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ABSTRACT: This study presents a comprehensive investigation into the deformation mechanisms of existing metro
stations subjected to the simultaneous construction of adjacent foundation pits and underground tunnels. A refined
three-dimensional numerical modeling framework is developed to simulate the entire construction process, capturing
the complex interactions between excavation activities and station structures. The modeling encompasses deep
excavation, side-crossing, and overcrossing passage construction, and the staged installation of support systems. Six
construction schemes, varying in excavation sequence, interlayer thickness (clear distance), and passageway layout,
are systematically analyzed. Field monitoring data are incorporated to validate the numerical models, enhancing the
reliability of the results. The analysis identifies the construction sequence as the primary factor influencing station
deformation. Specifically, the strategy of constructing passageways first, followed by excavation of the interchange hall,
effectively reduces both vertical and horizontal displacements by leveraging the early-stage portal-frame reinforcement
effect. Increasing the clear distance between new structures and the existing station helps mitigate construction-induced
deformation, although the benefits plateau beyond a certain threshold. Sensitivity analysis shows that overcrossing
passages are most sensitive to variations in clear distance, followed by foundation pits and side-crossing tunnels.
Additionally, the spatial positioning of passageways significantly impacts deformation magnitude and propagation.
Passageways near expansion joints cause the greatest uplift, while those placed at mid-span experience minimal
disturbance due to enhanced structural stiffness. This research provides a quantitative understanding of metro station
deformation under concurrent construction activities and offers practical insights for optimizing excavation sequences,
structural layouts, and interlayer spacing. The findings contribute to ensuring structural safety and minimizing risks in
densely built urban metro environments.
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1 Introduction
In recent years, the shield tunneling method has become the preferred approach for constructing urban

metro tunnels due to its high efficiency, minimal ground disturbance, and adaptability [1,2]. However, when
stations are closely spaced or when tunnels pass through densely built urban areas, the economic benefits of
continuous shield tunneling are limited, and construction complexity increases. To address these challenges,
a new station construction method has been proposed. This approach involves first constructing a small- or
medium-section pilot tunnel and then expanding it to form the main station cavern. It helps reduce traffic
disruption, minimize surface disturbance, and improve construction safety. Although this method has been
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applied in cities like Tokyo, Seoul, and several Chinese locations, systematic studies on its impact on existing
metro structures are limited [3–7].

As metro networks become denser in urban cores, new underground works, such as tunnels, foundation
pits, and station expansions, are increasingly likely to intersect or approach existing stations or tunnels,
creating complex interaction mechanisms. Most studies have focused on the effects of individual construc-
tion activities, such as the deformation and force redistribution caused in existing tunnels by excavation
pits [8–10], or the impact on stations from new tunnels under various overburden and clearance condi-
tions [11]. Excavation pits, for instance, significantly alter the surrounding stress field, causing horizontal
displacements, uplift, and differential settlement, which affect adjacent metro structures [11–14]. Research
has shown that deformation on the tunnel side closer to the pit is much larger than on the far side, with
this response closely related to excavation depth and location [15]. Field observations report horizontal
tunnel displacements of up to 12–13.5 mm and vertical deformation between 4–8 mm, all within safety
limits [16,17]. As excavation progresses, tunnel loading shifts from symmetric to eccentric, leading to more
complex deformation patterns, with larger bending moments on the far side [16]. In some cases, existing
stations have experienced simultaneous settlement (6 mm) and uplift (up to 13 mm) [18]. The impact zone
of an excavation pit typically extends 1.5 times its depth, with effects diminishing beyond this range [19–21],
and numerical simulations predict deformation patterns with minimal deviation (5.26%) [22].

