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ABSTRACT

This study presents a hierarchical multiscale approach that combines the finite-element method (FEM) and the
discrete-element method (DEM) to investigate tunneling-induced ground responses in coarse-grained soils. The
approach considers both particle-scale physical characteristics and engineering-scale boundary value problems
(BVPs) simultaneously, accurately reproducing typical tunneling-induced mechanical responses in coarse-
grained soils, including soil arching and ground movement characteristics observed in laboratory tests and en-
gineering practice. The study also unveils particle-scale mechanisms responsible for the evolution of soil arching
through the underlying DEM-based RVEs. The results show that the rearrangement of microstructures and the
deflection of strong contact force chains drive the rotation of macroscopic principal stress and the formation of
soil arch. The microscopic fabric anisotropy direction can serve as a quantitative indicator for characterizing soil
arching zones. Moreover, the effects of particle size distributions (PSD) and soil densities on ground deformation
patterns are interpreted based on the stress—strain responses and contact network characteristics of DEM RVEs.
These multiscale insights enrich the knowledge of tunneling-induced ground responses and the same approach

can be applied to other geotechnical engineering analyses in coarse-grained soils.

1. Introduction

Coarse-grained soils represent a typical cohesionless granular ma-
terial commonly found in quaternary strata, such as glacial deposits,
alluvium, and colluvium, and are frequently encountered in geotech-
nical engineering. With the rapid growth of transportation infrastructure
and urban underground spaces, coarse-grained soils have become
increasingly prevalent as a ground condition for tunneling. However,
the lack of interparticle cohesion makes this type of soil highly sensitive
to disturbances induced by underground construction, as demonstrated
by numerous engineering practices over the past decades (Lin et al.,
2021; 2022a; Chen et al., 2023a,b; Guo et al., 2023). Face stability (Chen
et al., 2015), surface settlement (Fargnoli et al., 2013; Franza et al.,
2019), ground collapse (Hu et al., 2021; Shao et al., 2022), and defor-
mation of the existing surface or buried structures (Boldini et al., 2021;
Lin et al., 2022a; Bao et al., 2024) are all concerns when tunneling in
coarse-grained soils. Moreover, the microstructures of coarse-grained
soils exhibit considerable variation due to the complex deposition
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process and stress history, resulting in high variability in tunneling-
induced ground responses (Mair and Taylor, 1997; Franza et al., 2019;
Shen et al., 2022). Therefore, accurate understanding and prediction of
tunneling-induced ground responses in coarse-grained soils is a key
ingredient in informing geotechnical design and risk assessment.
Tunneling-induced responses in coarse-grained soils have been
investigated through field investigations, physical modeling tests, and
numerical studies. The trapdoor tests developed by Terzaghi (1936)
have been a popular example of reproducing the soil arching phenom-
enon caused by underground disturbances. In recent decades, numerous
laboratory tests have investigated the ground movement, load transfer,
and stress redistribution triggered by soil arching (Terzaghi, 1936;
Vardoulakis et al., 1981; Dewoolkar et al., 2007), and some mathe-
matical models for soil arching evolution have been developed based on
limit equilibrium method (Terzaghi, 1943; Evans, 1983; Iglesia et al.,
1999; Lin et al., 2022b). Recent trapdoor tests have focused on under-
standing how complex loading conditions (e.g., cyclic or asymmetrical
loading) (Zhao et al., 2021; Chen et al., 2023a,b) or microstructures of
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the granular soils (e.g., soil density or particle shape) (Ali et al., 2020;
Liu et al., 2022) affect the soil arching behavior. To replicate the stress
field of tunneling prototypes and full-scale conditions, advanced phys-
ical tunnel modeling techniques have been developed. These techniques
involve the utilization of various devices such as the pressurized airbag
device (Atkinson et al., 1975; Hagiwara et al., 1999), fluid-filled flexible
membrane model (Loganathan et al., 2000; Marshall et al., 2012), and
rigid boundary mechanical model (Lee, 2009; Song and Marshall, 2020)
to simulate 2D plane-strain tunnel volume loss in centrifugal tests.
Furthermore, some 3D large-scale tests have incorporated miniature
shield machines (Nomoto et al., 1999; Hu et al., 2020; Lin et al., 2022a)
to reproduce the shield construction process. With these techniques, the
ground movement and tunnel stability of the greenfield tunneling have
been investigated, as well as the soil interactions with pipelines, pile
foundations, and surface structures induced by tunneling.

Considering the cost and operability limitations of physical tests,
numerical approaches have been widely applied for the analysis of
tunneling-related geotechnical problems in coarse-grained soils. For
instance, the finite element method (FEM) with constitutive soil models
is often used for comparison analysis with analytical solutions, physical
tests, and field monitoring (Migliazza et al.,2009; Fargnoli et al., 2015).
Once the numerical models are calibrated, they can provide more
detailed information than physical tests to illustrate the ground stress
distribution and failure pattern. Notably, a FEM model incorporating
randomly distributed rigid block elements has been used to simulate the
heterogeneous structures of the widely graded coarse-grained soils and
revealed the non-uniform distribution of the soil stress and displacement
fields (Du et al., 2019; Xie et al., 2019; Napoli et al., 2021; Wang et al.,
2023). In addition to the aforementioned continuum-based numerical
methods, the discrete element method (DEM) can explore more on the
particle-scale mechanical behaviors, such as the effect of the soil mi-
crostructures on the tunneling-induced ground response (Yin et al.,
2020; Xie et al., 2023), and the force-chain network evolution activated
by tunneling (Wang et al., 2019; Hu et al., 2021), and the coupling be-
haviors between soil movement, discharging and tunnel cutterhead (Qu
et al., 2019; Hu et al., 2020; Shao et al., 2022). Despite their successes,
there remains an apparent gap between these numerical methods and
engineering practice.

The core of continuum-based numerical methods is the assumed
constitutive soil models, which are often criticized as phenomenological
and rely on complex parameter calibration and model validation pro-
cesses (Qu etal., 2021a,b; Wang et al., 2023a,b). For coarse-grained soils
in tunneling scenarios, determining suitable constitutive models is even
more challenging due to soil microstructure heterogeneity, as well as the
high mechanical dependence on diverse sedimentary states and
complicated loading paths (Mair and Taylor, 1997; Guo and Zhao, 2014
and 2015). DEM schemes bypass the phenomenological hypotheses but
are computationally expensive, especially for wide particle gradation
systems (Berger and Hrenya, 2014; Wang et al., 2024). Therefore,
coarse-graining or scale-down modeling (similar to centrifugal tests,
where only the model box is reduced while maintaining the prototypical
size of soil grains) is commonly used to improve the computational ef-
ficiency in most tunneling-related DEM studies. However, these ap-
proaches inherently increase the size ratio between soil grains and
tunnel, introducing non-negligible geometric similarity errors into the
simulated ground mechanical behaviors, such as tunnel face stability
and shear band development (Stone and Wood, 1992; Garnier et al.,
2007). Due to the above-mentioned reasons, conventional numerical
schemes still struggle to produce accurate predictions on tunneling-
induced mechanical responses of coarse-grained soils on the engineer-
ing scale, especially in assessing the effect of various microstructures on
the macroscopic ground responses.

