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Abstract

Super-large-diameter shield tunneling inevitably induces deformations in the surrounding soil and nearby existing tunnels due to
ground-tunnel interactions. This study developed and validated a numerical model to simulate these interactions in typical soft soil strata
in Shanghai, with a focus on stress and displacement responses during the undercrossing of an existing tunnel by a new super-large-
diameter shield tunnel. The study identified an incomplete soil arching (ISA) effect and proposed methods to delineate the ISA, loosened,
and compaction zones, categorizing the influenced areas into reinforced, stable, and safe zones. Parametric analyses examined the influ-
ence of tunnel spacing (S) and volume loss ratio (V) on ground deformation, loosened zone height, and existing tunnel deformation.
Results indicate that greater volume loss ratios and smaller tunnel spacings amplify ground settlement, while the loosened zone height
is affected by both the volume loss ratio and the stratigraphic boundary. Among the considered scenarios, a volume loss ratio of 0.2%
minimizes the loosened zone height across various spacings. Changes in the convergence of the existing tunnel occur in two phases, char-
acterized by rapid changes (S/D of 0.1–0.3, where D is the diameter of the newly constructed tunnel) and gradual changes (S/D of 0.3–
0.7). To mitigate adverse effects on the ground and the existing tunnel, it is recommended to maintain the volume loss ratio below 0.2%
and the tunnel spacing over 0.3D. Additionally, reinforcing the loosened zone is advised to enhance the stability of the existing tunnel.

Keywords: Super-large-diameter shield; Undercrossing; Numerical simulation; Ground responses; Existing tunnel deformation; Incomplete soil arching
(ISA)

1 Introduction

Urbanization has exacerbated traffic congestion, neces-
sitating the construction of underground metro tunnels,
which often intersect existing tunnels at small spacings.
Shield tunneling alters the stress and displacement fields
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ground surface, disrupting the stability of surface buil
(Xie et al., 2016). A comprehensive understanding of s
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in surrounding strata (Khandouzi & Khosravi, 2023;
Soga et al., 2017), inducing additional loads and deforma-
tions in adjacent existing tunnels (Chen et al., 2018;).
Under challenging conditions, such as narrow tunnel spac-
ings, high volume loss, or large-diameter tunneling, existing
tunnels may risk severe damage, including cracks, seepage,
and misalignment (Huang et al., 2018; Li & Yuan, 2012;
Wu et al., 2020), compromising their structural integrity.
Additionally, undercrossing tunneling can deform the

dings
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excavation’s impact on the ground and existing tunnel is
crucial for risk mitigation and ensuring structural safety.
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The impacts of undercrossing tunneling on the ground
and existing tunnels are typically assessed through four
methods: empirical/theoretical analyses, model tests, field
measurements, and numerical simulations. Empirical stud-
ies mainly predict the ground surface settlement (Fargnoli
et al., 2013; Peck, 1969), while theoretical approaches, such
as Winkler, Pasternak, or Kerr foundation models, analyze
the existing tunnel deformation during shield tunneling
(Ding et al., 2023; Gan et al., 2022; Klar et al., 2005). Cen-
trifuge (Fang et al., 2022; Li et al., 2014; Ng et al., 2015)
and model tests (Lin et al., 2021, 2022; Yang et al., 2017)
investigate deformation and stress responses of existing
tunnels, including interactions among the new tunnel, sur-
rounding strata, and existing tunnels (Weng et al., 2022).
Field measurements provide reliable data on the responses
of the ground and existing tunnels to validate protective
measures (Chen et al., 2018; Cooper et al., 2002; Jin
et al., 2018). Numerical simulations are widely used for
analyzing stress and deformation under various scenarios
(Avgerinos et al., 2017; Do et al., 2014; Jin et al., 2019;
Lai et al., 2020; Lin et al., 2019a; Liu et al., 2022). For
example, Avgerinos et al. (2017) simulated deformation
and stress responses of existing tunnels induced by orthog-
onal undercrossing tunneling, and Jin et al. (2019) further
examined the influence of tunnel spacing and positioning.
Liu et al. (2022) developed a calculation model using
equivalent-layer and mirror methods to simulate vertical
deformation of existing tunnels due to orthogonal under-
crossing, and further performed a series of orthogonal tests
to assess parameter sensitivity.

Although extensive research has focused on the defor-
mation of the ground and existing tunnels, the underlying
mechanisms remain underexplored due to insufficient anal-
ysis of stress redistribution in the surrounding strata.
Numerical models have revealed stress redistribution and
soil arching evolution induced by shield tunneling. Lin
et al. (2019b) studied the formation of the tunneling-
induced soil arching and loosened zones, and Song et al.
(2023) further proposed a method to determine the soil
arching and loosened zones in clayey soil layers. Chen
et al. (2013) and Lee et al. (2006) developed criteria for
delineating soil arching boundaries. Nevertheless, these
studies did not consider the presence of existing tunnels.
Lin et al. (2019a) investigated the existing tunnel and
ground responses during shield tunneling and identified soil
stress redistribution at the crown and bottom of the exist-
ing tunnel, attributing this to the soil arching effect. How-
ever, they only provided a schematic of the soil arching
zone without quantitatively defining its boundaries.

