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Abstract

Earth pressure balance (EPB) shield tunneling in sandy cobble strata often encounters challenges such as muck stagnation, severe tool
wear, difficulties in chamber pressure control, and low excavation efficiency. To address these issues, this study proposes a novel gradient
stress construction strategy based on rigid wall boundaries by integrating the finite difference method (FDM) and the discrete element
method (DEM), and establishes a refined FDM-DEM coupled shield tunneling model. Using this model, the pressure distribution and
load transfer mechanisms at the excavation face and within the chamber, as well as the motion trajectories, velocities, and spatial dis-
tribution of muck particles, are analyzed in detail. The results indicate that: (1) The pressure at the cutterhead spokes is lower than that at
the cutterhead openings; the muck pressure within the chamber exhibits significant radial gradient variations, with distinct differences
between the left and right sides. (2) The average pressure in the upper regions of both the left and right sides of the chamber is nearly
equal, with a stable pressure transmission coefficient of approximately 0.8. An under-pressure advancement strategy is recommended to
avoid ground heave. (3) The muck particles follow spiral trajectories, forming dual-vortex stagnation zones in the central region of the
cutterhead (0-0.2D, where D denotes the cutterhead diameter) and the support column region of the chamber (0-0.25D). The installation
of radial mixing rods on the cutterhead shaft is suggested to improve muck flowability. This study provides new insights for optimizing
cutterhead and chamber design, offering significant implications for enhancing the efficiency of shield tunneling construction.
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1 Introduction properties that significantly influence tunneling perfor-

mance, as illustrated in Fig. 1. These strata are primarily

With the increasing development and utilization of
urban underground spaces, earth pressure balance (EPB)
shields have been widely adopted in urban metro and
cross-river/sea tunnel projects due to their advanced con-
trol technologies, high construction safety, and minimal
environmental impact (Li et al., 2023; Xie et al., 2024).
Sandy cobble strata, a common and complex ground type
in shield tunneling, exhibit distinct physical and mechanical
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composed of sand and cobbles, with particles mainly in
point contact, resulting in a loose structure characterized
by high porosity and low cohesion, which leads to poor
overall stability. This loose structure complicates the con-
trol of face and chamber pressure balance during shield
excavation (Yao et al., 2024; H. H. Zhu et al., 2020). Addi-
tionally, the large internal friction angle of sandy cobble
strata indicates high interparticle frictional resistance,
resulting in poor flow plasticity. This property often causes
muck stagnation in front of the cutterhead or within the
chamber, increasing the difficulty of muck discharge.
Moreover, the uniaxial compressive strength of individual
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Fig. 1. Characterization of the properties of the sandy cobble stratum.

cobbles can reach up to 200 MPa, indicating their extre-
mely high strength and resistance to fragmentation. These
high-strength cobbles not only exacerbate cutterhead tool
wear but also increase energy consumption and construc-
tion costs. Consequently, EPB shields face numerous chal-
lenges when tunneling in such strata, including low
excavation efficiency, poor muck discharge, cobble sedi-
mentation, severe tool wear, difficulties in chamber pres-
sure control, and excessive ground settlement (Amoun
et al., 2017; Ji et al., 2023). These issues significantly hinder
the smooth progress of shield tunneling projects.

During EPB shield tunneling, chamber pressure is a crit-
ical parameter for maintaining face stability (Idinger et al.,
2011; Hu et al., 2021). As the cutterhead rotates and the
screw conveyor discharges muck, the face pressure and
chamber pressure exhibit complex dynamic variations
(Dang & Meschke, 2020; Xu et al., 2024). Accurately
understanding the pressure transmission mechanisms
between the face and the chamber not only helps optimize
pressure control strategies and improve muck discharge
efficiency but also effectively controls ground disturbance
and prevents surface collapse (Chen et al., 2019; Yu
et al., 2020). Simultaneously, the timely and orderly trans-
port and discharge of cobble particles cut by the cutterhead
are directly related to the continuous and efficient advance-
ment of the shield machine. If muck transport is hindered,
it may lead to muck accumulation in front of the cutter-
head or within the chamber, causing difficulties in muck
discharge, accelerated tool wear, and ultimately affecting
project progress and construction safety. Therefore, to
enhance the adaptability of EPB shields in sandy cobble
strata, it is essential to conduct in-depth research on the
spatial motion patterns and pressure transmission mecha-
nisms of muck particles during shield tunneling.

Currently, existing model shield devices and testing tech-
niques are insufficient for comprehensively studying and
testing the microscopic transport behavior and pressure
transmission of muck particles during shield tunneling
(Hu et al., 2020; Lin et al., 2021). The discrete element
method (DEM) provides a new solution for studying the
interaction between geotechnical materials and engineering
machinery (Guo et al., 2023; Yi & Yang, 2024). Existing
research shows that DEM can simulate the dynamic tun-
neling process of EPB shields in sandy cobble strata, but
related studies have primarily focused on optimizing tun-
neling parameters, analyzing tunnel face stability, and
investigating tool cutting mechanisms (Chen et al., 2011;
Duan et al., 2023). Systematic research on the transport
characteristics and pressure transmission mechanisms of
muck particles during shield tunneling remains limited.
Additionally, the computational efficiency of pure DEM
significantly decreases when the number of elements
exceeds 100 000, which limits its application in practical
engineering to some extent (Cheng et al., 2023). In contrast,
the finite difference method (FDM), as an effective numer-
ical method, demonstrates advantages in stress analysis
and continuity problems of soil, particularly for simulating
large-scale ground conditions. The FDM-DEM coupling
method combines the strengths of both approaches,
enabling the simulation of particle systems while accurately
describing the continuity characteristics of soil (Shao et al.,
2022). However, the application of this method in dynamic
shield tunneling is still in its early stages, and how to pre-
cisely study particle motion and pressure transmission
mechanisms in sandy cobble strata using coupled models
remains an unresolved issue.

