouting-opening distribution in ground settlement dynam-
ics. Although this result may seem counterintuitive, exist-
ing research suggests that the mechanism by which
synchronous grouting affects GSS in coarse-grained strata
differs from that in homogeneous soils, such as soft clay.
For example, Liu et al. (2024a) found through scaled model
tests that GSS increases with GVR. Similarly, Rong et al.
(2022) noted that coarse-grained strata exhibit significant
heterogeneity and discontinuity, resulting in large fluctua-
tions in settlement induced by shield tunneling, which
makes prediction more challenging. Moreover, construc-
tion data revealed no direct correlation between GSS and
GVR in coarse-grained strata. Although GVR is theoreti-
cally an important parameter influencing GSS, existing
studies indicate that its role in coarse-grained strata devi-
ates significantly from conventional expectations.

Figure 12 illustrates the variation of maximum GSS
with time under different grouting conditions. The maxi-
mum GSS increased progressively over time. Despite
increasing GVR during this period, which enhanced soil
support and inhibited GSS development, the high perme-
ability and heterogeneity of the sandy cobble stratum sus-
tained continuous soil-grout interaction during grout

Fig. 9. Velocity field of particles in the first 0.09 s after the shield machine passes.

C. Liu et al. / Underground Space 27 (2026) 194–215 203



permeation. This interaction induced soil particle displace-
ment, causing structural damage and cumulative deforma-
tion that elevated GSS. The result demonstrates that
grouting duration dominates GSS evolution in sandy

cobble strata. Before 0.33 s (aGVR = 22%), GSS under
non-grouting conditions exceeded grouting scenarios.
However, between 0.33 and 0.61 s (aGVR = 41%),
grouting-induced GSS gradually surpassed non-grouting

(a)

(b)

(c)

Fig. 10. Velocity field development of particles. (a) Non-grouting case, (b) Type I, and (c) Type II.
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values, indicating that synchronous grouting initially sup-
presses but later exacerbates GSS owing to prolonged
grout permeation-induced soil structural changes. Notably,
maximum GSS stabilized approximately at 1.5 s under
non-grouting conditions, whereas grouting conditions
caused continuous GSS growth in the presence of persis-
tent grouting disturbances. Furthermore, prior to 0.26 s
(aGVR = 17%), the GSS in the Type I model exceeded that
in the Type II model, highlighting the early-stage stabiliz-
ing effect of grouting pressure on crown-adjacent soil.

4.1.2 Stress in surrounding soil
The understanding of soil response is primarily founded

on the theoretical framework of continuum mechanics. To
establish an effective link between the discrete and contin-
uous parameters, particle-scale measurements must be con-
verted into the properties of continuum mechanics. For
this purpose, Christoffersen et al. (1981) proposed a defini-
tion of the stress tensor for granular materials:

rij
1

V N c

f c
i l

c
j 18

where V is the total volume of the computational unit; N c is
the total number of contacts; f c

i is the contact force; and lcj
is the branch vector connecting the centers of the two con-
tacting particles.

Figure 13 illustrates the vertical stress evolution of soil
during the initial 0.03 s. In the numerical simulations, par-
ticles were randomly generated above the model area and
allowed to settle naturally under gravity until reaching a
stable state, thereby realistically reproducing the formation
process of the coarse-grained strata in the scaled model
test. The significant frictional resistance and interlocking
among sandy gravel particles led to micro-scale soil arching
structures spontaneously forming in localized regions after

stabilization. As a result of the soil arching effect, the stress
transmission path was deflected, leading to local fluctua-
tions in the vertical stress field that deviated from the linear
increase predicted by classical continuum theory at t = 0 s.
This phenomenon may also be influenced by the boundary
conditions. However, the overall vertical stress still fol-
lowed the fundamental trend of increase with depth. This
discontinuous stress distribution reflects the inherent dis-
crete nature of coarse-grained strata. Following shell-
boundary removal, an elliptical stress-relief zone formed
around the tunnel within 0.01 s, extending approximately
to 0.5D below the tunnel invert and 1D above the tunnel
crown. Within this zone, instantaneous stress release signif-
icantly reduced vertical stresses, reflecting localized support
loss and stress redistribution. Over the 0.03 s period, stress
redistribution propagated upward from the tunnel vicinity
toward the ground surface, culminating in widespread
stress reduction and soil structure loosening across the
affected region.