Furthermore, most studies have focused on existing tun-
nels undercrossed by small-diameter tunnels, leaving the
impacts of undercrossing by super-large-diameter tunnels
underexplored. Tunnels with diameters under 10 m are

classified as small or medium, those between 10 and 15 m
as large, and those over 15 m as super-large-diameter tun-
nels (Zhu et al., 2022). The rising demand for urban under-
ground expressways has increased instances of super-large-
diameter shield tunnels undercrossing existing small-
diameter tunnels at close spacings. These super-large-
diameter tunnels, due to their greater unloading capacity
(Zhu et al., 2022), may induce different effects on the
ground and existing tunnels compared to smaller-
diameter tunnels. Consequently, studying these impacts
and developing effective protection measures are essential.

Therefore, the effects of super-large-diameter shield tun-
nels undercrossing existing tunnels at close spacings remain
insufficiently studied. Specifically, the evolution of stress
and displacement in the strata, especially near existing tun-
nels, remains inadequately understood. To address these
gaps, this study develops and validates a numerical model
to analyze stress and displacement responses in soft strata
induced by the undercrossing of an existing tunnel by a
super-large-diameter shield tunnel. It further reveals
incomplete soil arching effects, proposes a reinforced zone,
and optimizes tunnel spacing and volume loss ratio
through parametric analyses.

2 Case background and verification of the numerical model

2.1 Overview of the case background

In this study, the case of Shanghai North-Cross Tunnel
(NT) undercrossing Metro Line 7 was selected for model
validation. As shown in Fig. 1(a), Metro Line 7, opera-
tional since 2009, was constructed using the earth pressure
balance (EPB) shield method. NT sequentially underpassed
the upline (UL) and downline (DL) of Metro Line 7, with
the crossing node located 17.5 m from Changshou Road
station. Metro Line 7 is buried at a depth of 16.51 m, with
outer and inner tunnel diameters of 6.2 and 5.5 m, respec-
tively. Each segmental ring is 1.2 m long, and the UL–DL
axis spacing is 15.2 m. NT was constructed using a U15
560 mm slurry pressure balance (SPB) shield machine
and is buried at a depth of 29.87 m, with outer and inner
diameters of 15.0 and 13.7 m, respectively. It intersects
Metro Line 7 at approximately 89° (an almost orthogonal
crossing), with a minimum vertical spacing of 7.16 m. As
shown in Fig. 1(b), Metro Line 7 mainly lies in silty clay,
while NT passes primarily through silty sand and silty fine
sand. According to Shanghai local regulation DG/TJ 08—
2434—2023 (Shanghai Shentong Metro Group Co., Ltd.
et al., 2023), the allowable deformation for shield tunnels
is limited to 10 mm. To comply with this criterion, grouting
protection was implemented to effectively control the
deformation of Metro Line 7. During the undercrossing
process of NT, vertical deformations of the existing Metro
Line 7 tunnels were automatically monitored, providing a
basis for model validation.



baseline for subsequent excavation activities.
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Fig. 1. Schematic of the North-Cross Tunnel undercrossing the existing
Metro Line 7. (a) Plan view, and (b) representative soil profile.

2.2 Three-dimensional numerical simulation of the case

2.2.1 Numerical model

The numerical model (Fig. 2(a)) measures
145 m × 100 m × 100 m, with roller boundaries laterally,
a free upper boundary representing the ground surface,
and a fixed bottom boundary. Given the proximity of the
crossing node to Changshou Road station, the station
was incorporated to account for its potential impacts.
Monitoring data indicated minimal displacement at the
station during NT undercrossing. Thus, the station was
modeled as a high-stiffness linear elastic body to simplify

calculations while providing structural constraint for Line
7. Following trial calculations, the rigid block’s weight
was set at 18.4 kN/m3, matching the weight of the sur-
rounding soil to prevent excessive settlement or flotation.
Figure 2(b) illustrates the rigid block model with dimen-
sions 45 m × 28 m × 11 m.

2.2.2 Constitutive model and material parameters

In the numerical simulation, Metro Line 7 and the SPB
shield were modeled using plate elements, while NT, the
rigid block, and surrounding soils were simulated by tetra-
hedral elements. The tunnel lining, SPB shield, and rigid
block were treated as isotropic, linearly elastic materials.
To account for stiffness reduction due to circumferential
and longitudinal joints, effective rigidity ratios of 0.7 and
0.1 were applied in the circumferential (Chen et al., 2016)
and longitudinal directions (Lin et al., 2019a), respectively,
with corresponding elastic moduli of 24.15 and 3.45 GPa.
Interfacial elements were incorporated to simulate soil-
structure interactions, with interface strength calibrated
to 0.67, given the silty clay layer. The material parameters
are summarized in Table 1.

The soil behavior was modeled using the Hardening Soil
model with Small Strain Stiffness (HSS), an enhancement
of the Hardening Soil (HS) model (Benz, 2006). The HSS
model includes the shear and compression hardening fea-
tures of the HS model, while additionally incorporating
nonlinear stiffness behavior at small strains, providing a
more accurate simulation of soil response to shield tunnel-
ing. The parameters for the HSS model, shown in Table 2,
were based on geological data and empirical parameters for
typical soil layers in Shanghai from Wang et al. (2013).
These were validated by fitting computed results with field
data (see Section 2.3).

2.2.3 Simulation of the construction process

The simulation process comprised three stages:

(1) Station construction (rigid block): Soil parameters
were replaced with those of the rigid block to model
station construction.