To overcome the limitations of pure continuum and discrete-based
numerical schemes, multiscale modelling methods have been devel-
oped and applied in geotechnical analysis. One of the common multi-
scale approaches is the FEM-DEM concurrent multiscale modelling
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method. This method constructs both discrete medium and deformable
continuous medium in the same physical domain, where the discrete
medium is used specifically for constructing localized regions that
require additional attention (Cheng et al., 2023). This improves the
computational efficiency compared with pure DEM methods. This
method has been applied to tunneling problems in granular soils (Yin
et al., 2020) and jointed rock mass (Fang et al., 2023). However, for an
engineering-scale model, it is still expensive to completely reproduce the
precise soil grain size or joint density within the local region around the
tunnel. As a result, the current FEM-DEM concurrent multiscale
tunneling model still relies on coarse-graining simplification. Alterna-
tively, the recently developed hierarchical multiscale approach FEM x
DEM provides a different modelling strategy (Guo and Zhao, 2014 and
2015; Desrues et al., 2019). The coupling object of the hierarchical
multiscale approach is also usually FEM and DEM. In contrast to the
concurrent multiscale method, the FEM is used to simulate the physical
domain of a boundary value problem (BVP), and each integration point
of the mesh is embedded with a DEM-based representative volume
element (RVE). The soil constitutive response is derived from the DEM
solution of each RVE, which avoids conventional phenomenological
hypotheses and can faithfully record the particle-scale fabric evolution
history. The computational efficiency of FEM in solving large-scale BVPs
is retained, and the hierarchical coupling structure can conveniently
process DEM assemblies in parallel. This approach has been imple-
mented in the analysis of BVPs involving the bearing capacity of
anisotropic sand footing (Guo et al., 2022), seepage stability of gap-
graded soil slope (Hu et al., 2022), and the borehole stability in high
porosity rocks (Wu et al.,, 2018), demonstrating the capability of
bridging microstructure with macroscopic behaviors. Inspired by this
approach, some researchers have developed the FE? (FEM x FEM)
multiscale model to explore the tunneling-induced rock’s fracture
damage in clay rocks (Mourlas et al., 2023). However, this model cannot
reveal the ground response of granular soils in urban tunnel scenarios
because its microscopic modelling is still continuum-based.

In this study, we apply the FEM x DEM hierarchical multiscale
approach to revisit tunneling-induced ground responses in coarse-
grained soils. The methodology of the multiscale approach is briefly
introduced, followed by the numerical modeling details of the tunneling
BVP (including the ground initialization and the description of volume
loss) and the RVE packings of coarse-grained soils. The effect of cover-to-
diameter ratio (C/D), particle size distribution (PSD) and soil density on
the soil arching behavior and ground movement are investigated in
detail. In particular, we correlate the evolution of RVE-scale fabric, the
particle arrangement and force chain networks, and stress-strain re-
sponses with macroscopic results, providing a multiscale insight to
identify the mechanism behind tunneling-induced soil arching evolution
in coarse-grained soils.

2. Multiscale Approach

The hierarchical multiscale approach in this study uses two open-
source codes, YADE (Kozicki and Donze, 2009) and Escript (Gross
et al., 2007), to couple FEM and DEM. The coupling scheme is sche-
matically illustrated in Fig. 1, where the three-dimensional tunneling
problem is simplified as a two-dimensional plane-strain BVP. Tunneling-
induced volume loss typically results from imbalanced soil discharging
at the excavation face, the annular cavity at the shield tail, long-term
lining deformation and soil consolidation (Vu et al, 2016). Here, vol-
ume loss is equivalently considered using a displacement boundary
condition (Loganathan and Poulos, 1998). The physical domain of a BVP
is first discretized as a FEM mesh, and a DEM assembly prepared with a
suitable initial state is attached to each Gauss integration point of the
FEM mesh, serving as the RVE. At each Gauss point, the FEM passes the
deformation information (strain ¢ plus rotation @) to the corresponding
RVE as the boundary condition. The local material responses, including
stress and tangent operators, are derived from DEM simulation and
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Fig. 1. Illustration of the modeling procedure of the multiscale approach.

updated to the FEM solver for the next loading step (Guo and Zhao, 2014
and 2015). The methodology and formulation are briefly introduced in
this section.

The governing equilibrium equation for the quasi-static BVP
considering the gravity is written as:

Gij,j+bi:0 1)

where oy is the stress tensor, and b; is the unit body force of gravity. After
the FEM discretization, Eq. (1) can be rewritten as the following
equation:

Ku=f @

where K is the stiffness matrix; u is the nodal displacement to be
resolved, and f is the nodal force vector lumped from the applied
boundary traction. Unlike the conventional FEM approach, any
phenomenological assumptions used in constitutive models are aban-
doned and the material constitutive response is directly obtained by
separate DEM simulations at each FEM Gauss point in the multiscale
approach. Therefore, the primary solution procedure of the multiscale
approach in a global loading step consists of the following steps:

(a) Use an initial K to solve a trial FEM solution;

(b) Interpolate the displacement gradient u;; at each Gauss point and
apply them as boundary conditions for corresponding RVE packings;

(c) Obtain the RVE’s responses with the homogenized stress tensor o
(see Eq. (3)) and tangent modulus tensor Dy (see Eq. (4)) from the DEM
solutions:

1 C JC
1
Dy =75y (komsdimids + ktrdstics ) (4)
<

where V is the volume of RVE packing; N¢ is the contact number; f ¢
and d € are the contact force and contact branch vector, respectively; n ¢
and t ¢ are unit vectors along normal and tangent directions at a contact,
respectively; k, and k; are interparticle normal contact stiffness and
tangent contact stiffness, respectively; the subscripts i.e. i, j, k, | are
indices in {1, 2} for 2D, and {1, 2, 3} for 3D, with 1, 2, 3 representing x ,
y, z directions in the global coordinate system.

(d) Assemble the stiffness matrix K in Eq. (2) by using the updated
global stress tensor ¢ and tangent operator D as follows:

K= / B"DBAQ (5)
Q

where Q is the problem domain; B is the strain-displacement matrix.

(e) Evaluate the residual force R with a target tolerance by
R= / B'6dQ - f (6)
Q

and then perform Newton-Raphson iteration over (b) to (e) to find a
converged solution of Eq. (2).

Based on the homogenized stress tensor in Eq. (3), the mean effective
stress p, and the deviatoric stress g, can be obtained (for 2D) from

0ii @)

/1
q=1/55Si 8

where s;; is the deviatoric stress tensor, and s;; = 6;;-pd;, with §;; being the
Kronecker delta. Meanwhile, the strain tensor is derived from the
displacement gradient tensor u;;

e = (i + W) /2 )

The volumetric strain &y and the deviatoric strain g can be expressed as
follows:

&, = — & (10)
£ = \/2ej€; an
where e;; is the deviatoric strain tensor, and e; = &5 —1¢,5;.