When new tunnels cross existing ones, different alignment configurations lead to significantly different
mechanical responses. Vertical undercrossings generally result in manageable deformation of existing
structures [23], while parallel undercrossings over short distances cause greater deformation, often requiring
clearance to be controlled within 1–1.5 D (where D is tunnel diameter) [24,25]. Oblique crossings, on the
other hand, can induce asymmetric deformation and local torsion, leading to more complex structural
responses [26,27]. Shield tunneling disturbances typically occur in three phases: approaching, crossing, and
departure, and may also involve pre-settlement from ground improvement [28]. The mechanical response
of existing tunnels depends on clearance, crossing angle, construction control, and ground properties.
For example, doubling tunnel clearance only reduces surface settlement by about 30%, showing that
clearance alone is insufficient to control deformation effectively [25,29]. Small-angle crossings can result in
approximately 33% more settlement than vertical crossings [29,30], and parameters like friction angle and
cover thickness can influence crown settlement and stress distribution by over 20% [31]. Thus, evaluating
the combined effects of multiple factors is essential for accurately predicting structural responses in complex
urban environments.

From a spatial perspective, different excavation positions can induce three primary deformation modes
in existing tunnels: settlement, transition, and uplift zones [32]. Lateral excavation typically causes lateral
settlement, while excavation above the tunnel tends to induce uplift [33]. When a tunnel lies below the
excavation bottom, the induced stress is smaller, and the impact zone is more concentrated [34]. The
structural continuity between a station and adjacent tunnels leads to a whip effect, influencing tunnel
displacement, shear force, and rotation, with effects diminishing with distance [35]. In dense urban settings,
multiple construction activities, such as shield tunneling, cross-passage enlargement, and foundation pit
excavation proximity to existing stations, often occur simultaneously or in succession, creating multi-
stage disturbances. However, studies on the combined impact of such disturbances on existing stations
remain limited, and current findings do not fully address risk control and optimized design needs for
underground spaces in highly developed urban areas. Although extensive studies have examined the effects
of deep excavations, tunnel undercrossings, and mined enlargements on existing metro structures, these
investigations typically consider each disturbance source independently. Newly constructed foundation pits
and mined cross-passages often intersect or approach existing lines in an alternating or overlapping manner,
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generating coupled and sequential disturbance effects that cannot be captured by single-source analyses. The
mechanisms associated with such multi-phase interactions, combining pit-induced unloading with tunnel-
induced stress redistribution, remain largely unexplored. This study addresses this gap by focusing on the
deformation response of an existing metro station subjected to the successive construction of both a new
foundation pit and mined tunnels, providing an integrated assessment that reflects the increasingly complex
construction scenarios encountered in modern metro systems.

To address this, this study focuses on a typical scenario: the construction of a new foundation pit
and mined cross-passage adjacent to an existing station. A refined FLAC3D numerical model is developed
to simulate the entire “ground–structure–construction” process, validated with field monitoring data.
Parametric analyses are then conducted to assess the effects of construction sequence, horizontal and
vertical clearances, and cross-passage spatial positioning. The contributions of these factors to vertical uplift,
horizontal displacement, and internal forces in the existing station are systematically evaluated.

2 Mechanisms of Multiple Underground Structures Adjacent to Existing Subways
As urban rail transit systems expand rapidly, the shield tunneling method has become the preferred

technique for metro construction due to its high excavation efficiency, stable quality, minimal ground
disturbance, and strong safety performance. In practice, however, several limitations have been identified.
The relatively short tunneling distances common in dense cities reduce shield efficiency, while shield
launching and retrieval may induce ground disturbance and pose risks to nearby facilities. When a shield
machine must pass through existing or planned station boxes, additional shafts or temporary structures are
often required, further complicating construction.

To overcome these challenges, large-diameter shield tunneling has been increasingly adopted for one-
pass excavation of station caverns. While this method reduces surface disruption and construction interfaces,
auxiliary structures such as concourses and cross-passages are typically constructed afterward using mined or
cut-and-cover methods. These auxiliary excavations are widely recognized as important sources of localized
unloading and stress redistribution, which must be considered when evaluating the interaction between new
underground works and existing metro facilities.

In general, new underground structures adjacent to existing stations can be categorized into two typical
configurations (Fig. 1): (1) interaction between deep foundation pits and existing stations, including adjacent
or underpassing excavations; (2) the influence of mined tunnel-type structures, such as overpassing or side-
crossing passages.