(2) Excavation of Metro Line 7: The excavation process
was simulated after the station construction. Upon
completion of stages (1) and (2), all displacements
in soil and structures were reset to zero to provide a

(3) Excavation of the NT: NT excavation was modeled
using construction parameters from the project
report. Specifically, the face pressure at the top of
the tunnel was set at 480 kPa with a gradient of
18 kPa/m, while the grouting pressure at the top
was 600 kPa with a gradient of 20 kPa/m. The length
of the SPB shield was established at 12 m, with the
front 10 m programmed to contract linearly at an
increment of −0.03%/m (Cinc), and the rear 2 m set
for a uniform contraction of 0.3% (Cref) to simulate
volume loss. To efficiently simulate the process of
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Fig. 2. Numerical model setup. (a) Geometry of the meshed numerical model, and (b) details of the new tunnel, existing tunnels, and rigid block.

Table 1
Material parameters of structures in the numerical model.

Material Thickness t (m) Volumetric weight c
(kN m−3)

Young’s modulus E (MPa) Poisson’s ratio m

Lining of NT 0.65 25 3.65 × 104 0.2
Lining of Line 7 0.35 25 3.45 × 104 0.2
SPB shield 0.28 120 2.30 × 105 0
Rigid block 11 18.4 3.00 × 104 0.2

Table 2
Parameters of the HSS model.

Soil layers c
(kN m−3)

c’
(kPa)

u’ (°) (°)
(MPa) (10−4)

pref

(kPa)
m mur Rf

①1 18.5 4.35 32.30 0 65 2 100 0.8 0.2 0.9
②3 18.2 4.35 32.30 77 2 100 0.8 0.2 0.9
④ 16.6 11.20 26.00 58 2 100 0.8 0.2 0.6
⑤1 18.1 8.40 27.03 66 2 100 0.8 0.2 0.9
⑥ 19.6 20.00 36.77 141 2 100 0.8 0.2 0.9
⑦1 18.6 4.69 29.44 177 2 100 0.5 0.2 0.9
⑦2 18.7 4.69 29.44 177 2 100 0.5 0.2 0.9
⑧1-1 18.4 6.10 30.00 95 2 100 0.8 0.2 0.9
⑧2 18.5 3.04 34.00 124 2 100 0.8 0.2 0.9
⑨ 18.7 6.60 38.00 8 190 2 100 0.5 0.2 0.9

Note: c is the soil unit weight; c’ is the effective cohesion; u’ is the effective friction angle; is the dilatancy angle; is the reference shear modulus at
exceedingly small strains (e < 10−6); is the shear strain at which Gs = 0.772G0; is the reference stress; m is the power that controls the stress
dependency of stiffness; mur is the Poisson’s ratio of unloading/reloading; Rf is the failure ratio.

shield tunneling, the SPB shield began its operation
30 m away from the UL and continued until the
shield tail was 30 m past the DL. The tunneling was
executed in a total of 37 steps, with each excavation
step covering 2 m (the width of 1 ring).

2.3 Verification of the numerical model

The settlements of Line 7 were measured as the shield
tunneling machine approached the position indicated in

Fig. 3(a), where the excavation of NT was in progress.
At this time point, the shield was about to traverse the
intersection zone. Figure 3(b) and (c) compares the calcu-
lated and measured settlements for the UL and DL, respec-
tively, using the Metro Line 7 station intersection point as
the reference point. The calculated UL settlement trough
closely matches the measured data (Fig. 3(b)), and the
DL remains uplift within a 100 m range from the reference
point, consistent with the trend observed in the measured
data (Fig. 3(c)). The discrepancies between simulation
and field data primarily result from the simplifications of

w Gref
0 c0 7

w Gref
0

c0 7 pref



the metro station in our numerical model. In practice, the
station construction implemented reinforcement measures,
including (1) grouting, (2) the installation of diaphragm
walls for foundation reinforcement, and (3) the use of steel
supports and piles for structural reinforcement (Guo &
Jiang, 2022; Qiu et al., 2023). These measures significantly
enhanced the capability of the station to constrain the set-
tlement of Line 7. However, in our model, the station is
simplified as a rigid block, leading to a relatively weaker
constraining effect than in reality. Consequently, the calcu-
lated settlements or heaves slightly exceed the measured
values in Fig. 3(b) and (c). Despite these simplifications,
the numerical results align well with the overall trends
and magnitudes of field data, validating the reliability of
our method and parameters for subsequent research.
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Fig. 3. Comparison between calculated and measured tunnel settlements for Line 7. (a) Schematic of the scenario when the shield is about to traverse the
intersection zone, (b) UL, and (c) DL.

3 Shield tunneling simulation of super-large-diameter tunnel

3.1 Numerical model

To analyze stress and displacement fields in strata
affected by shield tunneling near existing tunnels, we devel-
oped a numerical model simulating a super-large-diameter
shield tunnel orthogonally undercrossing a smaller existing
one, a scenario particularly relevant given the frequent use
of orthogonal undercrossing in new tunnel constructions
near existing ones for safety reasons. The model reflects
the complex soft strata of Shanghai, ensuring practical
applicability. To minimize boundary effects, the model
dimensions are set to 200 m in length and 110 m in width
and height. The existing tunnel has a diameter (d) of



6.2 m, whereas the new tunnel features a larger diameter
(D) of 15 m. This study systematically investigates various
configurations with different spacings and volume loss
ratios, as detailed in Section 3.2. The existing small-
diameter tunnel is fixed at a burial depth of 16.5 m in all
cases. The material parameters align with those in Sec-
tion 2. The numerical model excludes the station area, as
it is not the primary focus of our current study. Tunneling
initiates at Y = 0 m and advances in 2 m increments over 55
steps.
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As shown in Fig. 4, the left half of the model is dedi-
cated to presenting the measurement section and points
for monitoring stress and deformation. Positioned at Y =
55 m, this section is crucial for analyzing ground responses
during shield tunneling. Measurements are taken at seven
strategic points along the tunnel centerline within this sec-
tion: P1 at the ground surface; P2 and P3 at the crown and
bottom of the existing tunnel; and P6 and P7 at the crown
and bottom of the new tunnel. The distances between P3

and P4, and between P5 and P6, are set at 0.1D and

0.07D, respectively, facilitating detailed analysis of the spa-
tial variations of stress and deformation.