3. Model Setup

3.1. RVE of Coarse-grained Soils

One objective of this study is to examine the effect of the micro-
structure of coarse-grained soils on the macroscopic ground responses
induced by tunneling. To achieve this, we designed DEM assemblies
including two different PSDs, i.e., CPS and CPG, and two packing den-
sities as RVEs in multiscale analysis, respectively. The DEM assembly is
enclosed by periodic boundaries (Qu et al., 2021a,b), and the model in
YADE code is modified for 2D analysis by generating all sphere elements
in the same xy plane and restraining all degrees of freedom in the z-di-
rection. This is an approximation of the plane strain problem (Kozicki
and Donze, 2009). The designed PSDs are categorized into two different
coarse-grained soils as ASTM D2487-17, i.e., poorly graded sand (CPS)
and well-graded gravel (CPG), and the PSD curves are shown in Fig. 2.
The designed PSDs show similarity with some typical sands and gravels
in gradation parameters C, and C.. To ensure that the mechanical
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Fig. 2. PSD curves for DEM RVEs in multiscale modeling.

response of RVE is statistically representative, the size of the RVE
(particle number) was determined using a combined numerical-
statistical approach (Stroeven et al., 2004). The detailed documenta-
tion of the determination process can be found in Appendix A. To strike a
balance between RVE’s representativeness and computational effi-
ciency, we set the RVE size as 700 particles for CPS and 1500 particles
for CPG, where the CPG is of higher structural heterogeneity.

Sphere-shaped uncrushable particles with a linear force-displace-
ment contact law, tangentially capped by Coulomb’s friction criterion,
were employed to simulate the behavior of soil grains and their inter-
particle contact interactions. In addition, the rolling resistance model
was introduced to reproduce the anti-rotation effect caused by the real
particle shape (Iwashita and Oda, 1998; Qu et al., 2022; Song et al.,
2024). The coarse-grained soil particles were classified by size into three
types of grains: coarse sand (d = 2 to 4.75 mm), fine gravel (d = 4.75 to
19 mm), and coarse gravel (d = 19 to 40 mm), following ASTM D2487-
17 guidelines. The calibration of the microscopic parameters started
with the category of coarse sand, which completely constituted the CPS
soils shown in Fig. 2. The microscopic parameters were adjusted to
match the shear strength and dilatancy of the CPS specimens to typical
coarse sands. Based on the parameters of the coarse sand category, the
fine gravel and coarse gravel were sequentially set with higher inter-
particle friction angles and rolling resistance coefficients, to match the
previous laboratory observation that the shear resistance of coarse-
grained soils grows with an increasing particle size (Nurul Islam et al.,
2011; Alhani et al., 2020; Wang et al., 2022). All of the calibrated
microscopic parameters are shown in Table 1.

The discrete element model was first consolidated to an initial state
with isotropic stress, and then stored as an RVE for the stress—strain
behavior examination and the following multiscale modeling. During
initial consolidation, a temporary friction coefficient ¢ = 0.0 was set for
generating the dense RVE, and the relatively loose RVE was prepared
with y¢ = 0.45 (Gong et al., 2024). The RVE packings (visualized by
particle arrangement and contact forces network) of CPS_D, CPS_MD,
and CPG_D are plotted in Fig. 3. Drained biaxial testing was conducted
on these DEM RVEs to examine their shear strength and dilatancy. The
biaxial tests were performed under confined pressures of 100 kPa, 200

Table 1
Parameters for the DEM-based RVEs.
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kPa, and 400 kPa, respectively, with a strain rate of 0.01. The inertial
number for each RVE was found to be less than 1 x 10", indicating a
quasi-static simulation (Nguyen et al., 2017).

The stress—strain curves, along with their peak failure line and crit-
ical state line in the p’-q plane, are presented in Fig. 4. The ¢, and ¢s
values of each RVE can be estimated from these lines, and the y,x can
be estimated from the maximum slope of the volumetric strain curves.
The mechanical parameters obtained are summarized in Table 2. As
typical granular soils, the numerical specimens exhibited greater
deviatoric stresses with increasing confining pressure, along with more
noticeable contraction. For CPS_MD, the clear peak in deviatoric stress
with dilation becomes less pronounced. The CPS specimens demonstrate
properties that reasonably agree with the dense and loose Hostun sands
(Schanz and Vermeer, 1996). Additionally, CPG displays higher ¢, and
Wmax values compared to CPS, consistent with previous research indi-
cating that granular soils with wider gradations tend to have higher peak
shear strengths and greater dilatancy, while their critical shear strengths
remain relatively unaffected (Ahmed et al., 2023). Despite being a
simplified representation of real soil, the biaxial tests conducted on the
2D spherical-shape DEM RVEs showed that the DEM-based materials
exhibited the typical mechanical behavior of coarse-grained soils. This
finding lays a solid foundation for the reliability of the multiscale
tunneling model.

3.2. Simulation of Tunneling-induced Ground Responses

In this study, the tunneling process is simplified as a 2D plane strain
BVP, and the multiscale modeling scheme is illustrated in Fig. 5. The
prototype of the multiscale numerical model is a tunnel with a diameter
of 5.0 m, and the cover-to-diameter ratio C/D is set as 2.0, 3.0 and 4.0,
respectively. To improve the computational efficiency of the multiscale
analysis, only half of the physical domain is modeled (35 m x 35 m, as
shown in Fig. 5(a)). The rationale for this simplification is based on the
symmetry of boundary conditions and is substantiated by previous ob-
servations from engineering fields and physical modelling tests (Lee
et al., 2004; Franza et al., 2019; Burke et al., 2020). However, it is
noteworthy that even in nearly isotropic granular media, fabric evolu-
tion and non-coaxial responses can induce anisotropy and trigger strain
localization, thereby disrupting perfect symmetry (Guo and Zhao,
2014). The simplified half-domain model adopted in this study cannot
capture this characteristic.

The BVP domain is discretized by a FEM mesh composed of eight-
node quadrilateral elements (821 elements for C/D = 2.0, 836 ele-
ments for C/D = 3.0, and 892 elements for C/D = 4.0). Each element has
four integration points (induced integration). A finer mesh is generated
close to the tunnel boundary. The initial RVEs are consolidated by an
isotropic stress of 1.0 kPa and embedded at the integration points (as
shown in Fig. 5(b)). Considering the subsequent gravity consolidation
process of the BVP’s physical domain, greater initial consolidation
stresses may result in an over-consolidated state of RVEs near the ground
surface. The 2D void ratios of the initial RVE are 0.116 (CPG_D), 0.184
(CPS_D), and 0.252 (CPS_MD), respectively. Note that the RVEs located
near the ground surface typically experience low-stress levels, which
might lead to numerical instability in the FEM simulation. To mitigate
this issue, a small surcharge load of 1.0 kPa is applied to the top surface.
The soil unit weights are set as 2200 kN/m? (CPG_D), 2000 kN/m?

Particle class  Size range Contact Young’s modulus Contact stiffness ratio (k,/ Damping Interparticle friction angle Rolling resistance
(mm) (GPa) ko) ratio ©) coefficient
Coarse [40, 19] 5.0 0.8 0.3 50 0.8
gravel
Fine gravel [19, 4.75] 4.0 0.7 40 0.7
Coarse sand [4.75, 2] 3.0 0.5 25 0.6
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CP_G dense,e=0.116
Particle number = 1400

Fig. 3. RVE packings after isotropic consolidation (the red lines represent the contact forces, and the width of these lines is related to the relative magnitude of

contact forces).

(CPS.D), and 1800 kN/m® (CPS_MD), respectively, following BS
8002-2015 guidelines.