Figure 1: Schematic diagram of tunnel and foundation pit to existing subway station
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Most existing studies address these two disturbance types separately. However, systematic research on
their combined effects remains limited, despite their increasing occurrence in densely built urban areas.
Understanding the deformation patterns and interaction mechanisms under multi-source disturbances is
therefore essential for guiding risk control and construction planning for modern metro projects.

3 Numerical Model Development and Engineering Validation

3.1 Overall Approach and Modeling Procedure
To evaluate the deformation and mechanical response of an existing metro station under the combined

influence of a new foundation pit and mined cross-passages, a comprehensive three-dimensional numerical
model is developed using the FLAC3D finite-difference program. The model simulates the entire sequence
of ground, existing structures, new structures, and construction activities, balancing engineering accuracy
with computational efficiency. Key principles and considerations are outlined as follows:
(1) Geological strata and mechanical properties

Discretization of soil layers: Eight-node solid elements are used to discretize the ground mass, ensuring
the continuity of stress and strain fields within the soil.

Material model: The Mohr–Coulomb elastic–plastic model is adopted to simulate soil behavior, as it
adequately captures the strength and failure characteristics of soft clay, silt, sand, and clayey soils commonly
encountered in metro construction. In the present analysis, strain-softening and dilatancy effects are not
explicitly considered. Instead, soil layer parameters are selected based on empirical ranges and calibrated
against field monitoring data to ensure that the overall deformation and internal-force responses of the metro
station are reasonably represented.
(2) Soil–structure interaction modeling

Initial stress field: The initial in-situ stress state is generated under self-weight. For soft-soil areas, lateral
earth pressure is corrected using the at-rest coefficient K0.

Interfaces: Interface elements are inserted between the soil and both existing and newly constructed
structures to simulate sliding, friction, and opening–closing behavior. This prevents unrealistically rigid
bonding, which may lead to uneven stress distribution or distorted plastic zones.

Composite structural systems: For structural systems composed of diaphragm walls, primary linings,
and internal columns, a common-deformation assumption is adopted between the soil and structural com-
ponents, while allowing nonlinear relative deformation through interfaces between different components.

Deformation joints: Expansion or deformation joints are explicitly modeled using solid elements,
allowing structural segments on both sides to deform independently.
(3) Initial stress field and boundary conditions

Initial stress state: The initial stress field is computed from self-weight, supplemented with static earth
pressure calculated using K0 for soft soils.

Boundary size: The horizontal extent of the numerical model is set to at least 3–5 times the excavation
width to minimize boundary effects [36]. The bottom boundary extends to at least 2–3 times the excavation
depth, while the top boundary coincides with the ground surface to ensure accurate representation of
the overburden.

Boundary constraints: Three-directional displacement constraints are applied at the base. Normal
displacement constraints are imposed on the lateral boundaries to represent a semi-infinite ground mass,
while the ground surface remains free.
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(4) Simulation of construction processes
Soil excavation: The stress release of the surrounding rock during tunnel construction is modeled in a

stepwise manner. Initially, 60% of the in-situ stress is released during tunnel excavation. After completion of
the initial lining, an additional 20% stress release is applied, followed by another 20% release upon completion
of the secondary lining, resulting in a total stress release of 100% at the end of construction [37]. This
staged stress release reflects the sequential unloading process and the interaction between excavation and
lining installation.

Structural installation: Primary linings and temporary supports are activated segment by segment.
For top-down construction, structural elements are activated sequentially from top to bottom, with
corresponding layers of soil unloading applied progressively.

3.2 Model Parameters and Basis for Constitutive Selection
Material parameters are selected based on a three-level verification principle: geotechnical investigation

results, statistical data from similar projects, and recommended ranges from codes, ensuring realistic and
reliable parameter values.
(1) Soil parameters

Basic indicators such as natural density, void ratio, and natural water content are obtained from the
site investigation report. Shear strength parameters are determined from laboratory triaxial, consolidation,
and direct shear tests. Elastic modulus is corrected using empirical correlations or plate loading test results.
Poisson’s ratio is assigned according to typical values for corresponding soil types.
(2) Structural parameters and constitutive models

Segmental lining of shield tunnels: Modeled with solid elements as linear-elastic concrete.
Primary support: Simulated using solid elements representing shotcrete.
Beams and central columns: Constructed from concrete and modeled with solid elements.
Diaphragm walls and jet-grouted columns: Diaphragm walls are modeled as linear-elastic concrete solid

elements. Temporary steel struts are modeled using beam elements with axial stiffness EA.
(3) Interface parameters

Interfaces between soil and structures follow the Coulomb friction model, with parameters including:
Normal stiffness kn and shear stiffness ks. Interface friction coefficient tan φc . Cohesion c represents

the bonding capacity between the structure and the surrounding soil.