Figure 14 illustrates the temporal variation of vertical
soil stress under different grouting conditions. Soil stress
evolution exhibited pronounced complexity owing to tur-
bulent grout flow and unstable grout pressure. To improve
visualization and highlight stress distribution trends, the
stress contour range was constrained to 0–2000 Pa. Specif-
ically, vertical stress values exceeding 2000 Pa are uni-
formly represented in red. As the grout-volume ratio
(GVR, aGVR) increased, vertical soil stress near the tunnel
demonstrated a marked upward trend, attributed to greater
grout injection volumes exerting stronger soil-compaction
effects. This compaction is transmitted through interparti-
cle contacts, ultimately elevating the vertical stress. At
the simulation endpoint (t = 3 s), non-grouting conditions
produced a wedge-shaped vertical stress distribution, corre-
lating with horizontal distance from the tunnel center,

Fig. 11. GSS distributions in different grouting conditions at 3 s (aGVR =
200%).

Fig. 12. Development of maximum GSS over time under different
grouting conditions.
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whereby stress decreased gradually, reaching a minimum
approximately at 0.5D, then increased with further dis-
tance. The wedge-shaped vertical stress distribution exhi-
bits a strong correlation with the particle velocity field at
0.09 s in Fig. 9, indicating that particle displacement played
a dominant role in shaping the stress field. In contrast, ver-
tical stress near the tunnel invert remained significantly
lower owing to stress release post-shell removal. Natural
soil collapse predominantly occurred above the tunnel cen-
ter, leaving the invert tail-void minimally affected by dis-
placement, thereby maintaining low invert stress. Higher
vertical stress near the tunnel enhanced mechanical stabil-
ity by improving load-bearing capacity for overlying strata.
These findings underscore that the behavior of grout flow
and GVR critically govern soil mechanical responses dur-
ing sandy cobble stratum grouting.

4.2 Micro responses during the synchronous grouting

4.2.1 Normal contact between particles

Currently, micromechanical analysis methods based on
particle contact fabric have been widely applied to study
the behavior of granular materials (Bokkisa et al., 2023;
Irani et al., 2024; Zhang et al., 2023). According to the
macroscale soil behavior presented in Section 4.1, the pri-
mary effects of grouting occur in the region above the tun-
nel center. Therefore, the disturbed soil in this region was
examined from a microscale perspective. Direct observa-
tion of force-chain evolution during synchronous grouting
is challenging (C. Liu et al., 2024a). To address this limita-
tion, rose diagrams representing the normal distribution of
soil particle contacts were analyzed to investigate the soil
arching effect and the influence of different grouting open-

ing distribution modes on grouting-induced GSS. The
analysis employed 10° statistical intervals, with spatial
zones defined by stress distributions at the non-grouting
simulation endpoint (as shown in Fig. 15(a)). Before grout-
ing (Fig. 15(b)), dominant particle contact orientations
aligned vertically upward, reflecting load transfer through
vertical interparticle forces. Under non-grouting conditions
(Fig. 15(c)), post-collapse soil arching formed with a cen-
terline at 0.5D from the tunnel center, consistent with the
particle trajectories shown in Fig. 9, where crown soil sta-
bilized after tail-void infill, while ongoing edge-ward parti-
cle migration shifted the arch centerline toward tunnel
peripheries.