Fig. 4. Left half of the numerical model, showing positions of the measurement section and points.

Table 3
Cases for analysis.

Case group S Case (V = 0.2%) Case (V = 0.6%) Case (V = 1.0%) Case (V = 1.4%)

1 0.1D 1-1 1-2 1-3 1-4
2 0.2D 2-1 2-2 2-3 2-4
3 0.3D 3-1 3-2 3-3 3-4
4 0.4D 4-1 4-2 4-3 4-4
5 0.5D 5-1 5-2 5-3 5-4
6 0.6D 6-1 6-2 6-3 6-4
7 0.7D 7-1 7-2 7-3 7-4

Note: S and V represent the tunnel spacing and volume loss ratio, respectively.

Additionally, section I-I′ focuses on the deformation of
the existing tunnel. The vertical distance between the crown
of the new tunnel and the bottom of the existing tunnel
defines the tunnel spacing (S), which is a key parameter
in assessing tunnel interactions.

3.2 Cases for analysis

To examine the influence of tunnel spacing and volume
loss ratio on ground and existing tunnels, we developed 28
numerical models (Table 3). As shield tunneling projects
increasingly navigate near existing tunnels with small spac-
ings, some encounter vertical spacings as small as 1.5 m
(Liu et al., 2022). Accordingly, this study sets the minimum
tunnel spacing at 1.5 m (0.1D). Furthermore, based on sta-
tistical data from large-diameter shield construction in soft
soil (Wu & Zhu, 2018), the volume loss ratio in this study is
defined within a range of 0.2% to 1.4%.
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In the following section, Case 4-2, characterized by
moderate spacing and volume loss ratio, is analyzed in
detail. Figure 5(a) and (b) illustrates the measurement lines
and points for Case group 4 (S = 0.4D). In Fig. 5(c), L
denotes the distance between the tunnel face and the mea-
surement section. A negative L indicates that the tunnel
face is approaching the measurement section, while a pos-
itive L signifies that it has passed through.

Fig. 5. Details of Case group 4. (a) Positions of measurement lines, (b) positions of measurement points, and (c) definition of L.

Fig. 6. Deformation of the ground surface and strata during tunneling. (a) Comparison of ground surface settlement troughs along the measurement
section obtained from numerical simulation and the Peck formula, and (b) strata deformation with depth along the tunnel centerline.

4 Ground responses

Case 4-2 investigated the evolution of deformation and
stress fields in the strata during shield tunneling near an
existing tunnel, revealing the phenomenon of incomplete
soil arching (ISA). The analysis focused on soil weakening
and damage mechanisms induced by tunneling, providing
essential insights for the protection of existing tunnels. Fur-



thermore, parametric studies were performed using 28
numerical models to examine the influences of tunnel spac-
ing and volume loss ratio on strata response and surface
deformation.
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4.1 Variations of deformations at the measurement section

Figure 6(a) illustrates the variations in the ground sur-
face settlement trough of the measurement section during
shield tunneling. At L = −2.2D, a minor overall heave of
the ground surface marks the onset of tunneling-induced
impact. Beyond L = −1.4D, heave is observed primarily
at trough shoulders, gradually increasing as the shield
advances but remaining below 1 mm. The maximum settle-
ment, occurring at the tunnel centerline, exhibits the most
significant variation as the tunnel face passes the measure-
ment section, reaching approximately half of the final set-

tlement. Beyond L = 3.67D, the settlement trough
stabilizes. The Peck empirical formula, widely used for pre-
dicting tunneling-induced surface deformation, is presented
in a format conducive to engineering applications, as
shown in Eq. (1) (Xie et al., 2016):

Fig. 7. Ground displacement |u|. (a) Transversal section, and (b) longitudinal section.

s
0 314VD2

Kz0
e

x2

2K2z2
0 1

where s is the surface settlement at a distance x from the
tunnel centerline; V is the volume loss ratio; D is the outer
diameter of the new tunnel; K is the trough width parame-
ter (set to 0.5 for Shanghai strata); and z0 is the tunnel axis
depth. Figure 6(a) compares the numerical simulation
results with the Peck formula, revealing that the latter pre-
dicts larger settlements. This discrepancy arises because the
Peck formula neglects the stiffness of the existing tunnel.
However, the existing tunnel behaves as a rigid stratum



with equivalent bending stiffness, restricting the upward
spread of strata deformation (Zhou et al., 2020). Conse-
quently, the Peck formula tends to overestimate settlement
near existing tunnels.
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Figure 6(b) shows strata deformation with depth at the
tunnel centerline during shield tunneling. The soil above
the existing tunnel settles uniformly, while the soil sand-
wiched between the existing and new tunnels (−1.92 < Z/
D < 1.51) experiences a sharp increase in settlement with
depth, potentially causing vertical elongation of the exist-
ing tunnel. Near the crown of the new tunnel, excessive set-
tlement may cause soil detachment from the overlying
layers, while the soil beneath the new tunnel undergoes
heave-type deformation due to unloading. Overall, as the
tunnel face progresses along the tunnel centerline, the soil
above the new tunnel settles, while the soil below it heaves.
Figure 7(a) illustrates ground displacement in the transver-
sal section, denoted as |u|, with red arrows indicating soil
movement. The soil beneath the new tunnel heaves, driving
the soil in the square area upwards. This ‘‘upward trend”
transmits to the ground surface, contributing to the ‘‘heave
feature” at the shoulders of the settlement trough. Figure 7
(b) presents the longitudinal plane, illustrating the soil
heaving beneath the new tunnel, which induces the ‘‘up-
ward trend” in ground displacement, as highlighted in the
magnified circular area.