In the multiscale analysis of tunneling, the first step involved solving
the BVP to achieve a natural equilibrium state under the influence of
gravity. Unlike using an identical DEM RVE and uniformly distributed
stress field throughout the multiscale model (Guo and Zhao, 2015;
Mourlas et al., 2023), this gravity consolidation stage allows RVEs
located at various locations to reach a naturally consolidated state of
stress and fabric, thereby replicating the stress gradient variation in the
natural ground conditions. During the gravity equilibrium phase, the
stress condition was applied to the semi-circular boundary to satisfy the
equilibrium requirements (see Fig. 5 (c)):

I = Py +mPoyy + 20mry, (15)

n
tunnel

O-:unnel = lm(a}'}’ - Jxx) + (12 - mz)TX}’ (16)
where o . and of, . are normal and shear stresses applied to an
arbitrary integration point on the tunnel boundary. The symbols l and m
are direction cosines between the normal direction out of the tunnel
boundary and the positive direction of the x or y axes, respectively,
where [ = cos(N, x) and m = cos(N, y). oy, and oy, denote vertical and
horizontal stresses, respectively, where oy, = -y (H-y;), and 6xx = Ko0yy.
During the natural consolidation process, oy, and oy, are equal to the
major and minor principal stress, respectively, therefore the shear stress
Tyy is considered to be zero. Notably, the coefficient of earth pressure Ko
lacks an accurate theoretical solution because it is influenced by stress
paths and granular fabric. Therefore, before the gravity equilibrium of
the tunnel model, the K value was calibrated from a parallel rectangular
model without a tunnel boundary and contained the same DEM RVEs. In
the case of CPS_D, C/D = 3.0, the stress field after gravity equilibrium is
shown in Fig. 6(a). The stress distributions of oy, and oy, show linear
gradients with depth along the vertical direction, while remaining
highly uniform along the horizontal direction. Although the 7y, results
indicate a slight stress deflection near the tunnel boundary, the magni-
tude of the 7y, suggests that this deflection is estimated to be no greater
than 0.5 degrees. Fig. 6(b) presents the stress distribution along the

vertical measurement path near the tunnel boundary. The correlation of
oyy with the overburden depth agreed well with the theoretical solution
of earth pressure. The measured K, values are similar to some obser-
vations in the naturally consolidated ground (Chevalier et al., 2012;
Garcia and Bray, 2019), and the nonlinear correlation between K, and
oyy is in agreement with laboratory findings (Chu and Gan, 2004; Gu
et al., 2018). Additionally, a comparison of the RVE’s fabric before and
after the equilibrium process is shown in Fig. 6(c). The interparticle
contact forces evolve from an isotropic agreement to a predominantly
vertical alignment under the impact of gravity consolidation.

During the loading stage, the tunnel volume loss Vi, that increases
with pseudo time T (loading steps) is used to trigger ground movement
and progressive failure. Fig. 5(d) illustrates the modeling of tunnel
volume loss using an eccentric displacement boundary (maximum dis-
placements at the tunnel crown and zero displacements at the invert).
This boundary represents a commonly recognized pattern of ground
movement surrounding shallow tunnels, often caused by factors such as
over-excavation, inadequate void filling, and deflection of the tunnel
lining (Loganathan and Poulos, 1998). In multiscale modeling, the
displacement u; of an arbitrary node on the tunnel boundary is as
follows:

uf = Ausing a7z
uw = Aucosd (18)
Au:D(l—\/l—AVH) (19)

where 6 and Au are illustrated in Fig. 5. In the multiscale analysis, a Vi, of
20 % was implemented in 80 loading steps. Notably, the simulated Vy; is
higher than the monitored values in the tunnel construction field (usu-
ally in the range of 1 % to 5 %) for a clear observation of the ground
progress destabilization. This Vy; setup was usually adopted by previous
physical modeling tests (Lee et al., 2004; Lee, 2009; Boonsiri and
Takemura, 2015).
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referred to as the soil active region. Above the active region, the soil
Talfle 2 . . . . . particles are compacted due to the horizontal movement of the ground,
Calibrated mechanical properties for simulated coarse-grained soils. . s o . .
leading to a deflection in the principal stress paths and the formation of a
Material bo bes Wmax soil arch within the ground. The stability of this soil arch relies on the
CPS.D 39.1° 33.0° 14.0° shear resistance of the internal soils, and the support provided by the
CPS_MD 34.4° 32.7° 3.1° active soils below (Zhao et al., 2021). As the volume loss increases, the
I(—:IPGt_D d dense) j‘l“g: gi; 1;: volume dilation of the active soils reaches the limit state, making it
ostun sand tdense ’ ’ ' difficult for the soil arch to remain self-stabilized without additional
(Schanz and Vermeer, 1996) . K ) o X
Hostun sand (loose) 34.4° 34.4° 0.0° support. Therefore, the soil arch will partially collapse, giving rise to
(Schanz and Vermeer, 1996) new active soils. The ultimate collapse of the soil arch will result in the
Leighton Buzzard sands (dense) 39.4° 33.4° 12.3° formation of two nearly vertical failure planes connected with the

(Lanzano et al., 2016)

4. Macroscopic Ground Responses Induced by Tunneling
4.1. Soil Arching and Ground Movement

Previous studies have confirmed that the volume loss arising from
the construction of underground structures can trigger the soil arching
phenomenon (Iglesia et al., 2014; Zhao et al., 2021; Lin et al., 2022).
This phenomenon is qualitatively illustrated in Fig. 7. When volume loss
occurs, the ground moves towards the underground opening to
compensate for the volume loss. The soil mass adjacent to the opening
experiences large vertical displacement and volume dilation, commonly

ground surface, causing the entire soil column above the underground
structure to slide.

In engineering practice, both ground surface and subsurface settle-
ments are frequently measured to assess and characterize ground
movement. Settlement trough curves are developed to represent the
distribution of ground settlement. In this study, the modified Gauss
curve (Vorster et al., 2005) is employed for quantifying the settlement
trough, with the curve being described as follows:

n

(20)
(n—1)+exp {a(x/i)z}

Sv(X) = Smax
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Fig. 5. Illustration of the multiscale modeling scheme, including (a) BVP and FEM mesh; (b) Embedded DEM-based RVE; (c) Stress-controlled boundary conditions in
gravity equilibrium stage; (d) Displacement-controlled boundary conditions in loading stage.
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where ground settlement S, is expressed as the function of horizontal
distance x from any location to the tunnel centerline; Spax is the
maximum vertical settlement; i represents the horizontal distance be-
tween the inflection point to the tunnel centerline; a is a shape param-
eter. Compared with the standard Gaussian curve, the shape parameter
provides a higher degree of freedom for more effective settlement trough
fitting especially for shallow tunnels buried in granular soils (Vorster
et al., 2005; Marshall et al., 2012).

According to the aforementioned multiscale modeling scheme, the
ground movement with soil arching behavior is accurately reproduced
in CPS_D soils in this section. Fig. 8 shows the evolution of ground
displacement with increasing Vj; for different C/D ratios. The maximum
value of the color map at each Vj; stage represents the maximum vertical
displacement of the tunnel crown, highlighting the impact of the soil
arch on displacement transfer. Upon activation by tunnel volume loss, a
distinct parabolic-shaped region of active soils with significant
displacement appears near the tunnel crown. With an increase in Vy, the
ground displacement away from the tunnel crown becomes more
concentrated toward the model’s centerline in the horizontal direction,
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Fig. 7. Schematic diagram of the soil arching behavior.