In light of this, this study establishes a refined, full-scale
three-dimensional FDM-DEM coupled numerical model
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for shield tunneling, aiming to investigate the transport
patterns, local stagnation characteristics, and force trans-
mission mechanisms of sandy cobble particles in confined
spaces. By revealing the dynamic behavior of complex par-
ticle systems and soil stress distribution characteristics at
the microscopic level, this research seeks to deepen the
understanding of the flow guidance characteristics of the
cutterhead and the force transmission mechanisms of muck
particles. This will provide guidance for the design of cut-
terhead structures, tool arrangements, chamber configura-
tions, and chamber pressure control, further advancing
research on cutterhead selection, tool layout, and chamber
pressure control in sandy cobble strata.

2 Project overview and shield machine configuration
2.1 Project overview

The 08th section of Beijing Metro Line 19 is situated in
Daxing District, Beijing, China, with the tunnel alignment
extending from Xinfadi Station to Caogiao Station, span-
ning a total length of 2.38 km (Fig. 2). The construction
utilizes an EPB shield machine with a diameter of
6600 mm for tunneling. The tunnel lining comprises precast
concrete segments, characterized by an outer diameter of
6400 mm, an inner diameter of 5800 mm, and a width of
1200 mm. According to geological survey data, the tunnel
predominantly traverses a sandy cobble stratum composed
mainly of pebbles and gravels. The particle size of the cob-
bles primarily ranges from 30 to 100 mm, with sub-rounded
and elliptical shapes being the most prevalent. The inter-
stices between the pebbles are filled with medium to coarse
sand. The tunnel burial depth exhibits significant variation,
with overburden depths ranging from 13.2 to 29.3 m. The
key physical and mechanical properties of the sandy cobble
stratum in this section are summarized in Table 1.

2.2 Shield machine configuration

EPB shield machines typically employ two types of cut-
terheads: spoke-type and panel-type. Spoke-type cutter-
heads are characterized by a high opening ratio, often
exceeding 50%, while panel-type cutterheads exhibit a
lower opening ratio, typically ranging from 20% to 40%.

For this project, a spoke-type cutterhead with a high open-
ing ratio of approximately 60% was selected. The cutter-
head comprises six spokes and incorporates a tool
configuration that integrates scrapers, leading tools, and
central fishtail tools. The detailed structure is illustrated
in Fig. 3, and the relevant technical parameters of the
shield machine are summarized in Table 2. A central fish-
tail tool with a height of 550 mm is installed on the cutter-
head surface to enhance cutting and mixing efficiency in the
central area, thereby preventing muck accumulation and
the formation of mud cakes. Additionally, two types of
leading tools are employed: 47 tools with a height of
165 mm and a width of 300 mm, and 12 tools with a height
of 165 mm and a width of 200 mm. These tools are
arranged in multiple layers to optimize the cutting perfor-
mance of the cutterhead. The scrapers, designed for soil
cutting and stripping, consist of 51 pairs of tools with a
protrusion height of 125 mm and a width of 150 mm. They
are alternately installed on both sides of each spoke to
ensure comprehensive coverage of the cutterhead opening
area, thereby eliminating blind spots during excavation.
In this project, a belt-type screw conveyor with a pitch
and inner diameter of 800 mm and an inclination angle
of 25° was implemented.

3 Methods and material properties
3.1 Coupling method

In the coupled simulation using FLAC3D and PFC3D,
FLAC3D is employed to model the macroscopic mechani-
cal behavior of the continuous medium, while PFC3D
models the macroscopic mechanical behavior of the dis-
crete medium. The coupling process between the two pro-
grams involves three modes: wall-zone coupling, wall-
structure coupling, and ball-zone coupling. The coupling
logic between PFC3D and FLAC3D is managed through
an interface at the coupling boundary, which facilitates
the transfer of force and velocity data between the two pro-
grams. Zhao et al. (2022) compared various coupling
modes and found that wall-zone coupling provided supe-
rior performance and faster convergence. Consequently,
in this study, wall-zone interface coupling is utilized to
enable data interaction between the two media. The
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Fig. 2. Geological longitudinal section of the shield tunnel.
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Table 1
Physical and mechanical parameters of sandy cobble soil.

Soil type Weight (kN/m?®) Cohesion (kPa) Internal friction Deformation Poisson’s ratio Lateral pressure
angle (°) modulus (MPa) coeflicient (k)
Sandy cobble soil 21.0 0 38.0 25.0 0.25 0.30
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Fig. 3. Geometry model of EPB shield for DEM simulation. (Unit: mm)
Table 2 ously updated. The unbalanced forces at the coupling inter-
Components and specifications of the EPB shield model. .face arc transmltted. t.O FLAC3D through the Socket 1/0
- interface. Upon receiving the updated stress and force data,
Property Description . .

. FLAC3D calculates the new velocity and displacement by
Diameter of cutterhead (m) 6.6 solving the equilibrium (motion) equations. These updated
Number of spokes 6.0 displ h back via the Socket 1/O i
Opening ratio (%) 66 1splacements are then sent bac v1g .t € Soc et. '1nter-
Length of shield (m) 4.0 face to update the boundary conditions, resulting in the
Diameter of screw (m) 0.9 motion of the granules in the discrete domain, and the cycle
Pitch Ef Sfcrew (m) 08 repeats. It is essential to emphasize that the mechanical
Length of screw conveyor (m) 6.0 : Sl : . :
Inclination of screw conveyor (°) 250 analysis within this coupling must be performed in large

fundamental principles of the 3D continuous-discrete cou-
pling approach based on FLAC3D and PFC3D are
depicted in Fig. 4.