Figure 8 illustrates settlement progression at six mea-
surement points (Fig. 5(a)) during tunneling. At
L = −1D, noticeable settlement occurs at all points. Points
P3, P4, P5, and P6, located between the new and existing
tunnels, exhibit increased settlement rates as the tunnel face
advances through the measurement section. P5 and P6, clo-
ser to the new tunnel, show higher settlement rates, indicat-
ing potential soil damage and loosening. Figure 9 presents
the evolution of settlement troughs along the six measure-
ment lines (Fig. 5(b)) at corresponding depths. At
L = −0.06D, the settlement at P1 is the largest, with the
widest transverse settlement trough, while the settlement
at P6 is the least (Fig. 9(a)). When the tunnel face crosses
the measurement section (L = 0.06D), settlements at P3,
P4, P5, and P6 surpass those at P1 and P2. At L = 3.67D,
the settlement trough near the new tunnel is the narrowest
and deepest, with the largest settlement observed at P6.

4.2 Variations of stresses at the measurement section

Figure 10(a) illustrates variations in rzz-depth curves
along the tunnel centerline during tunneling, with rzz
remaining almost constant within −1.1 < Z/D < 0. Fig-
ure 10(b) magnifies the region between the two tunnels
(−1.92 < Z/D < −1.51) for detailed analysis, where rzz-
depth curves exhibit two distinct types of inflection points
( ), labeled as 1 and 2. Based on the variation characteris-
tics of rzz, five phases can be identified.

Phase 1 (L ≤ −2.2D): rzz increases linearly with depth,
matching the initial earth stress (r = cZ), indicating no tun-
neling influence at the measurement section.

Fig. 8. Settlement progression at the six measurement points during
tunneling.

Phase 2 (−2.2D < L ≤ −0.06D): For −1.92 <
Z/D < −1.51, rzz exceeds initial earth stress and gradually
increases with depth. At L = −0.06D, inflection point 2
emerges, below which rzz grows faster than initial stress,
indicating that the soil in this region may be in a
compression-tightened state. This phenomenon, also
observed by Lin et al. (2019b), is termed as the ‘‘com-
paction zone” in this study.

Phase 3 (−0.06D < L ≤ 0.73D): For −1.92 < Z/D
< −1.51, rzz falls below initial stress. At L = 0.06D, inflec-
tion point 1 emerges, serving as a key indicator for identi-
fying soil arching development and distinguishing the
loosened and soil arching zones (Chen et al., 2011; Lin
et al., 2019b; Song et al., 2023). Due to the influence of
the existing tunnel, the soil above point 1 does not fully
develop into a complete soil arching zone and is thus ter-
med as the incomplete soil arching (ISA) zone. The sharp
decrease in rzz between points 1 and 2 defines the loosened
zone, corresponding to the increased settlement rates of P5

and P6 observed as the tunnel face advances through the
measurement section (Section 4.1). As tunneling pro-
gresses, point 1 rises, indicating the upward movement of
the loosened zone. At L = 0.73D, point 2 disappears.

Phase 4 (0.73D < L ≤ 1.67D): After the shield tail passes
through the measurement section, the rzz-depth curve expe-
riences minor changes. Point 1 shifts slightly, signifying
that the height of the loosened zone marginally reduces.
At L = 1.67D, point 2 reappears.

Phase 5 (L ≥ 1.67D): The rzz-depth curves stabilize, indi-
cating no further tunneling influence on the measurement
section.

Figure 11 shows three-dimensional stress variations at
P3, P4, and P5 during tunneling. As the tunnel face
approaches the measurement section, rzz remains stable
at P3 but increases at P4 and P5. When the tunnel face
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Fig. 9. Evolution of settlement troughs along six measurement lines: (a) L = −0.06D, (b) L = 0.06D, and (c) L = 3.67D.

Fig. 10. Variation in rzz during tunneling. (a) Variation in rzz-depth curves along the tunnel centerline, with (b) an enlarged view of the region between the
two tunnels (−1.92 ≤ Z/D ≤ 1.51).



passes through the measurement section, rzz drops sharply
at all three points, with the greatest decrease at P5. Hori-
zontal stresses (rxx, ryy) increase at P3 and P4, indicating
the occurrence of vertical soil arching in the X-Z and Y-

Z planes (Lin et al., 2019b). However, at P5, rxx and ryy
follow a nonmonotonic trend. As the shield tail traverses
the measurement section, grouting pressure causes a sud-
den increase in rzz at P5, after which the stresses gradually
stabilize. At P3 and P4, the increase in rxx compared with
the initial stress is significantly larger than that of ryy, sug-
gesting stress redistribution mainly through vertical soil
arching in the X-Z plane. At P5, the three-dimensional
stresses fall below initial values, indicating that P5 is more
profoundly affected by the new tunnel, potentially leading
to complete destruction and loosening.
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Fig. 11. Variation in three-dimensional stresses at three measurement points during tunneling: (a) P3, (b) P4, and (c) P5.