3.3 Engineering Background and Project
Gaojiayuan Station, located in Chaoyang District, Beijing, is a single-level, side-platform underground

station created through large-diameter shield-driven enlargement. The concourse and platform levels are
separated and connected via multiple mined cross-passages. The station’s base slab is situated about 25 m
deep, within Quaternary deposits of alternating silt, sand, and silty clay, with relatively uniform variations
in overburden and bedrock profile. To support transfer functions, the new development includes two main
components: a three-level transfer hall foundation pit, constructed using a combination of cut-and-cover
and top-down methods, located parallel to and adjacent to the existing station, and a series of mined cross-
passages at varying depths. These cross-passages cross above, beside, or beneath the existing station, forming
a complex spatial system along with the transfer hall and platform.
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The new structures are situated very close to the existing station, with the minimum clearance between
them being less than 5 m. This tight spatial arrangement and the combined temporal interaction during
construction are key aspects of this study. A typical layout of the foundation pit, station, and cross-passages
is shown in Fig. 2. The project includes a total of fourteen cross-passages, with overpassing, oblique, and
underpassing configurations. These passages, generally rectangular or horseshoe-shaped, are constructed
using the mining method. Local vertical segments are excavated with the pilot-shaft method.

Figure 2: Structural section drawing interchange hall and metro station structure

According to the geotechnical investigation, the site is composed mainly of alternating silt, silty clay,
and medium-to-coarse sand, with a maximum exploration depth of approximately 51 m. The physical and
mechanical properties of the major soil layers are summarized in Table 1, while a representative geological
profile and passage layout are shown in Fig. 3.

Table 1: Physical and mechanical parameters and layer thickness of each layer

Soil layer Thickness/m Density/(kg/m3)
Young’s
modu-

lus/MPa
Cohesion/kPa

Internal
friction
angle/○

Poisson’s
Ratio

Silty soil fill 1.6 1750 6 5 10 0.35

Silty soil 7.3 1960 21 18 25 0.31

(Continued)
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Table 1 (continued)

Soil layer Thickness/m Density/(kg/m3)
Young’s
modu-

lus/MPa
Cohesion/kPa

Internal
friction
angle/○

Poisson’s
Ratio

Medium-coarse sand 6.7 2050 45 0 38 0.29

Sandy clay 8.9 1950 23 32 18 0.31

Silty soil 5.8 1960 21 18 24 0.31

Sandy clay 3.3 1960 21 18 24 0.31

Medium-coarse sand 8.5 2050 46 0 35 0.29

Sandy clay 4 1980 16 35 20 0.31

Figure 3: Geological profile and location map of the communication passage

The properties of the interfaces between the soil layers and the concrete structure used in the numerical
model are shown in Table 2. For each soil layer, the normal stiffness (kn) and shear stiffness (ks) of the
interface are estimated based on the soil’s elastic modulus, following common practice for interface elements
to avoid excessive penetration while maintaining numerical stability. The interface cohesion (cint) and
friction angle (ϕint) are set as a fraction of the corresponding soil properties, reflecting the typically weaker
strength of soil–structure contacts observed in direct shear tests.