In the grouting scenarios shown in Fig. 15(d) and (e),
the soil-arching effect persisted but weakened, with center-
lines shifting to 0.25D (Type I) and near-tunnel-center
(Type II) positions. These shifts spatially correlate with
uppermost grouting openings, indicating that grout-
induced disturbance governed the soil-arch geometry.
Grout injection disrupted particle contacts and force chains
above the tunnel, attenuating natural arching and redis-
tributing contact forces. This reconfiguration elevated
GSS under grouting versus non-grouting conditions.
Specifically, the offset grout openings in Type I induced
asymmetric arch degradation, whereas the central top
opening in Type II localized disturbance near the tunnel
axis. Collectively, grouting modifies soil mechanical states
by reorganizing force chain networks, directly linking
particle-scale interactions (e.g., contact reorientation, arch
weakening) to macroscale GSS trends in sandy cobble
strata. It should be noted that this conclusion—GSS under
non-grouting conditions is smaller than that observed
under grouting conditions—applies only to the short term

Fig. 13. Vertical stress development in soil during the initial 0.03 s. (Unit: Pa)
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after grouting. Over a longer timescale, non-grouting con-
dition may present a potential risk of increased GSS, as
external disturbances can trigger more severe stratum
deformations, potentially resulting in total settlement
exceeding that under grouting conditions.

4.2.2 Coordination number

Section 4.1.1 revealed significant differences in GSS
curves between grouting-opening distribution modes
within 0.25D of the tunnel center. Settlement trough curves
for grouting and non-grouting conditions also diverged

(a)

(b)

(c)

Fig. 14. Development of vertical soil stress with time. (a) Type I, (b) Type II, and (c) non-grouting case.
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markedly within 1D of the tunnel. To identify the
microstructural mechanisms underlying these macroscopic
trends, a detailed microstructural analysis was performed
on the four critical regions defined in Fig. 16(a).

Coordination number is a key metric for quantifying the
contact number per particle in granular materials. It is
regarded as the most fundamental and direct microscopic
scalar parameter within a particle system. Thornton and
Antony (2000) defined the mechanical coordination num-
ber (Zm) by considering only active particles:

Zm

2N c N 1

N N 0 N 1

19

where N c is the total number of contacts in the system; N is
the total number of particles; N 0 is the number of particles
with no contacts; and N 1 is the number of particles with
one contact.

The evolution of Zm during synchronous grouting is
illustrated in Fig. 16. After the removal of the shell bound-
ary, the soil above the tunnel center collapsed and was dis-
placed toward the tunnel, altering particle contacts. This

(a)

(b)

Fig. 15. Distributions of normal contact force. (a) Division of regions, (b) before grouting, (c) non-grouting, (d) Type I (aGVR = 200%), and (e) Type II
(aGVR = 200%).
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process caused a loss of particle contacts, loosened the soil
structure, and led to a significant reduction in Zm values in
the region above the tunnel center during the initial grout-
ing stage. The rate of decline in Zm diminished with increas-

ing distance from the tunnel center, as shown in
Fig. 16(b)–(e). Subsequently, as the soil was displaced
toward the tunnel and filled the tail void, gradual com-
paction occurred, resulting in an increase in Zm. However,

(c)

(d)

Fig 15. (continued)
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even after gravitational compaction, the soil compactness
remained substantially lower than in the pre-grouting state,
with the final Zm value reaching only approximately 85% of
the initial value.

As depicted in Fig. 16, Zm values under grouting condi-
tions fluctuated marginally but remained markedly lower
than those under non-grouting conditions. This discrepancy
was most pronounced in regions I and II, where syn-
chronous grouting continuously disturbed and compressed
the soil above the tunnel center. The sustained grouting
maintained soil particles in an unstable, high-stress state,
reducing the mechanical coordination number. A lower Zm

reflected the tendency of the particle contact network to
become sparser, thereby impairing the structural integrity
of the force chain network. This microscopic alteration man-
ifested macroscopically as a loosening and destabilization of
the soil structure. Moreover, under grouting conditions, Zm

fluctuated without reaching stability, indicating that the soil
above the tunnel remained unstable and was more likely to
induce significant GSS, as shown in Figs. 11 and 12. In con-
trast, under non-grouting conditions, after the removal of
the shield tail, soil particles naturally collapsed and accumu-
lated to form a structure with a relatively high and stable Zm