This analysis of stress variations reveals the ISA effect
and defines three zones: ISA, loosened, and compaction
zones. The method for determining these zones will be
detailed in the next section.

4.3 Response zone division

Chen et al. (2013) defined the arch foot during tunneling
as the region where the horizontal stress concentration
ratio (kh = rhh/rhh,0) exceeds 1, while the vertical stress
concentration ratio (kv = rvv/rvv,0) is below 1. Here, rhh
and rvv represent post-tunneling stresses, while rhh,0 and
rvv,0 denote initial stresses. Lee et al. (2006) studied the soil
arching effect in soft clay, identifying the upper boundary
of the soil arching zone where vertical stress reduces by



over 1%, and classifying arching zones as positive or nega-
tive based on vertical stress changes: increasing for positive
and decreasing for negative.
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In this study, abrupt horizontal stress changes at strati-
graphic boundaries prompt using vertical stress variations
(rzz) to define the upper, lower, and lateral boundaries of
the ISA zone, following Lee’s research. Figure 12 shows
rzz-depth curves along vertical measurement lines, where
the upper boundary of the ISA zone is marked by a rzz
decrease exceeding 1% (circle points in Fig. 12), and the
lower boundary corresponds to inflection points 1 (triangle
points). Inflection points 2 (square points) separate the
loosened and compaction zones. The lateral boundary is
established by the demarcation between positive and nega-
tive arching zones, with rzz increases defining positive
zones and decreases indicating negative ones. This study
focuses on the ISA zone between the new and existing tun-
nels (−1.73 ≤ Z/D ≤ −1.32).

4.3.1 Determination of ISA zone, loosened zone, and

compaction zone during shield tunneling

Figure 13 shows the ISA, loosened, and compaction
zones within the measurement section at different tunneling
steps, while Fig. 14 illustrates their evolution. As the tunnel
face advances from L = 0.06D to L = 0.73D, the loosened

zone expands over the compaction zone, extending upward
and laterally. Meanwhile, the ISA zone also expands, but
cannot form a complete arch due to the existing tunnel.
When L = 0.73D, the loosened zone reaches its maximum
height (0.26D), and the compaction zone temporarily dis-
appears due to grouting pressure. By L = 1D, the lateral
boundary of the ISA zone contracts toward the tunnel cen-
terline, slightly reducing the height of the loosened zone,
while the compaction zone reappears. By L = 3.67D, both
the ISA and loosened zones continue contracting inward.

Fig. 12. Schematic illustrating methods for determining the ISA zone,
loosened zone, and compaction zone.

4.3.2 Validation of determination methods

Figure 15 presents shear strain distribution and major
principal stress trajectories at the measurement section
when L = 1D. The soil arching effect redistributes stress,
transferring earth stress from the negative to the positive
arching zone via shear stress. High shear strain regions
indicate potential shear surfaces where relative slip may
occur (Lin et al., 2019b), defining the boundary between
positive and negative arching zones. As shown in Fig. 15
(a), the lateral boundary of the ISA zone aligns closely with
the distribution of maximum shear strain.

The major principal stress trajectory defines the soil
arching zone (He et al., 2023; Meng et al., 2022). Stress
rotation indicates the influence of shield tunneling, with
stresses becoming nearly horizontal along the centerline
of the soil arching zone, signifying load transfer to both
sides. Figure 15(b) shows the upper boundary of the loos-
ened zone, above which major principal stresses along the
tunnel centerline become nearly horizontal, confirming
their location within the soil arching zone and validating
the determined boundaries for the soil arching and loos-
ened zones.

4.3.3 Division of influenced zones in orthogonal

undercrossing tunnel engineering

For practical applications, the influence zone of shield
tunneling is classified into three areas: reinforced, stable,
and safe zones (Fig. 16). The reinforced zone, representing
the outermost boundary of the expanded loosened zone,
exhibits a significant increase in settlement rate and a
marked reduction in rzz, indicating potential soil failure.
To mitigate damage to the existing tunnel from the upward
expansion of the loosened zone, soil reinforcement is rec-
ommended, extending 0.26D above the new tunnel and
0.42D laterally from its centerline. The soil arch, with
load-bearing capacity, is categorized as a stable zone. The
arch foot beyond the lateral boundary of the ISA zone is
determined as a safe zone.

4.4 Parametric analyses on ground responses

Parametric analyses using 28 numerical models (Table 3)
investigated the impacts of tunnel spacing and volume loss
ratio on ground response, providing optimal recommenda-
tions for orthogonal undercrossing tunnel engineering.
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Fig. 13. Spatial distribution of ISA zone, loosened zone, and compaction zone within the measurement section for various representative tunneling steps:
(a) L = 0.06D; (b) L = 0.73D; (c) L = 1D; (d) L = 3.67D.

4.4.1 Ground deformation
Figure 17 illustrates how tunnel spacing affects settle-

ment troughs at the ground surface for a volume loss ratio
of 0.6%. Smaller spacing results in narrower troughs with
greater maximum heave and settlement. The maximum set-
tlement significantly increases when S < 0.3D.

Figure 18 presents the maximum settlement and heave
at the ground surface for various combinations of volume

loss ratio and spacing. Smaller volume loss ratios and
reduced spacing increase heave, while larger volume loss
ratios with reduced spacing intensify settlement. The soil
heave is primarily driven by (1) smaller volume loss ratios,
which limit earth stress release and increase strata heave,
and (2) shallower burial depths for the new tunnel at smal-
ler spacings, amplifying tunneling-induced upward soil
movement (Section 4.1). Settlement is influenced by (1) lar-
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Fig. 14. Evolution of ISA zone, loosened zone, and compaction zone
during tunneling.

ger volume loss ratios, enhancing earth stress release and
increasing strata settlement, and (2) inadequate formation
of a bearing arch at very small spacings, causing significant
settlement. The bearing arch refers to the soil arch with a
certain bearing capacity, which in this context corresponds

Fig. 15. Soil strain and stress contours at the measurement section. (a) Distribution of shear strain, and (b) trajectory of the major principal stress.