The coupling between FLAC3D and PFC3D is based on
boundary-controlled continuous-discrete interaction. In
each iteration of PFC3D, force-displacement criteria are
applied to the contacts, and the motion of the granules is
governed by Newton’s second law, with the positions of
both the granules and the boundary walls being continu-

deformation mode, and both the coupling interface and
imported boundaries must be discretized into triangular
meshes.

3.2 Constitutive model

In this study, the Mohr—Coulomb model was employed
to represent the continuous region in the coupled model,
while two distinct contact models were introduced in the
discrete domain to simulate both the in-situ and condi-
tioned soils. The Mohr—Coulomb model is widely utilized
in geotechnical engineering, and its fundamental principles
and applications are beyond the scope of this discussion.
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Fig. 5. Behavior and rheological components of the rolling resistance linear model.

To simulate in-situ soil in the discrete domain, the roll-
ing resistance linear (RRlinear) model was employed. This
model represents granular materials that do not bond but
are capable of transmitting substantial bending moments,
such as sandy cobbles and sandy gravel. In the RRlinear
model, the contact torque (M") is proportional to the angu-
lar displacement (). As the angular displacement increases,
the contact torque also increases, reaching a peak value at
which the contact point rotates, after which the torque
remains constant. The peak torque (M*) is determined by
the rotation resistance coefficient (y,), contact element size

(R), and the linear normal force (F"). The detailed mechan-
ical behavior of the rolling resistance linear contact model
is illustrated in Fig. 5. The symbols used are defined in
Itasca (2020). The microscopic contact parameters that
must be calibrated for this model include the friction coef-
ficient (u), effective modulus (£*), rotation resistance coef-
ficient (y,), normal critical damping ratio (f,), and shear
critical damping ratio ().

For the simulation of conditioned soil in the discrete
domain, the adhesive rolling resistance linear (ARRIlinear)

model is employed. Conditioned sandy cobble soil typically
exhibits high plasticity and flowability, accompanied by low
internal friction and cohesion. The ARRIlinear model effec-
tively captures the mechanical properties of such soils (Wan
et al., 2025). The ARRIlinear model is based on the rolling
resistance linear model, incorporating a cohesive compo-
nent. The cohesion of the cohesive rolling resistance linear
model originates from short-range attractive forces, which
are a linear approximation of van der Waals forces. The dif-
ference between short-range attractive forces and cohesive
materials in PFC is that there is no concept of fracture; that
is, as long as the interacting surfaces are within the specified
range of attraction, the attraction always exists. The details
and mechanical behavior of this model are shown in Fig. 6,
with symbol explanations provided by Itasca (2020). The
microscopic contact parameters that need to be calibrated
for the bonded rolling resistance linear contact model
include the friction coefficient (u), effective modulus (E%),
rolling friction coefficient (u,), normal critical damping
ratio (f3,), shear critical damping ratio (f5;), maximum
attractive force (Fy), and attraction range (D).
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Fig. 6. Behavior and rheological components of the adhesive rolling resistance linear model.
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Fig. 7. Microscopic parameter calibration for the sandy cobble granular with ¢ = 38°. (a) Model of triaxial test sample, (b) stress—strain curves for a
numerical triaxial test, and (¢) Mohr—Coulomb criterion and Mohr’s circle.

3.3 Soil material properties

In DEM simulations, the macroscopic mechanical
behavior of soil is reproduced by calibrating its micro-
scopic mechanical properties (Fakhimi et al., 2002). How-
ever, DEM simulations are computationally intensive,
and the calculation time increases significantly with the
number of particles in the discrete domain. To balance
computational efficiency and accuracy, based on previous
studies (Schopfer et al., 2009), which suggest that the ratio
of tunnel diameter to median particle size should not be
less than 10, particles with a uniform size distribution rang-
ing from 12 to 20 cm (dso = 16 cm) were adopted in this
study.

To calibrate the microscopic parameters of the undis-
turbed soil, numerical triaxial tests were conducted. As
illustrated in Fig. 7(a), spherical elements in PFC3D were
utilized to represent soil particles, while shell elements in
FLAC3D were employed to simulate the rubber mem-
brane. Based on previous research (H. X. Zhu et al.,
2020), the rubber membrane was assigned an elastic mod-
ulus of 3.0 MPa, a thickness of 5 mm, and a density of

930 kg/m®. The tests were performed under strain-
controlled loading conditions, achieved by specifying the
velocities of the top and bottom loading plates. A constant
confining pressure (100, 200, and 300 kPa, corresponding
to the tunnel burial depth) was applied to the rubber mem-
brane to simulate lateral constraints. To ensure simulation
accuracy, the specimen dimensions were set as a diameter
(D) of 2.6 m and a height (H) of 5.2 m, with the friction
coefficient between the specimen and the loading plates
set to zero to replicate ideal conditions. As shown in
Fig. 7(b) and (c), the numerical tests generated stress—strain
curves and Mohr—Coulomb failure criterion curves for the
undisturbed soil (¢ = 38°). The slope of the latter was 0.77,
corresponding to a simulated soil friction angle of 37.8°,
which closely matches the in-situ friction angle of the
undisturbed soil. This demonstrates that the particles in
the DEM model effectively replicate the mechanical prop-
erties of the in-situ undisturbed soil. The parameters used
in the numerical triaxial tests are detailed in Table 3.
Given that slump tests are widely employed to evaluate
the effectiveness of soil conditioning in shield tunneling
engineering (Vinai et al., 2008), this conventional method
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Table 3
Details of triaxial test model for calibration of contact parameters of in-
situ soil.