(approximately 4.2). A high Zm denotes a dense distribution
of contact points among particles, which promotes the for-
mation of a stable force chain network. This network
enables efficient transmission of vertical loads through the
soil arching structure, thereby inhibiting further develop-

ment of GSS. The influence of grouting weakened progres-
sively with distance from the tunnel center, as shown in
Fig. 16 (b)–(e). Notably, grouting in the Type II model
exerted a greater impact on soil deformation above the tun-
nel center, inducing pronounced Zm fluctuations across
regions. For example, Zm values in region I remained lower
for an extended duration under the Type II model compared
to the Type I model. However, in other regions (i.e., regions
II–IV), Zm values showed no significant differences between
grouting conditions.

4.2.3 Development of fabric anisotropy and contact

orientation
The contact fabric of soil particles plays a pivotal role in

determining the microscopic mechanical response of soil
(Oda, 1972; Oda et al., 1985). Understanding microscopic
variations in fabric is critical for analyzing grout–soil par-
ticle interactions. In this study, fabric anisotropy and its
principal direction were employed to characterize the soil’s
fabric state. For simplicity, the analysis focused on contact
information in the x-y plane, neglecting effects along the
tunnel-axis direction (z-axis). Building on a simplified
framework proposed by Xiong et al. (2021), the particle
contact distribution function can be expressed as follows:

E u
1 acos2 u b

2p
20

Fig 15. (continued)
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where u is the inclination angle relative to the reference axis;

E u is the contact distribution function; and
2p
0

E u du 1. The parameter a defines the magnitude

of fabric anisotropy, and a 0 indicates an isotropic distri-
bution. The parameter b is the principal direction of fabric
anisotropy, which defines the angle between the principal
direction of anisotropy and the positive x-axis (Xiong
et al., 2021). The values of a and b are calculated as follows:

a 2
2p

0

E u cos2udu
2 2p

0

E u sin2udu

2

21

(c)

(d)

(e)

Fig 16. (continued)

(a)

(b)

Fig. 16. Evolution of coordination number Zm. (a) Division of regions, (b)
region I, (c) region II (d) region III, and (e) region IV.
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The parameters a and b for the soil above the tunnel
center are illustrated in Fig. 17. Prior to grouting, a values
in all regions averaged approximately 0.13, whereas b was
predominantly oriented upward (≈90°). As the distance
from the tunnel center increased, b gradually rose. In
Region I, b measured 87°, whereas in Regions II–IV, b
averaged approximately 110°, suggesting a weak pre-
grouting soil arching effect. Following shell boundary
removal, significant a and b variations occurred across all
regions. In Region I, both parameters initially decreased
before increasing. In Region II, a and b first increased
and then decreased. In Regions III and IV, a exhibited
an initial increase followed by a decrease, whereas b contin-
ued to increase. These shifts resulted from rapid soil dis-

placement toward the tunnel post-boundary removal. In
the Type II model, the crown-located grouting opening
exerted a stronger influence on Region I (Fig. 17(a)),
enhancing soil isotropy and yielding lower a values relative
to Type I. Under continuous injection, b in Type II stabi-
lized near 90°, facilitating vertical load transfer. Without
grouting, b stabilized at ≈65°, promoting soil arch develop-
ment. In Region II (Fig. 17(b)), grouting maintained low a
levels, whereas b fluctuated widely (0°–180°), reflecting
marked soil displacement and isotropy. Without grouting,
b progressively decreased and stabilized near 40°, further
supporting arch formation. In Regions III and IV
(Fig. 17(c) and (d)), sustained grouting reduced a, with b
oscillations (120°–140°) enhancing arch formation. In
Regions II–IV, a and b trends under both grouting modes
aligned but diverged from the behavior in Region I, indi-
cating that the influence of grouting opening configuration

(a)

(b)