Fig. 16. Influenced zone of shield tunneling in soil.

to the ISA zone. Deformations of the ground surface fol-
low a consistent pattern across all volume ratios: (1) for
S < 0.3D, the maximum settlement increases minimally;
(2) whereas for S ≥ 0.3D, the maximum settlement rises sig-
nificantly; (3) spacing has a greater influence on settlement
than heave. For V = 0.2%, settlement is less sensitive to



spacing, suggesting a weaker spacing influence on settle-
ment at lower volume loss ratios (V). Among the seven
spacings considered, volume loss ratio affects settlement
more than heave, with smaller spacing amplifying its
impact.
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Fig. 17. Settlement troughs at the ground surface in the measurement
section.

Fig. 18. Maximum settlement and heave values at the ground surface along the measurement section for various combinations of volume loss ratio and
spacing: (a) V = 0.2%; (b) V = 0.6%; (c) V = 1.0%; (d) V = 1.4%.

4.4.2 Height of the loosened zone

Figure 19 shows the maximum deformation values at
measurement points and the peak height of the loosened
zone (H) during tunneling with a volume loss ratio of
0.6%. Changes in S have little impact on the maximum
heave at P7. When S ≥ 0.3D, the maximum settlement at
P6 increases as S decreases. No clear pattern is observed
in H variations, suggesting S is not the sole influencing fac-
tor. When S < 0.3D, the maximum settlement at P6 rises
sharply and then stabilizes, with H equating S. This occurs



as the loosened zone’s upper boundary reaches the existing
tunnel’s bottom in cases of excessively small spacing, driv-
ing the soil into a limit state (Chen et al., 2013). In this
phase, further reductions in S minimally affect the maxi-
mum settlement at P6, suggesting a potential correlation
between ground deformation and H/S.
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Fig. 19. Maximum deformation at measurement points and peak height
of the loosened zone (H).

Figure 20(a) presents the peak heights of the loosened
zone for various combinations of volume loss ratio and
spacing, while Fig. 20(b) shows the ratios of peak height
to spacing. When S < 0.3D, H = S. The above analysis
has shown that once the loosened zone reaches the bottom
of the existing tunnel, ground and strata deformations
increase significantly, rendering S < 0.3D unsafe. When
0.3D ≤ S ≤ 0.6D, inflection point 1 may approach or even
rise above the stratigraphic boundary between silty clay⑤1

and silty clay ⑥ (Fig. 1(b)), strongly was influencing H. In
this range, H is affected by two factors: (1) the volume loss
ratio (V), and (2) the interaction between inflection point 1
and the stratigraphic boundary separating silty clay ⑤1

and silty clay ⑥.
To enhance the safety of the existing tunnel, it is essen-

tial to maintain a greater distance between the loosened
zone’s upper boundary and the existing tunnel’s bottom.
Based on our results, a tunnel spacing of no less than
0.3D and a volume loss rate not exceeding 0.2% are recom-
mended. This strategy ensures safe tunneling at minimal
spacings while guaranteeing adequate separation between
the existing tunnel and the loosened zone. The appropriate-
ness of the tunnel spacing and volume loss parameters will
be further corroborated by analyzing changes in ground
stresses.

4.4.3 Ground stress

Figure 21(a) illustrates the impacts of volume loss ratio
and spacing on the incremental vertical stress (Drzz), at
point P3, quantified as

Drzz rzz rzz 0 2

where rzz and rzz,0 are the post-tunneling and initial verti-
cal stresses, respectively.

For all seven spacings, Drzz decreases as the volume loss
ratio increases, with the rate of change in Drzz following
two distinct patterns: Type I, characterized by a gradual
change (for S ≥ 0.3D), and Type II, characterized by a
rapid change (for S < 0.3D). The rapid change in Type II
occurs because, in these cases, P3 lies within the loosened
zone, where the soil reaches a limit state and becomes more
sensitive to the volume loss ratio. For the four volume loss
ratios, Drzz decreases as spacing increases, as larger spacing
reduces the disturbance to the soil surrounding the existing
tunnel.

Figure 21(b) presents a box plot of Drzz as a function of
V, summarizing the distribution of Drzz across different
spacings (S = 0.1D to S = 0.7D) for each V scenario. When
V = 0.2%, Drzz exhibits the least discretization, but for
V > 0.2%, variability increases significantly. This suggests
that at low volume loss ratios, spacing has minimal impact
on Drzz, indicating limited soil disturbance around the
existing tunnel. Thus, under these conditions, spacing
appears to be insensitive to the safety of the existing tunnel.

The analysis of ground stress suggests that maintaining
S ≥ 0.3D and V ≤ 0.2% enhances the safety of existing tun-
nels during the undercrossing of new super-large-diameter
shield tunnels.

5 Deformation behaviors of the existing tunnel

Section 4 established safety thresholds for volume loss
ratio and tunnel spacing based on the loosened zone height
and ground stress changes. Here, we extend our analysis to
examine existing tunnel deformation and validate these
thresholds.