Property Value
Dimension of specimen, D (m) X H (m) 2.6 x52
Diameters of ball element (cm) 12-20
Density of ball element (kg/m?) 3200
Porosity 0.353
Contact model Rolling resistance linear
Thickness of shell element (mm) 5.0

Density of shell element (kg/m?) 930

Elastic modulus of shell element (MPa) 3.0
Confining pressure (kPa) 100, 200, 300
Effective modulus, £* (MN/m?) 50

Stiffness ratio 1.5

Friction coefficient, p 0.35

Rolling friction coefficient, u, 0.25

Normal critical damping ratio, 5, 0.2

Shear critical damping ratio, f 0.2

was replicated using the DEM. Slump tests were conducted
to calibrate the microscopic parameters of the conditioned
soil, as illustrated in Fig. 8. It is well established that the
standard slump cone has a height (%) of 30 cm, with top
and bottom diameters of 10 and 20 cm, respectively.
According to ASTM Cl143/C143M standards (ASTM,
2015), a slump height-to-cone height ratio ranging from
approximately 1/2-2/3 indicates suitable workability of
the conditioned soil. However, due to the average particle
size of 16 cm in the DEM model, conducting standard-
sized slump tests was impractical. Therefore, based on rec-
ommendations from Schopfer et al. (2009), the dimensions
of the slump cone were scaled up by a factor of 20. To
ensure the simulated conditioned soil met the required
workability, the target slump height in the numerical model
was set between 300 and 400 cm, corresponding to a ratio
of 1/2-2/3 of the scaled cone height (600 c¢m), consistent
with the standard test. As shown in Fig. 9, after adjusting
the microscopic parameters, the simulated slump height of
the conditioned sandy cobble soil was 380 cm. This result
demonstrates that the selected microscopic parameters
effectively replicate the macroscopic mechanical properties
of the conditioned sandy cobble soil. Table 4 compares the

slump parameters obtained from the numerical simulations
with those specified by ASTM C143/C143M. Table 5 pro-
vides a detailed list of the mesoscopic parameters selected
for the slump tests in this study.

3.4 Three-dimensional FDM—-DEM coupled model

3.4.1 Ground modeling

The three-dimensional FDM-DEM coupled numerical
model of the initial stratum is depicted in Fig. 10. To mit-
igate boundary effects, the overall model dimensions are set
to 35 m in height, 30 m in width, and 12 m in length along
the tunnel alignment. The discrete domain measures 10 m
in height, 10 m in width, and 4 m in length along the tunnel
alignment. Given that the initial stress field typically exhi-
bits a gradient distribution with depth, it is essential to
apply a reasonable gradient stress boundary condition
within the discrete domain. However, conventional cou-
pling methods (Liu et al., 2022) encounter difficulties in
accurately simulating such depth-dependent stress
gradients.

The FDM-DEM coupling method proposed by Liu
et al. (2022) comprises the following key steps:

(1) Initial stratum model construction. The initial stra-
tum model is established following the FDM
(FLAC3D) modeling procedure.

(2) Overlapping region treatment. The region overlap-
ping with the DEM discrete domain in the FDM
model is removed, and a particle-based stratum
model is generated within the DEM region.

(3) Stratum compaction simulation. The porosity of the
particle assembly is adjusted to simulate the com-
paction state of the stratum until the settlement error
falls within an acceptable range.

Despite achieving FDM-DEM coupling, this method
presents practical challenges. The stress conditions in the
discrete element region fail to satisfy the depth-dependent
stress gradient, and inaccurate stress boundary conditions
result in deviations in the internal stress distribution of
the specimen from the actual scenario. To address these

Initial state

Cycle step 2.5x10*

Cycle step 5.0x10*

Cycle step 7.5x10*  Cycle step 10.0x10*  Cycle step 20.0x10*

Fig. 8. Slump model of conditioned sandy cobble soil.
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Table 4
Comparison of slump values.
Project Slump cone Suggested
dimensions slump values
Standard specification 10 cm x 20 cm x 30 cm 0.50h-0.66A

(ASTM C143/C143M)

Numerical simulation 200 cm x 400 cm x 600 cm  0.634

Table 5

Microscopic contact parameters of conditioned sandy cobble soil.
Property Value
Effective modulus, £* (MN/m?) 5.0
Stiffness ratio 1.0
Friction coefficient, p 0.25
Rolling friction coefficient, yu, 0.15
Normal critical damping ratio, 5, 0.20
Shear critical damping ratio, f 0.20
Maximum attractive force, Fy (N) 150
Attraction range, Dy (mm) 0.10

limitations, this study proposes a novel gradient stress con-
struction method based on rigid wall boundaries. This
method enables precise simulation of stress gradients
within the discrete domain through stepwise stress loading
and a servo mechanism. The specific steps are as follows:

(1) Discrete domain and specimen generation. Six walls
are generated based on the extent of the discrete
domain in the model, and a particle specimen is cre-
ated within the enclosed region of the walls.

(2) Isotropic stress state construction. Under the con-
straint of six rigid walls, horizontal stress is applied
to the walls in the DEM region via the servo mecha-

nism to achieve an isotropic stress state in the particle
specimen (Fig. 11(a)). Notably, the target horizontal
stress corresponds to the theoretical at-rest earth
pressure at the center of the discrete domain.

(3) Vertical (z-direction) stress adjustment. Equal vertical
stresses are applied to the top and bottom walls
through the servo mechanism to place the particle
specimen in an anisotropic stress state (Fig. 11(b)).
It should be noted that the target vertical stress cor-
responds to the self-weight stress at the top of the dis-
crete domain.

(4) Gravity field introduction. The displacement of the
bottom wall (wall 1) is restricted, and its servo mech-
anism is removed. Gravity is applied to the model,
and iterative calculations are performed until the sys-
tem reaches equilibrium (Fig. 11(c)).