Table 2: Parameters of the interface between soil and structure

Soil layer Normal
stiffness/GPa

Shear
stiffness/GPa Cohesion/kPa Friction angle/○

Silty soil fill 11 1.1 3 13

Silty soil 12 3.5 9 13

(Continued)
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Table 2 (continued)

Soil layer Normal
stiffness/GPa

Shear
stiffness/GPa Cohesion/kPa Friction angle/○

Medium-coarse
sand 23 6.1 0 18

Sandy clay 12 3.4 16 9

Silty soil 13 3.2 9 13

Sandy clay 13 3.1 9 10

Medium-coarse
sand 23 6.2 0 18

Sandy clay 12 2.3 17 11

In summary, this project serves as a typical example of multiple newly constructed underground
structures interacting closely with an existing metro station. It features a complex structural system,
overlapping construction activities, and varied geological conditions, making it an ideal case for validating
numerical analyses and studying deformation-response mechanisms. The construction processes of the
mined cross-passages and the cut-and-cover interchange hall are modeled in detail. The model dimensions
and mechanical parameters of the strata beneath Gaojiayuan Station are summarized in Table 3. Boundary
conditions are determined by considering both the soil disturbance caused by excavation and the need for
computational efficiency. The model extends horizontally three times the excavation width on each side of
the station, with the upper boundary set at the ground surface and the lower boundary extending three
times the height of the station enlargement. In the longitudinal direction, the model extends three times the
enlarged station width. The resulting model measures 340 m in length, 170 m in width, and 80 m in height.
Normal displacement constraints are applied to the four vertical boundaries and the bottom. The model is
shown in Fig. 4, with the axial definition used in subsequent analyses illustrated in Fig. 4b.

Table 3: Material parameter values of the model structure

Structural name Young’s
modulus/GPa

Poisson’s
ratio

Density
kg/m3

Friction
angle/○ Cohesion/kPa

Prefabricated shield
segments 34.5 0.2 2500 — —

Initial support 28 0.2 2300 — —

Beam-column-base slab 32.5 0.2 2500 — —

Temporary support 210 0.2 7800 — —

Earth wall 20 0.3 2100 — —



Struct Durab Health Monit. 2026;20(3):10 9

Figure 4: Numerical calculation model

The existing metro tunnels are built using shield tunneling with C50 precast concrete segments, which
are modeled as solid elements. The segment lining has a thickness of 0.50 m, and an equivalent interface
is introduced between the lining and the surrounding soil to maintain mechanical continuity. The initial
supports for the station and cross-passages consist of C25 shotcrete, with a typical thickness of 0.25–0.35 m.
For the open-cut and cut-and-cover sections, diaphragm walls (0.8 m thick, C30 concrete) are used for the
side walls. The base and intermediate slabs are constructed with C40 reinforced concrete, with thicknesses
ranging from 0.8 to 1.2 m depending on location and loading conditions.

3.4 Model Reliability Verification and Comparative Analysis
To verify the reliability of the numerical model and its ability to capture the actual structural response

of the existing station during the construction of the new foundation pit and interchange passages, a
comprehensive field monitoring system is employed for comparison. Based on the spatial relationships
between the existing structures (station and running tunnels) and the new facilities, a total of 20 monitoring
sections are arranged along the longitudinal extent of the station. Monitoring points are placed at key
locations, including the station structure, running tunnel linings, and track slabs. Specifically, 52 vertical
displacement points (on structures), 27 horizontal displacement points (on structures), and 80 vertical
displacement points (on the track system) are installed.

The layout and arrangement of the monitoring points are shown in Fig. 5, covering the influence zones
of the construction of new mined passages S-1, S-2, L-2, F-2, and the cut-and-cover foundation pit.
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Figure 5: Station measurement point layout diagram

To ensure comprehensive validation of the model, this study uses a multi-source comparison frame-
work, combining field monitoring data with numerical simulation. By comparing measured deformations
with simulated results at the same construction stages, the model’s ability to replicate soil disturbance,
structural responses, and staged excavation effects is evaluated.