Displacement magnitude (m)
0.04 0.06 0.08 0.1 1.2e-01

Displacement magnitude (m)

0.0e+00 0.0e+00 0.1

C/D=3.0 C/D=2.0

C/D=4.0

Vie=5.0% Ve =10.0%

0.15 0.2 2.5e-01

Displacement magnitude (m)
0.0e+000.1 0.2 0.3 0.4 5.0e-01

Displacement magnitude (m)
0.0e+00 0.1 0.2 0.3 3.8e-01

Vie=15.0% Vi =20.0%

Fig. 8. Results of ground displacement with a variation of C/D and Vj; (Note that the max value of the color map in each Vj; stage is set as the maximum vertical

displacements of the tunnel crown).

while the soil active region around the tunnel crown gradually extends
upward. In the case of C/D = 2.0, the soil active region significantly
expands from the tunnel crown to the ground surface, implying a pro-
gressive destabilization of the soil arch. However, for higher buried
depths, the accelerating effect of Vj; on the extension of soil arching is
less pronounced. Even at Vi = 20 %, the active soils for C/D = 4.0
remained concentrated in a localized area near the tunnel crown.

The relative movement between the active soil mass and the

@

surrounding ground induces a strain localization area. Fig. 9 employs
the accumulated deviatoric strain to indicate the development of shear
bands with increasing Vj; for different C/D. In the mode of eccentric
volume loss, the shear bands developed from the tunnel knee, extending
in the tangential direction and gradually curving. For the case of C/D =
2.0, the shear band extended vertically upward with increasing Vj;, and
eventually curved inward and connected with the ground surface. The
area encompassed by the shear bands coincides with the active soil
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region plotted in Fig. 8. The failure pattern shown in C/D = 2.0 is similar
to the ultimate stage illustrated in Fig. 7, and also resembles the limit
equilibrium models summarized by previous studies (Lin et al., 2022c).
For the case of C/D = 3.0, the shear bands firstly curved as a closed arch
above the tunnel crown, implying that the active soil region was de-
tached from the soil arch. The soil arch then partially collapsed and
produced new active soil mass, triggering a new shear band developing
upward with a steeper angle. For the case of C/D = 4.0, the shear band
extended more slowly, indicating relatively higher stability of its soil
arch. Moreover, the multiscale numerical results were qualitatively
compared with the centrifugal test observations from Franza et al.
(2019). The mentioned physical test utilized an approximate plane
strain tunnelling test apparatus with rigid boundary control system to
reproduce tunnel volume loss in an eccentric mode. These setups is
similar with the numerical model setups introduced in Section 3.2.
Additionally, the mentioned physical test used dense Leighton Buzzard
sands, which have similar shear strength and dilatancy with the nu-
merical CPS_D soils, as listed in Table 2. Referring to these laboratory
results, the multiscale model reproduced the strain and deformation
evolution patterns in different C/D scenarios, which confirmed the
reliability of the multiscale modelling approach.

The effect of soil arching on ground movement can be more clearly
demonstrated by examining the relation between ground settlement and
tunnel volume loss. Fig. 10 shows the maximum values of surface and
subsurface settlement with increasing Vj; for different C/D, where 2
represents the depth of the measure line, and the maximum settlement at
z/C = 1.0 represents the vertical displacement of the tunnel boundary
crown. The relationship between ground settlement and Vj; was found to
be non-linear, particularly near the surface. The increase in settlement
slowed down progressively with increasing Vj; when Vj; < 10 %, due to
the formation of a soil arch that blocked the deformation transmission
from the active region to the ground surface. With a further increase in
Vi, the destabilization of the soil arch led to a re-acceleration of the
ground settlement from the tunnel to the surface sequentially. For the
case of C/D = 2.0, the surface settlement showed an inflection point of
acceleration at Vi = 15 %, and at V}; = 20 % the settlement rate for all
monitored points was almost the same as the tunnel boundary, which
implies an overall sliding of the soil column above the tunnel. For deeper
tunnels, the settlement acceleration was not transmitted to the surface,
confirming that the soil arch is still effective. Additionally, we qualita-
tively compared the numerical results with the centrifugal test results in
the dense Leighton Buzzard sands (Franza et al., 2019). On this basis, the
ground movement in this multiscale tunneling model also exhibits a
similar pattern to the centrifugal test. Nevertheless, their centrifugal test
only observed the convergence trend of ground settlement in the
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measured range of V)t < 5 %. In contrast, our multiscale model revealed
the possible re-acceleration of settlement with a further increasing
tunneling volume loss. For some shallow overburden tunnel cases, the
delayed surface collapse in the post-construction stage (Lin et al., 2024)
is similar to the evolution pattern observed in this model.

The variation of settlement trough shape with various C/D and Vi,
values is illustrated in Fig. 11(a) and (b), where the settlement value was
normalized by the maximum settlement at the tunnel boundary crown.
The simulated settlement trough data was well-fitted by modified
Gaussian curves. In addition, a quantitative assessment of the settlement
trough is also plotted in Fig. 12(a) and (b), with K representing the width
parameter at various depths. K is calculated as i/(z-2z) (where z is the
measured depth and z; is the depth of tunnel center), while K represents
the value of K at the ground surface. Additionally, the evolution pattern
of numerical results was qualitatively compared with some settlement
trough data in dry dense sands (Marshall et al., 2012; Franza et al.,
2019). It was observed that the settlement trough widened with
increasing C/D and narrowed with increasing Vj;. The variation patterns
of the K and K were similar to that of the centrifugal tests, and the K
values for different C/D were mostly within the typical value range of
cohesionless soils summarized by Mair and Taylor (1997). This variation
pattern reflects a progressive concentration of ground settlement to-
wards the tunnel centerline as the increasing tunneling volume loss. In
shallow tunnels, the variation gradient of K with depth was significantly
lower than that in deep tunnels, and the narrowing of the settlement
trough with Vj; was more pronounced in a shallow tunnel. This implies
that the soil arching above a deep tunnel acts as a more effective barrier
for transforming deformation. Conversely, the ground above a shallow
tunnel tends to develop a narrow, chimney-like displacement field with
increasing tunneling volume loss.

4.2. Effect of Soil Density and PSD on Tunneling-induced Ground
Responses

The effects of soil density and PSD on ground settlement are quan-
titatively illustrated in Fig. 13 for the case of C/D = 3.0. CPS_MD
exhibited greater settlements and a higher settlement growth rate, with
surface and subsurface settlement increasing linearly at similar rates.
This differs from the settlement evolution pattern of CPS_D, which ac-
celerates sequentially from the tunnel to the surface in response to soil
arching development. In contrast, the settlement evolution of CPG_D
closely resembled that of CPS_D, but the mobilized ground settlement
acceleration was localized within a relatively small range. It is indicated
that the soil arch in dense soils plays the role of a barrier against ground
deformation transfer, and the soil arch in sands is more likely to fail than
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that in gravel soils. In contrast, soil arches in loose soils are incapable of
preventing the deformation transfer from the tunnel crown to the
surface.