(5) Initial stratum model construction. Based on the
overall model dimensions, the initial stratum model
is established following the FDM (FLAC3D) model-
ing procedure. The overlapping region between the
FDM model and the DEM discrete domain is
removed. Wall 6 is retained while other walls are
deleted. The FDM-DEM coupling command is acti-
vated, and coupling walls are generated to effectively
link the two numerical methods. Iterative calculations
are then performed until the system reaches equilib-
rium, resulting in a stable state of the initial stratum
model (Fig. 11(d)).

Through this approach, the initial stress in the DEM
model is effectively simulated and developed, ensuring
stress continuity at the FDM-DEM coupling boundary.
Figures 12 and 13 illustrate the stress distributions and
variation curves under the FDM model, the traditional
FDM-DEM coupling method, and the coupling strategy
proposed in this study. Comparative analysis demonstrates
that the stress results obtained from the proposed coupling
strategy align closely with those from the FDM model or
theoretical calculations, validating the effectiveness and
reliability of the method.

3.4.2 EPB shield tunneling modeling

To enable precise numerical simulation of EPB shield
tunneling, meticulous coupling and initialization of the
shield machine and ground models are required. The fol-
lowing measures are implemented to ensure the accuracy
and efficiency of the simulation.

First, to minimize disturbances to the initial ground
stress distribution, the leading cutter of the cutterhead is
positioned just to contact ground particles. This configura-
tion prevents significant stress variations that could arise
from fully embedding the shield machine, thereby preserv-
ing the accuracy and validity of the initial stress state.
Moreover, initiating the simulation from this contact state
eliminates the need to model gradual surface penetration,
substantially reducing computational time and enhancing
efficiency.
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Fig. 11. Key steps for gradient stress implementation strategy. (a) Isotropic stress state, (b) vertical stress modification, (c) gravitational field introduction,

and (d) FDM-DEM coupling.

Secondly, to prevent excessive surface settlement caused
by the rapid influx of particles into the soil chamber during
the early tunneling phase, sufficient particles are pre-filled
in both the cutterhead region and the soil chamber to main-
tain a filled state. Excessive settlement could affect the con-
tact at the FDM-DEM coupling boundary, leading to
analysis failure. The pre-filling effectively mitigates this
risk, ensuring stability during the initial tunneling phase.

Finally, to accurately reflect the mechanical behavior of
conditioned soil, contact parameters of particles within a
D/30 range ahead of the cutterhead and in the soil chamber
are adjusted to match the properties of improved soil. Fol-
lowing initialization, equilibrium calculations are per-
formed to achieve model stability, after which
operational parameters are assigned to the shield machine
model for subsequent tunneling simulation (Fig. 14).
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sensor layout.

Under typical ground conditions, the actual rotation
speed and advancement speed of the shield machine are
1 r/min and 60 mm/min, respectively. Directly applying
these speeds in the DEM model for excavation simulations
would result in an impractical model run time of several
months. To address this issue, many studies accelerate

the advancement speed to reduce computational time (Li
et al., 2022). For example, Wu et al. (2020) conducted a
sensitivity analysis of various advancement speeds to iden-
tify the optimal speed range for simulation. The results
indicated that when the advancement speed is 10-150 times
the actual excavation speed, the displacement results
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Fig. 14. Global and detailed views of the installed shield machine configuration.

remain largely consistent. Therefore, this study sets the
advancement speed to 10 times the actual speed, striking
a balance between computational efficiency and simulation
accuracy. Specifically, in this numerical study, the shield
advancement speed is set as 10 mm/s, with corresponding
cutterhead and screw conveyor speeds of 6 and 35 r/min,
respectively.

3.5 Verification of the rationality of the shield tunneling
model

During EPB shield tunneling, to maintain face stability
and control ground deformation, the volume of soil exca-
vated by the cutterhead per unit time should equal the vol-
ume of muck discharged by the screw conveyor. The soil
excavation volume is controlled by the shield advance
speed (Q,, = 0.25nD?v, where D, denotes the external
diameter of the cutterhead, D, = 6600 mm, Q,, is the soil
excavation volume, and v is tunneling speed), while the
muck discharge volume is regulated by the screw con-
veyor’s rotational speed (Q,, = 0.25tD?LN, where Q,,, is
the muck discharge volume, D, denotes the inner diameter
of screw conveyor, L denotes screw pitch, and N denotes
revolving speed of screw blade). As for the adopted shield
machine, the values of those variables are as follows:
Dy = 800 mm, L = 800 mm, and N = 35 r/min. A compar-
ison between the numerical simulation results and theoret-
ical values for the inflow and outflow volumes is shown in
Fig. 15. As illustrated, the soil excavation volume (Q;,) and
the muck discharge volume (Q,y¢) during shield tunneling
are approximately equal, with a ratio of about 1.055. This
indicates that the numerical model achieves a dynamic
equilibrium state during shield tunneling.

The chamber pressure and cutterhead torque are critical
monitoring parameters during EPB shield tunneling, as
their variations reflect the stability of the shield advance-
ment and directly influence face stability. The changes in
chamber pressure (at the top wall position, see Fig. 14)
and cutterhead torque during shield tunneling are illus-
trated in Fig. 16. As shown in Fig. 16(a), the chamber pres-
sure exhibits minor fluctuations, and the cutterhead torque
changes smoothly during the simulated shield tunneling
process, indicating a dynamic equilibrium state. Notably,
the average cutterhead torque obtained from the simula-
tion falls within the reasonable range calculated by the
empirical formula (7 = D}, T is the cutterhead torque),
and in sandy cobble strata, the value of « ranges from 15
to 23) (Shi et al., 2011), further validating the rationality
and reliability of the numerical model in this study. From
Fig. 16(b), it can be observed that the cutterhead torque
and chamber pressure during shield tunneling approxi-
mately follow a normal distribution, with a significant cor-
relation between them. The cutterhead torque increases
with the rise in chamber pressure.