Fig. 17. Magnitude and principal direction of anisotropy (a and b) for soil fabrics: (a) region I, (b) region II, (c) region III, and (d) region IV.
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was predominantly localized in Region I. Grouting impacts
diminished with distance from the tunnel center, correlat-
ing with reduced a variability. Under non-grouting condi-
tions, the overall a was greater than that under grouting
conditions, particularly in Regions I and II. This indicates
that the normal forces of particle contacts were more
strongly aligned along a dominant direction, forming a
directionally oriented force chain network. Unlike the fluc-
tuating evolution of a and b during the grouting process,
these parameters under non-grouting conditions tended
to stabilize after a certain period, with their evolution clo-
sely following the variation of the Zm. This stability sug-
gested that the soil above the tunnel was in a relatively
stable state. These behaviors collectively favor the forma-
tion of a soil arching structure, resulting in smaller GSS
compared to grouting conditions.

The aforementioned analysis of the microscopic fabric
of particle contacts under grouting and non-grouting

conditions reveals the unique mechanical response mecha-
nism of coarse-grained strata. Although grouting, after
solidification of the grout, can ultimately enhance the over-
all stability of the strata, the dynamic disturbances during
the grouting process alter the microscopic fabric of particle
contacts, leading to an increase in GSS. This microscopic
mechanism explains the greater GSS observed under grout-
ing conditions in coarse-grained strata and further
confirms the decisive influence of particle-scale microstruc-
ture on macroscopic mechanical behavior.

5 Conclusions

A numerical model of synchronous tail-grouting in
coarse-grained ground was established using the coupled
CFD–DEM method, focusing on two grouting opening
configurations (Types I and II, both with six openings).
The model was validated against existing experimental

(c)

(d)

Fig 17. (continued)
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data. The influence of grouting opening configurations and
presence of grouting was investigated from macroscopic
and microscopic perspectives. This study elucidates the
microscopic mechanisms of soil-grout interactions and
explains the macroscopic phenomena observed during syn-
chronous grouting. The findings provide a theoretical foun-
dation for selecting shield machines with six grouting
openings and for optimizing construction parameters for
synchronous tail-grouting in coarse-grained ground. The
key conclusions are summarized as follows:

(1) Grout propagation patterns: At low GVR, the grout
spreads in a semicircular pattern, with the center
slightly below the grouting opening owing to gravity.
As GVR increased, grout from adjacent openings
came into contact. Grout from upper tunnel openings
propagated primarily via permeation, whereas lower
openings exhibited a mixed filling-permeation mode.
Type II configurations (with crown/invert openings)
achieved significantly better grout coverage in the
tunnel crown and invert compared to Type I.

(2) Grout-soil interaction and GSS: The crown-opening
configuration (Type II) exerted greater influence,
yielding GSS values within 0.25D of the tunnel center
that were markedly higher than those of Type I.
Under non-grouting conditions, natural soil collapse
facilitates arching effects, resulting in substantially
smaller short-term GSS compared to grouted cases.
Soil disturbance duration was identified as the pri-
mary factor governing GSS in coarse-grained ground.

(3) Stress redistribution and arching behavior: Instanta-
neous stress redistribution occurred post-shield shell
removal, forming an elliptical stress boundary that
propagated toward the ground surface. Continuous
grout injection increased circumferential soil stress.
Under non-grouting conditions, vertical stress exhib-
ited a wedge-shaped distribution, decreasing to a
minimum at 0.5D from the tunnel center before
rebounding with distance.

(4) Soil arch dynamics and fabric evolution: Under
grouting conditions, the soil-arch centerline remained
near the uppermost grouting opening, indicating a
direct correlation between arch geometry and
grouting-induced disturbance. Grout injection dis-
rupted particle contacts and the force-chain networks
above the tunnel center, weakening natural arching
and redistributing interparticle contact forces.

(5) Spatial variability of grouting effects: Grouting open-
ing configuration impacts were concentrated within
0.25D from the tunnel center horizontally. In both
configurations, soil between 0.25D and 0.5D exhib-
ited heightened sensitivity to grouting, with fabric
anisotropy (a) remaining low and principal direction
(b) oscillating sharply between 0° and 180°, reflecting
pronounced displacement and isotropy.
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