There are also evident differences in the ground displacement and
shear band patterns affected by distinct soil arching behaviors. As shown
in Fig. 14, the active soil region and shear band in CPG_D presented a
parabolic shape similar to that of CPS_D, because the active soils expe-
rienced significant displacement discontinuity from the soil arch.
However, the shear band in CPG_D did not exhibit vertically upwards
extending branches, indicating greater stability of the soil arch in CPG_D
compared to CPS_D. Conversely, more extensive active soils and
upward-extending shear bands were observed in CPS_MD, implying a
more continuous upward transfer of soil deformation and eventually
leading to an overall sliding of the ground above the tunnel. Notably,
sketches of ground response in dense and loose sands suggested by
Franza et al. (2019) are embedded in Fig. 13, which presents a high
degree of agreement with the numerical results of CPS_D and CPS_MD.

11

Previous studies have found that the presence of soil arching affects
the relationship between supporting pressure and volume loss in un-
derground structures. Fig. 15 (a) illustrates a typical ground reaction
curve (GRC) in a dense granular medium referring to Iglesia et al.
(2014), where the overlying load first drops rapidly to a minimum due to
the emergence of soil arch, and then gradually recovers to an ultimate
state with the progressive destabilization of the soil arch. Referring to
previous studies (Franza et al., 2019; Lin et al., 2022d), tunneling-
induced soil arching can also be characterized by the relation between
the vertical stress above the tunnel crown and the volume loss. Fig. 15(b)
presents the tunneling-induced GRC in the multiscale model. The ver-
tical stress value of the neighboring FEM element above the tunnel
crown was recorded and normalized against its initial value before
tunnelling to calculate the normalized vertical load. The GRC curve is
then plotted based on the relation of the normalized vertical load with
the tunnelling volume loss. Results showed that the CPS_D and CPG_D
conform to the typical pattern shown in Fig. 15 (a). The CPG_D exhibited
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a steeper decreasing slope, a lower minimum value, and a slower re-
covery compared to CPS_D, which is consistent with observations from
physical tests. (Chevalier et al., 2012) and the DEM numerical results
(Xie et al., 2023). Besides, the CPS_MD showed a slightly different GRC
shape from the dense soils, where the loading did not show an evident
minimum value and the recovery state, but rather decreased mono-
tonically with tunnel volume loss and gradually converged to the ulti-
mate state. If we characterize the GRC in dense soils as “softening”, then
GRC in loose soils can be labelled as “hardening”. Referring to the
evolution pattern of the soil arching shown in Figs. 13 and 14, the
“hardening” and “softening” can be interpreted as the strength of the soil
arch and are related to the different soil behaviour. Notably, the hard-
ening of the GRC in the loose granular medium was also captured by
previous laboratory tests (Kirsch, 2010; King et al., 2019). In the
following multiscale analyses, we will discuss the mechanisms under-
lying the differences in soil arching evolution and GRC’s pattern.
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5. Multiscale Analysis of Soil Arching Behavior
5.1. Stress Rotation and Fabric Anisotropy

In simulating the tunnel excavation process, the multiscale model
accurately captured the stress variations and deviations associated with
soil arching. Taking CPS_D, C/D = 3.0 as an example (as shown in
Fig. 16, significant horizontal stress concentration and vertical stress
reduction appeared above the tunnel with increasing tunnelling volume
loss, while the tunnel sides exhibited vertical stress concentration and
horizontal stress release. Moreover, Fig. 16 illustrates the major prin-
cipal stress directions within the local region surrounding the tunnel.
Compared to the initial gravity deposition state, the major principal
stress underwent significant rotation with increasing volume loss. The
major principal stress vectors above the tunnel formed continuous,
upward-arching trajectories, which aligns with experimental
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Initial state

observations by Burke et al. (2020) and Lin et al. (2022).

To further investigate the role of microscopic fabric evolution in
driving macroscopic stress rotation, three representative RVEs located
along the stress rotation path (as shown in Fig. 17) were selected for
visualization of the evolutions of microstructure and force chain net-
works. Additionally, the deformation-induced fabric anisotropy of RVEs
is characterized by the distribution of contact-normal, which can be
expressed as a Fourier series (Rothenburg and Bathurst, 1989)

Eo) =~

1 2(0 — 6,
2”( + acos2(6 — 6,) )

(22)
where a is a quantity of anisotropy and 6, represents the principle di-
rection of contact-normal anisotropy, and when a = 0 the distribution is
isotropic. As shown in Fig. 17, it is evident that all three RVEs presented
significant anisotropy. Compared to the initial state under gravity
deposition, the force chains at points A and B are significantly deflected.
The major contact direction at point C remained vertical, but its
anisotropy along the vertical direction increased significantly. The
orientational distribution of normal contacts exhibited an arching
pattern encircling the tunnel, demonstrating spatial concordance with
the trajectories of major principal stresses. Furthermore, the fabric
evolution of RVEs along the arching path provided clear elucidation of
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Fig. 16. Results of stress variations and major principal stress trajectories.

the mechanical mechanisms underlying soil arching behavior. Under the
influence of lower boundary unloading, soil particles surrounding the
tunnel volume loss underwent rearrangement to form arch-shaped
contact force chains. The overburden load was transmitted along these
arched force chains to the tunnel sides, where the soil mass around point
C functioned as an “arch foot”. The vertical unloading resulted in
negligible vertical contact forces at point A, where soil stability was
mainly maintained through horizontal contact forces and inter-particle
friction.

The spatial correlation between the orientations of inter-particle
normal contacts and major principal stress trajectory directions
demonstrated the potential for predicting macroscopic soil arching
phenomena through microscopic fabric characterization. To validate
this predictive capability, a quantitative comparison was made between
the principal stress rotation angles at specified locations (along the 0.5D
reference line above the tunnel crown) obtained from the FEM solver
and the principal contact-normal fabric directions computed for the
corresponding RVEs. As shown in Fig. 17, the rotation angle of the major
principal stresses closely matches the contact-normal anisotropy di-
rections of the RVEs. This finding demonstrated that the directional
evolution of microscopic fabric anisotropy could also serve as a quan-
titative characterization for soil arching phenomena beyond
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macroscopic principal stress rotation.

5.2. RVE’s Response to Soil Arch Evolution

As demonstrated in Section 4.1, with increasing tunnelling volume
loss, the soil arching zone above the tunnel experienced a progressive
destabilization process on a macroscopic scale. This section continues to
reveal the underlying multiscale mechanical mechanisms through the
investigation of RVEs’ responses. Through the hierarchical multiscale
method, the average particle rotation and void ratio can be measured for
any Gauss point in the continuum field according to its corresponding
RVE simulation. As illustrated in Fig. 19, the spatial distributions and
evolution of shear strain, particle rotation, and void ratio exhibit high
correlation in their localization patterns within the model of CPS_D, C/D
= 3.0, from Vjy = 10 % to 20 %. Analysis of macroscopic ground
deformation patterns indicates that strain localization predominantly
occurs in transition zones characterized by sharp changes in soil dis-
placements (as shown in Figs. 8 and 9). The concentrated distribution of
pronounced particle rotation demonstrates significant particle rolling
and rotation in these regions, which implies relative movement between
active and inactive soil masses and shear band formation at the
macroscopic scale. Consistent with many laboratory observations (Oda
and Kazama, 1998; Chen et al., 2021), the elevated void ratio within
shear bands can be attributed to volumetric dilation induced by
inter-particle climbing and rolling. This dilation response promotes soil
strength degradation within strain localization zones, thereby facili-
tating the progressive destabilization of the soil arching region.