To validate the effectiveness of the dynamic equilibrium
mode in the numerical model during shield tunneling, sys-
tematic monitoring and analysis of the ground displace-
ment field were conducted (as shown in Figs. 17 and 18,
where S denotes the tunneling distance). Figure 17 illus-
trates the contour of vertical ground displacement during
shield tunneling. To enhance the visualization of the dis-
placement contour, particles within 1.2 times the cutter-
head diameter were hidden during the post-processing
stage. It is important to note that this treatment was
applied only for graphical representation, and no particles
were removed during the actual simulation. From the
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displacement field distribution in Fig. 17, it can be
observed that the displacement values at the coupling
boundary between the FDM and DEM regions exhibit
high consistency, indicating that the coupling boundary
maintains excellent displacement continuity during the cal-
culation process. This result effectively validates the accu-
racy of the coupled calculation method.

Figure 18 presents the vertical ground surface displace-
ment curve at the cross-section of y = 2.0 m during shield
tunneling. The monitoring data reveal that the maximum
vertical ground surface displacement increases with the
tunneling distance and eventually stabilizes, reaching a
maximum settlement of approximately 11.2 mm. This
value falls within the reasonable settlement range (10—
40 mm) specified in the Standard for Design of Shield Tun-
nel Engineering (GB/T 51438—2021) (Ministry of Housing
and Urban-Rural Development of the People’s Republic of

China, 2021), indicating that ground surface settlement is
effectively controlled throughout the tunneling process.
Such control not only reflects the rationality of the EPB
shield tunneling parameters but also demonstrates the
maintenance of a dynamic equilibrium state during
tunneling.

4 Results and analysis

4.1 Force transmission characteristics of sandy cobble
granules

To systematically investigate the distribution character-
istics of chamber pressure and the force transmission prop-
erties of muck during EPB shield tunneling in sandy cobble
strata, a series of measurement spheres was deployed in the
numerical model, as illustrated in Figs. 19 and 20.
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Figure 21 illustrates the distribution patterns of soil
chamber and excavation face pressures at different tunnel-
ing distances during shield tunneling. As shown in the fig-
ure, both the excavation face and chamber pressures
exhibit significant nonlinear characteristics. Specifically,
at the excavation face, the pressure at the cutterhead ribs
is relatively low, while the pressure at the opening is higher.

Within the soil chamber, the soil pressure shows a pro-
nounced radial gradient, particularly near the bottom close
to the screw conveyor entrance. Additionally, the direction
of cutterhead rotation influences the pressure distribution
within the soil chamber, resulting in asymmetric pressures
on the left and right sides, with the pressure on the left typ-

Spiral extraction outlet

Fig. 19. Cutterhead front and soil chamber full section soil pressure
monitoring point layout.

ically lower than that on the right. This pressure imbalance
is closely related to the rotation direction of the cutterhead,
which further influences the pressure distribution within
the soil chamber.

Figure 22 illustrates the pressure distribution at various
measurement points within the excavation chamber. As
shown in the figure, the muck pressure distribution on
the left and right sides of the chamber exhibits significant
asymmetry, primarily influenced by the rotational direction
of the cutterhead. In this study, the cutterhead rotates
clockwise along the tunneling direction during shield
advancement, and its rotational action drives the muck
toward the right side of the chamber, resulting in generally
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higher pressure on the right side compared to the left. In
the upper regions of both the left and right sides (i.e., at
measurement points AL-1 and AR-1), the average pressure
values are nearly equal, indicating a relatively uniform
pressure distribution in the upper part of the chamber.
The pressure values in this region can serve as a key refer-
ence for pressure control during shield tunneling.

Figure 23 presents the pressure distribution at various
measurement points on the excavation face. By comparing
the pressures on the left and right sides of the excavation
face, the pressure variation characteristics during the shield
tunneling process can be further analyzed. As shown in the

Soil chamber

figure, the pressure distribution on both sides of the exca-
vation face is asymmetric. The pressures on the left side
(AL-2, BL-2, and CL-2) and right side (AR-2, BR-2, and
CR-2) increase gradually from top to bottom, with the
pressure on the right side generally higher than that on
the left. This asymmetry is primarily attributed to the rota-
tion direction of the shield cutterhead. In the upper regions
of both sides of the excavation face, specifically at the AL-2
and AR-2 monitoring points, the average pressures are
nearly equal.

In engineering practice, the chamber pressure is typically
set based on empirical methods, with the common assump-
tion that the bulkhead pressure equals the face pressure.
However, this study reveals that when an EPB shield oper-
ates in a dynamic equilibrium state, the chamber pressure
does not equal the face pressure, which aligns with the find-
ings of Hu et al. (2022). This discrepancy primarily arises
from the pressure transmission losses during the motion
of muck within the chamber.

Figure 24 illustrates the variation in the muck pressure
transmission coefficient (the ratio of muck pressure inside
the chamber to the face pressure) at different measurement
points. The results show that the average pressure trans-
mission coeflicients in regions AL and AR are both 0.81,
indicating uniformity in the pressure transmission coeffi-
cients on both the left and right sides of the upper chamber
and confirming the homogeneous distribution of muck
pressure in this region. However, significant differences
exist in the pressure transmission coefficients between the

Excavation face

Initial state

=100 cm

Fig. 21. Distribution of soil chamber and excavation face pressures.
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left and right sides in the middle and lower regions of the
chamber, with the right side exhibiting notably higher val-
ues. This difference is primarily attributed to the stronger
compaction effect on one side of the chamber caused by
cutterhead rotation, resulting in significant pressure
variations.