5.1 Comparison between ground surface settlement and

tunnel settlement

Figure 22 illustrates the settlement development at P1

(ground surface), TC (tunnel crown), and TB (tunnel bot-
tom) during tunneling for Case 4-2. P1 responds first, while
TB is affected last. As the tunnel face approaches the mea-
surement section, the settlement rates at all three points
increase. When L = −0.6D, TB shows the greatest settle-
ment rate. After the shield tail passes, the settlements at
these points progressively stabilize. By L = 1.6D, TB

reaches its maximum settlement value. However, P1

achieves its peak 0.8D later, indicating a delay in ground
surface settlement compared to tunnel settlement.

5.2 Parametric analyses on existing tunnel deformation

Figure 23 illustrates the variation in vertical stress at P3

and the vertical elongation along section I-I′ as spacing
increases, with a volume loss ratio of 0.6%. As spacing



tribution of response zones (see Section 4.3), which in turn
affects its deformation.
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Fig. 20. Parametric effects on the heights of the loosened zone. (a) Peak heights of the loosened zone for various combinations of volume loss ratio and
spacing, and (b) ratios of peak heights of the loosened zone to the corresponding spacing.

increases, vertical stress increases while vertical elongation
decreases. These trends follow two phases: Phase I
(S < 0.3D) with rapid changes and Phase II (S ≥ 0.3D) with
gradual changes. In Phase I, the tunnel bottom lies in the
loosened zone, resulting in significant ground stress release,
causing sharp increases in tunnel deformation, potentially
leading to concrete cracking. Moreover, tunnel-soil interac-
tion plays a crucial role, as the existing tunnel alters the dis-

Tunnel convergence, a critical deformation indicator, is
widely monitored in engineering. Chinese and British tun-
nel standards adopt normalized convergence as a structural
performance indicator (Huang & Zhang, 2016), defined as

C DD D 3
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Fig. 21. Parametric effects on Drzz. (a) Drzz at P3 for various combinations of volume loss ratio and spacing, and (b) box plot of Drzz.

Fig. 22. Development of settlement at P1, TC, and TB of the existing
tunnel during tunneling for Case 4-2.

Figure 24 shows the impact of spacing and volume loss
ratio on the normalized convergence (C) of the existing
tunnel. For each volume loss ratio, C exhibits a two-
phase variation, similar to those shown in Fig. 23, depend-
ing on whether the tunnel bottom lies in the loosened zone.
Reducing spacing from 0.7D to 0.1D increases C by 92.4%,
142.7%, 147.5%, and 135.8% for V = 0.2%, 0.6%, 1.0%,
and 1.4%, respectively. The impact of spacing on C is min-
imal at V = 0.2%, keeping C consistently low. Conse-
quently, when S ≥ 0.3D and V ≤ 0.2%, tunnel
deformation remains low and stable.

In conclusion, to prevent excessive deformation when
super-large-diameter shields intersect orthogonally with
existing tunnels, the volume loss ratio should not exceed
0.2%, and tunnel spacing should be at least 0.3D, ensuring

existing tunnels remain outside the loosened zone, as sup-
ported by the findings from Sections 4.4.2 and 4.4.3.

Fig. 23. Variation in vertical stress rzz at P3 and vertical elongation of the
existing tunnel.

5.3 Protection methods for existing tunnels

Compensation grouting is commonly used to mitigate
deformations in existing tunnels and surrounding strata
during tunneling by offsetting volume loss (Liu et al.,
2024; Wang & Zheng, 2024; Zheng et al., 2022). Although
grouting pressure and volume have been extensively stud-
ied, research on the grouting area remains limited.

This study reveals that soil in the loosened zone loses
bearing capacity, leading to potential structural deforma-
tion if the existing tunnel bottom lies within this zone.
Therefore, reinforcement is essential to mitigate potential
damage (Lin et al., 2019b; Meng et al., 2022). Based on



our findings, a reinforcement method is proposed: grouting
the reinforced zone (Fig. 16) from the new tunnel to
improve the mechanical properties of the soil in the loos-
ened zone and control tunnel deformation. Grouting pro-
tection is more efficient for small-spacing tunneling than
other methods. Moreover, grouting from the new tunnel
avoids disrupting the operation of the existing tunnel. Rec-
ommended grouting heights, corresponding to the loosened
zone heights, are presented in Fig. 20(a) for various spac-
ings and volume loss ratios.
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Fig. 24. Normalized convergence of the existing tunnel for various
combinations of volume loss ratio and spacing.

6 Conclusions

In this study, we investigated the impact of shield tun-
neling on soft ground and adjacent existing tunnels using
numerical simulations based on the stratigraphy of Shang-
hai. We focused on the responses of stress and displace-
ment fields in the strata during the undercrossing of an
existing tunnel by a super-large-diameter shield tunnel.
The main findings include:

(1) The ISA effect is identified, indicating that the forma-
tion of a complete soil arch is hindered by the pres-
ence of the existing tunnel.

(2) Methods for defining the ISA, loosened, and com-
paction zone are proposed, utilizing vertical stress
(rzz) changes and inflection points to delineate
boundaries.

(3) Parametric analysis reveals that loosened zone height
is affected by the volume loss ratio and tunnel spac-
ing, recommending a volume loss ratio of 0.2% and
a minimum spacing of 0.3D as safety thresholds for
undercrossing excavations.

(4) The influenced zone is categorized into reinforced,
stable, and safe zones, and a grouting strategy is pro-
posed to ensure structural stability without disrupting
the operation of the existing tunnel.

Our findings provide practical insights for tunneling
design and construction, with further research aimed at
addressing different soil types and tunnel configurations.
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