Taking CPS_D, C/D = 3.0 as an example, Fig. 18 shows the evolution

14

200 -
Measure line Major principal stress rotation

180l LoD~ O RVEs’ anisotropy directions
160

e

[

0 140

)

[

@)

—
33
(=}

100

80 1 1

1
1.2 1.6

Distance to centerline, x (m)

1
0.8 2.0

Fig. 18. Comparison between the rotation of the principal stress axis and the
corresponding RVE’s principal contact-normal fabric direction.

of microscopic fabric within RVEs at different locations in the soil
arching zone with increasing tunnelling volume loss. From the macro-
scopic perspective, RVEs Aa, Ab, and Ac successively entered large
deformation zones as tunnel volume loss increased. Additionally, both
point Aa and point B experienced strain localization at Vi; = 20 %.
Examining the microscopic fabric response of the RVEs, with increasing
soil deformation, contact forces in each RVE significantly degraded
along the soil deformation direction, exhibiting progressively enhanced
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Fig. 19. Comparison between the shear strain, particle rotation and voids ratio localization.

anisotropy perpendicular to the deformation direction. From crown to
ground surface, the principal directions of contact forces in RVEs Aa, Ab,
and Ac rotated sequentially with increasing Vi, indicating the progres-
sive expansion of the soil arching zone. Notably, both RVE Aa and RVE B
exhibited a reduction in contact forces and degradation in coordination
numbers during the strain localization process. Similar microscopic
structure diffusion phenomena were observed by Chen et al. (2023) in
strain localization zones. The loss of contacts and highly anisotropic
contact forces rendered the soil mass within strain localization zones
unstable, promoting the expansion of the active soil zone and progres-
sive destabilization of the soil arching region.

In addition, the stress—strain behaviors of RVE Aa, Ab and Ac were
analyzed to further demonstrate the progressive evolution of the soil
arch. According to Egs. (7) to (11), the historical variation of deviatoric
stress and volume strain for each RVE are also plotted in Fig. 21. The
strain evolution in the x and y directions indicates that the RVEs within
the soil arch underwent lateral contraction and vertical dilation. At the
beginning of the volume loss (Vi; < 2.0 %), the three RVEs experienced
the unloading stage simultaneously with a linear decrease in q/p. With
an increase in Vi, a rapid increase in q/p first occurred in RVE Aa, which
implies that the inter-particle shear resistance is activated by lateral
compression. In the case that RVE Aa can hardly bear its weight and the
overlying loads, significant vertical dilation occurs to compensate for
the volume loss underneath. When the volume dilation reaches its
critical value, the deviatoric stress of RVE Aa softens rapidly, indicating
that the RVE failed from the soil arch state to the critical failure state (as
described earlier, the “active soils”). Combining with Fig. 20, it is
evident that RVE Aa’s volumetric dilation and softening behavior
occurred during the same phase as strain localization. This provides
quantitative evidence for the correlation between strain localization and
soil arch destabilization. For the RVE Ab, the growth of q/p curve and
dilation display a relatively gradual growth.
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After the failure of RVE Aa, the deviatoric stress of RVE Ab increases
to a peak value accompanied by significant volume dilation. This sug-
gests that the soil arch at point Ab has been fully mobilized for shear
resistance and is undergoing shearing deformation following the failure
of RVE Aa. As for RVE Ac, the q/p curve exhibits a gentler growth
pattern. When VIt < 15 %, the RVE shows a volume contraction
behavior, indicating that the volume change is dominated by horizontal
compression. With the failure of RVE Aa, the deviatoric stress in RVE Ac
also tends to peak and transition from contraction to dilation.

Moreover, Fig. 21 compares the correlation between RVE-scale
stress-strain histories and the temporal evolution of macroscopic soil
deformation at corresponding locations. During the linear unloading
phase of deviatoric stress, macroscopic soil settlement exhibited high
growth rates. As the beginning of the rapid increase in deviatoric stress,
the rate of macroscopic soil settlement decreased. When deviatoric
stress approached its peak value and the RVE began to demonstrate
rapid volumetric dilation, macroscopic soil settlement reaccelerated.
Theses results demonstrate the consistency between the phase evolution
of soil settlement during tunnel volume loss and the stress—strain history
at the RVE scale. This correlation validates the potential for predicting
soil arching states through RVE-scale mechanical states: pre-peak
deviatoric stress growth indicates that soil arching remains in the
load-bearing phase at that location, while rapid volumetric dilation
signifies soil arch destabilization.

5.3. Effect of Soil Density and PSD on Soil Arching

Fig. 22 compared the RVE'’s responses for the soils with different
densities and PSD. Compared with the CPS_D, the deviatoric stress in
CPS_MD did not show softening behavior at all Aa, Ab, and Ac points,
but increased more slowly to the peak, and the peak values were lower
than that in the CPS_D. None of these three RVEs of the CPS_MD showed
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Fig. 20. The evolution of RVE-scale microstructure and force chains at different locations with a variation in V};, where (a) Vi, = 5.0 %, (b) V}y = 12.5 %, and (c) V}, =

20.0 %.

significant dilation behavior, instead, the RVE Ab and Ac performed
significant volume contraction. For CPG_D, the q/p curves faster grew to
the higher peak values and persisted at the peak with no apparent
softening stage, and the RVEs Aa and Ab experienced more intense
dilation behaviors compared with CPS_D.

To interpret the differences in the ground stability under different
soil properties, we further examined the contact network characteristics
of RVEs during arch development. The RVE located at point Aa was
selected as the object of micromechanical analysis, because the soil unit
at that point can undergo the complete process of soil arching leading to
instability. We quantified the contact network connectivity by the me-
chanical coordination number, which is defined as:
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ZNC_NI

Zp=——
"N, —-No—-N;

(23)

where N is the total number of contacts in a given system; N, is the total
number of particles; Ny and N; are the number of particles with 0 and 1
contact.

As shown in Fig. 23(a), Z, in CPS_MD is significantly lower than that
in the dense assemblies at the early stage of volume loss, and there is no
significant difference between CPS_D and CPG_D. Previous studies have
confirmed that particles with smaller Z,, have higher freedom for rear-
rangement (Liu et al., 2020), and hence the loose sand ground will
experience larger deformation at the early stage of volume loss, which is
in agreement with the macroscopic results observed in Fig. 13.
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Fig. 21. Stress—strain responses in selected RVEs for the case of C/D = 3.0.

Considering the prominent contribution of the strong contact
network to the overall strength of particle systems, we further quantified
the connectivity of the strong contact network for CPS_D and CPG.
Usually, the ratio of normal contact force and their average value
fao/{fa) = 1.0 is adopted as the threshold ¢ for partitioning strong and
weak contacts. Moreover, we analyzed strong contact networks with
higher force magnitudes of £ = 2.0 and ¢ = 2.5. The connectivity of a
strong contact network is also calculated via Eq. (23), where N, and N,
represent the total numbers of strong contacts and particles involved,
respectively. As shown in Fig. 23(b), the CPG consistently exhibited
higher connectivity of the strong contact network throughout the
tunneling-induced volume loss, especially for the sub-network with
stronger contact force. The high connectivity implies that the strong
contact network of CPG has more branches, serving as effective load
transmission pathways, which enable better adaptation to evolving
external loadings without requiring significant grain reorganizations
(Muthuswamy and Tordesillas, 2006). Therefore, the soil arch in CPG
ground has a greater resistance to deformation transfer compared to
CPS.