4.2 Motion patterns of sandy cobble granules

During EPB shield tunneling, identifying localized muck
stagnation zones in front of the cutterhead and within the
chamber can provide a scientific basis for optimizing tun-
neling parameters and cutterhead design, thereby ensuring
safe and efficient construction. Based on the structural

characteristics of the cutterhead, a large number of tracer
particles were systematically distributed in different regions
in front of the cutterhead to comprehensively capture and
analyze the spatial transport patterns of muck particles
during shield tunneling. The specific arrangement of tracer
particles is detailed in Fig. 25, with their initial distance
from the cutterhead central axis denoted as R.

4.2.1 Motion trajectories of sandy cobble granules

Figure 26 illustrates the motion trajectories of tracer
particles at different locations during the 160 cm advance-
ment of the EPB shield. The results indicate that, under
the combined effects of gravity, contact forces, and cen-
trifugal forces, tracer particles at different locations exhibit
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distinct motion patterns. Overall, all tracer particles display
pronounced spiral trajectories. Further analysis reveals
that the radial motion of tracer particles can be categorized
into two primary modes: (1) Gradual deviation from their
initial radial positions, as observed in tracer particles al—
a6, bl-b5, cl-c6, and d1-d6. These particles are typically
located within a radial range of 0-2.3 m from the cutter-
head, where muck particles, subjected to cutterhead cutting
and extrusion, move away from their initial positions and
disperse outward. (2) Maintenance of their initial radial
positions, as seen in tracer particles el-e6. The axial
motion paths of tracer particles can also be divided into
two scenarios: (1) Trajectories of tracer particles complet-

(@)

o
—_

—

ing the process from the excavation face to the chamber,
such as tracer particles al-a6, bl, b5, and c3. These parti-
cles exhibit longer retention times within the chamber and
smaller axial displacement ranges. (2) Trajectories of tracer
particles completing the entire transport process from the
excavation face to the chamber and then to the screw con-
veyor. These particles have shorter retention times within
the chamber and larger axial displacement ranges.

Figure 27 illustrates the variation in the axial positions
of tracer particles during shield tunneling. Analysis reveals
that in the initial stage of cutterhead excavation at the tun-
nel face, tracer particles primarily undergo small but
intense reciprocating motions in front of the cutterhead.
As the shield machine advances, tracer particles gradually
enter the chamber through the cutterhead openings and
are eventually discharged. During this stage, the axial dis-
placement of particles shows a distinct stepwise increase,
indicating that once particles enter the chamber, they
rapidly move toward the outlet under the disturbance of
the cutterhead and mixing rods, with the reciprocating
motion diminishing accordingly. Notably, due to soil con-
ditioning, the motion of muck particles within the chamber
exhibits higher stability and consistency.

The residence time of muck particles at different loca-
tions on the tunnel face varies significantly in front of the
cutterhead and within the chamber. Tracer particles
located within the width range of the fishtail tools (al—
a6) experience prolonged retention in front of the cutter-
head due to the zero opening ratio in this region, and none
are discharged from the chamber. In contrast, particles
near the outer edge of the cutterhead (el-e6), benefiting
from a higher opening ratio that provides sufficient space
to respond to cutting disturbances, exhibit shorter reten-

(®)

Advancing

1

Fig. 25. Schematic diagram of tracer granule layout. (a) Front view, and (b) side view.
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tion times in front of the cutterhead and are all successfully
discharged. In this region, the axial displacement of muck
particles increases significantly, ensuring rapid entry into
the chamber and smooth discharge.

4.2.2 Motion velocity of sandy cobble granules

Figures 28 and 29 illustrate the motion characteristics of
muck particles during shield tunneling. The particle veloc-
ity in front of the cutterhead exhibits significant non-
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Fig 26. (continued)

uniformity, increasing from the center outward, reflecting
the complex disturbance patterns generated by the cutter-
head rotation through shear and extrusion. The velocity
fields at the chamber entrance and middle regions are rela-
tively uniform, indicating that particles stabilize after high-
speed movement through the entrance, although the veloc-
ity still increases from the center outward. Statistical anal-
ysis of average velocities shows that the velocities at the
chamber entrance and middle regions are nearly equal,
while the velocity in front of the cutterhead is the lowest.
The analysis reveals that the regions in front of the cutter-
head and at the center of the chamber are the primary
muck stagnation zones, with low particle migration veloc-
ities. To address this issue, the tool arrangement or muck
discharge channels in the central region of the cutterhead

should be improved to enhance particle velocities in this
area. Additionally, the internal structure of the chamber
should be optimized to guide effective muck flow and avoid
low-velocity stagnation in the central region.

4.2.3 Spatial distribution of sandy cobble granules

Figure 30 reveals the spatial distribution characteristics
of soil particles entering the chamber under cutterhead cut-
ting during shield tunneling. It can be observed that muck
particles entering the chamber are predominantly concen-
trated in the peripheral regions (1.3 < R’ < 3.3, where R’
denotes the radial distance from the chamber center), with
a significantly higher mass proportion compared to the
central region (R’ < 1.3). The high mobility of muck in
the peripheral regions, characterized by elevated particle
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Fig. 27. Axial displacement patterns of tracer granules during shield tunneling advancement. (a) Axial displacement of tracer granules al-a6, (b) axial
displacement of tracer granules bl-b6, (c) axial displacement of tracer granules cl-c6, (d) axial displacement of tracer granules d1-d6, and (e) axial
displacement of tracer granules el—e6.

migration rates, is attributed to the intense shear field
(dominated by cutterhead rotational energy) that sup-
presses particle agglomeration and stagnation. In contrast,
the central region exhibits localized particle accumulation

due to energy gradient attenuation, where particles are

prone to frictional resistance and gravitational effects.
Figure 31 displays the variation in muck retention rates

across different zones in front of the cutterhead. The data
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Fig. 28. Velocity contours and velocity field distribution of soil granules. (a) Ahead of the cutterhead, (b) near the entrance of the soil chamber, and (c) in
the middle of the soil chamber.
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indicate a relatively high retention rate in Area-1, primarily
caused by its central location on the cutterhead and the
lower local opening ratio. As the monitored zones gradu-
ally move away from the cutterhead center, the local open-
ing ratio increases, leading to a progressive reduction in
retention rates and shorter retention times in front of the
cutterhead, particularly in Area-5.

Figure 32 illustrates the volumetric changes of muck
particles entering the chamber from different zones in front
of the cutterhead. The results show that Area-1 has a smal-
ler volume proportion, consistent with the higher retention
rate observed in Fig. 31, further confirming the susceptibil-
ity of these regions to muck stagnation. As tunneling pro-
gresses, the volume proportions of muck particles entering
the chamber from all zones stabilize.

S§=20cm

Figure 33 illustrates the variation pattern of soil granule
volume distribution entering the soil chamber from the
excavation face during shield tunneling. Figure 34 shows
the distribution of soil granules within the soil chamber
when the shield has advanced to 150 cm. Based on the data
analysis of Fig. 33, it is observed that the volume share of
soil granules entering the soil chamber gradually increases
with the excavation distance, reaching saturation at
approximately 120 cm. The growth curve of granule vol-
ume distribution exhibits a typical nonlinear characteristic,
indicating a gradual accumulation effect in the filling of soil
granules. The volume of granules within the soil chamber
stabilizes after a certain excavation distance.

Figure 34 further details the granule distribution within
the soil chamber, highlighting a distinct layered character-
istic. The region near the center of the soil chamber con-
tains existing soil granules, while the outer region is
populated by soil granules entering from the excavation
face. This distribution pattern is closely linked to the cut-
terhead opening characteristics and the mixing devices
within the soil chamber. Specifically, soil granules from
the excavation face, under the cutting and disturbance
effects of the cutterhead, are mainly distributed in the
region approximately 0.25D-0.50D from the center of the
soil chamber. In contrast, the region closer to the center
of the soil chamber (approximately 0-0.25D) primarily
contains existing soil granules, forming a soil retention area
within the chamber.

To optimize shield tunneling efficiency, it is crucial to
improve the uniformity of granule distribution. This can
be achieved by enhancing the internal structure design of
the soil chamber. Installing radial mixing bars on the cut-
terhead main shaft is recommended to improve the flowa-
bility of soil granules within the 0-0.25D range in the
middle of the soil chamber, preventing blockages and
ensuring smoother soil discharge. Such improvements will

§=60cm

Area-1: 0 <R’<0.6 Area-2: 0.6<R’<1.2

Area-3: 1.2<R’<1.8

Area-4: 1.8<R’<2.4 Arca-5:24<R’<33

Fig. 30. Soil granule distribution at the soil chamber entrance under different excavation distances. (Unit: m)
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increase excavation efficiency, reduce equipment wear, and
enhance overall tunneling performance.

5 Conclusions

This study, employing the coupled FDM-DEM
method, investigates the spatial motion patterns of sandy
cobble granules and the load transfer mechanisms during
EPB shield tunneling in sandy cobble strata. The following
conclusions are drawn:

(1) A novel gradient stress construction method, based
on a rigid wall boundary, is proposed, which signifi-
cantly improves the accuracy and reliability of the
FDM-DEM coupled model.
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Fig. 33. Volume variation of soil granules entering the soil chamber.
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Fig. 34. Soil granule distribution within the soil chamber (S = 150 cm).

(2) The soil pressure at the excavation face and within
the soil chamber exhibits distinct nonlinear behavior.
Specifically, at the excavation face, the soil pressure is
lower at the cutterhead spoke positions and higher at
the opening. Within the soil chamber, the soil pres-
sure demonstrates a clear radial gradient, with pres-
sure distributions differing on the left and right
sides of the chamber due to the rotation of the
cutterhead.

(3) In the soil chamber, soil pressure on the left side
decreases from top to bottom, while soil pressure
on the right side increases. The average pressure in
the upper regions of both sides is nearly equal, with
the soil pressure transfer coefficient stabilizing at
approximately 0.8. This value can serve as a reference
for pressure control during tunneling. Practically, an
under-pressure advancing strategy is recommended
to prevent excessive chamber pressure, based on the-



154 Y. Yao et al. | Underground Space 25 (2025) 132-155

oretical excavation face pressure values, which could
otherwise lead to excessively high support pressure at
the excavation face and result in surface uplift
damage.

(4) The motion trajectories of sandy cobble granules dur-
ing tunneling predominantly follow a spiral pattern.
In front of the cutterhead, sandy cobble granules
within the tail width range experience longer reten-
tion times, while granules closer to the cutterhead’s
outer edge have shorter retention times. The average
velocity of granules in the chamber’s entrance and
middle regions is similar to and greater than that in
the area ahead of the cutterhead.

(5) Numerical simulations indicate that sandy cobble
granules in the cutterhead center region (0-0.2D)
and the central support pillar region (0-0.25D) exhi-
bit lower motion velocities. These regions serve as
major retention zones for sandy cobble granules
and are prone to clogging. It is therefore suggested
that radial stirring rods be installed on the cutterhead
spindle to facilitate particle motion. Furthermore,
sandy cobble granules entering the chamber from
the excavation face primarily accumulate in the
region 0.25D-0.50D from the chamber center, where
particle flow is higher, facilitating easier discharge
from the chamber.
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