Additionally, Fig. 24 visualizes the strong contact network at point
Aa when Vi = 10 % for different soils. The network is divided into two
subsets, C; and Co, with C, displaying higher contact force magnitudes.
In CPG, the strong contact network spans the entire RVE system, with Cy
acting as the main trunk and C; as the branches. The strong contact
network exhibits significant anisotropy along the horizontal direction.
The strong contact network in CPS is much sparser, with Cy clusters
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fragmentarily distributed within the RVE system. Moreover, CPS_MD
presented less pronounced horizontal anisotropy in the strong contacts
network. In contrast, more powerful and dense horizontal contact forces
are generated within the soil arch of CPG, which effectively contributes
to friction and interlocking between particles to resist vertical defor-
mation. For CPG_D, we also observed that the C2 trunk in the contact
network tended to pass through the coarse grains. Based on the research
of Wang et al. (2023c), the coarse particles have larger inertia to oppose
any motion, which can be considered as the “ anchoring effect” in
resisting the force chain bulking under external loadings, which essen-
tially improves the soil arch’s stability.

6. Concluding remarks

This study presents a hierarchical multiscale modelling framework
coupled FEM and DEM to investigate tunneling-induced ground re-
sponses in coarse-grained soils. To reproduce the engineering-scale
naturally consolidated ground, a stress-controlled boundary condition
is adopted to initialize the stress field for DEM RVEs. Additionally, an
eccentric displacement-controlled boundary condition is presented to
simulate tunneling-induced volume loss. The use of multiscale modeling
enables us to discover the effect of particle-scale factors (e.g. gradation,
loose or dense states of soils) on the ground deformation and failure
resulting from tunneling. The numerical results in soil movement exhibit
agreement with previous tests and field observations. The main findings
are listed below.
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(1) Three multiscale signatures indicating the formation and pro-
gressive development of soil arches are revealed: (i) strong force
chains, (ii) the principal contact-normal fabric, and (iii) principal
stress. With escalating tunnel volume loss, the directions of strong
contact force chains, principal fabric, and major principal stress
gradually shift and form continuous upward-arching trajectories
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above the tunnel. These three indicators are interrelated and
occur simultaneously. Specifically, the rotation of the principal
stress and the direction of contact-normal anisotropy provide
macroscopic and microscopic characterization of the soil arching
trajectory, respectively.
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Fig. 24. Snapshots of strong contact networks at Point Aa when Vj; = 10 %.

(2) The hierarchical multiscale model accurately reproduces the
complete evolutionary process from ground deformation to
destabilization induced by tunnelling-induced volume loss. Due
to the presence of soil arching, ground deformation exhibits
nonlinear evolutionary characteristics. The progressive ground
instability is characterized by the upward propagation of strain
localization zones. The microscopic origin of progressive soil arch
destabilization can be attributed to the degradation of contact
forces and a reduction in coordination numbers within strain
localization regions.

(3) The tunneling-induced ground reaction curves show distinct re-
sponses in dense and loose sands. A GRC curve softening phe-
nomenon occurs in dense sands, whereas no similar softening is
observed in loose sand ground. Compared to loose soils, soil
arching zones in dense soils exhibit more pronounced barrier
effects against upward ground deformation transmission.

(4) Microstructural properties significantly influence tunneling-
induced ground movement in coarse-grained soils. Compared
with poorly graded sands, well-graded gravels exhibit more
localized ground deformation with higher soil arch stability.
From the microscale perspective, the strong contact network in
well-graded gravels is of high connectivity and closely anchored
by coarse particles, generating robust horizontal force chains to
strengthen friction and interparticle interlocking. In contrast, the
weak connectivity of the contact network in loose sands leads to
increased particle rearrangement and reduced capacity of the soil
arch to resist vertical loading.
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Referring to the guidance of Stroeven et al. (2004), qualitative tests on the RVE size for both CPS and CPG are documented as follows. The DEM
samples for a given material are first designed as multiple testing series with different packing sizes (particle numbers). For CPS, the specimens with a
particle number of 300, 500, 700, 1100, and 1500, respectively, are tested. For CPG, the specimens with a total of 1000, 1250, 1500, 2000, and 2500
particles, respectively, are tested. In each series, a total of n samples with stochastically random particle distribution are generated, and n = 9 in this
study. The representative capability of RVE is tested by monitoring statistical fluctuations in the biaxial mechanical responses of DEM packings. In this
study, the deviatoric stress at various axial strains in sample i is considered as the tested mechanical response values x;, and the standard deviation s is

measured by
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1 n
2= (x; — %) (A1)
n—1+4
i=1
1 n
X = n E Xi (A2)

where s is the sample standard deviation and X is the sample mean. In this way the coefficient of variation COV can be derived from

COV = s/x (A3)

which expresses the fluctuation of the measured value relative to its sample average value. The smaller the COV is, the closer the sample size is to a
reasonable RVE.

The deviatoric stress values at axial strains of 1 %, 2 %, 5 %, 10 %, and 20 %, respectively, in the biaxial tests for CPS_D and CPG were selected as
the examined x;, where the x=1% and x{=2% were located before the peaks of the stress-strain curve while the rests are located after the peaks. The
relations between COV and the sample size are plotted in Fig. A1. The COV decreased significantly with an increasing sample size. In the case of CPS, a
decrease in COV mainly occurred when the sample size increased from 300 to 700. With a further increase in the sample size, the decrease in COV is no
longer significant, but the increase in the particle amounts would lead to a great increase in the computational costs. Similar results are also observed
in CPG. In addition, the observed pre-peak values showed smaller COVs, while the COVs of the post-peak values fluctuated with increasing sample size
after dropping to a low level, and the COV fluctuations in CPG are more apparent than CPS. This phenomenon can be attributed to the failure
localization in the strain-softening stage, which leads to a lower statistical homogeneity of the softening stage compared with the hardening stage
(Gitman et al., 2007; Nguyen et al., 2010).
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Fig. Al. Relations between COV and sample size for the case of (a) CPS and (b) CPG

In addition, the repeatability of the stress—strain response of CPS and CPG at different sizes was compared more visually in Fig. A2. The fluctuation
in the stress—strain and volumetric strain curves decreased with increasing RVE sizes. Nevertheless, the average stress—strain responses for different
RVE sizes show a high similarity in terms of values and curve shapes. These results prove that the RVE with different sizes is reproducible on the
average level. Combined with statistical results in Fig. A1, if COV < 0.1 is considered an acceptable target, then for CPS, a sample size with a total of
700 particles can ensure that both pre-peak and post-peak responses are adequately representative. For CPG, the acceptable RVE size is 1500 particles.
The selected RVE size is higher than the usual values (size = 400) in previous 2D multiscale models (Guo and Zhao 2014; Nguyen et al. 2014; Desrues
et al. 2019).

Notably, increasing the size further would slightly reduce the variability of pre-peak responses but at the cost of increased computational resources.
Additionally, significant localization may occur within the RVE with an increasing size, which is suggested to be avoided by Guo and Zhao (2016).
Thus, the selected RVE size strikes a balance between computational efficiency and achieving meaningful results.
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Fig. A2. Comparison of RVEs’ stressstrain responses in different size
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