Monitoring results indicate that, during the construction of the new cross-passages, the existing station
experienced slight heave, mainly due to the unloading effect from the mined excavation. Taking the
S-1 passage as an example, Fig. 6 compares the longitudinal deformation curves from field monitoring and
numerical simulation after the completion of S-1. The Pearson correlation coefficients between the measured
and numerically simulated structural deformations of the left and right lines are 0.898 and 0.931, respectively.
Both the simulation and field measurements show that the right tunnel experienced more heave than the
left tunnel, with the maximum deformation occurring near the over-crossing location of S-1. This confirms
the model’s ability to capture the asymmetric disturbance induced by the new passage. The deformation
patterns are highly consistent, with good agreement in peak positions and deformation gradients. Although
the simulated values are slightly lower than the measured ones, the discrepancies are within acceptable
engineering limits, suggesting that the model accurately represents key factors such as consolidation state,
soil improvement, and construction sequencing.

Figure 6: Comparison of measured and simulated deformation curves



Struct Durab Health Monit. 2026;20(3):10 11

4 Influence Factors and Response Mechanisms of Foundation Pits and Tunnels Adjacent to Existing
Metro Stations

4.1 Deformation Responses under Different Construction Sequences
When a new foundation pit and multiple mined tunnels are constructed in an overlapping manner,

the construction sequence directly alters the soil unloading path, the structural force-transfer mechanism,
and the degree of disturbance imposed on the existing metro station. To systematically evaluate the
response of the existing station under different construction arrangements, the construction process is
categorized into two major sequence types: Type A (construct the interchange hall first, then the mined
passages) and Type B (construct the mined passages first, then the interchange hall). In practical metro
interchange construction, these two sequences represent the most typical and feasible engineering strategies.
They produce fundamentally different unloading paths and structural response mechanisms, making them
suitable for representative comparison. Although a simultaneous excavation of the foundation pit and
mined tunnels could be conceived as another option, such an arrangement requires a substantially larger
excavation volume, induces stronger ground disturbance, and is therefore seldom adopted in practice. For
this reason, the present study concentrates on the two commonly implemented sequences while discussing
the implications of other potential configurations in the extended analysis.

Each category is further subdivided into six working conditions (A1–A3, B1–B3) according to the specific
excavation order of the transverse passages. The detailed construction steps for all six conditions are listed
in Table 4. Among them, A1 and B1 serve as representative working conditions and are used to investigate
the dominant mechanisms governing the two construction systems.

Scheme A2: Based on A1, S-2 is excavated earlier, followed by S-1, L-2, and F-2.
Scheme A3: Based on A1, L-2 and F-2 are excavated first, followed by S-1 and S-2.
Scheme B2: Based on B1, S-2 is excavated earlier, followed by S-1, L-2, and F-2.
Scheme B3: Based on B1, L-2 and F-2 are excavated first, followed by S-1 and S-2.

Table 4: Construction sequences of Type A and Type B schemes

Step Scheme A1 Scheme B1
1 Sheet pile construction Construction of earth retaining walls

2 Excavate to the top floor of the structure,
then construct the top floor Excavation of temporary shaft 1

3 Backfill the excavated soil on the top floor to
the surface

Construction of passage S-1 and inclined
passage X-1

4
Excavate to the middle floor of the negative
first floor, then construct the middle floor of

the negative first floor
Excavation of temporary shaft 2

5
Excavate to the middle floor of the negative

second floor, then construct the middle floor
of the negative second floor

Construction of passage S-2, inclined passage
X-2, and inclined passage X-3

6 Excavate to the designed bottom elevation,
then construct the structure bottom floor Excavation of temporary shaft 3

(Continued)
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Table 4 (continued)

Step Scheme A1 Scheme B1

7 Construction of passage S-1 and inclined
passage X-1 Excavation of passage L-2 and F-2

8 Construction of passage S-2, inclined passage
X-2, X-3

Excavation up to the structural roof, and
construction of the roof

9 Excavation of passage L-2 and F-2 Backfilling of the excavated soil on the roof
to the surface

10 /
Excavation up to the middle slab of the

negative first floor, and construction of the
middle slab of the negative first floor

11 /
Excavation up to the middle slab of the

negative second floor, and construction of
the middle slab of the negative second floor

12 /
Excavation up to the designed bottom

elevation, and construction of the bottom
slab of the structure

To characterize the deformation and internal-force responses of the existing station under different
construction arrangements, schemes A1 and B1 are selected for detailed analysis, with horizontal compar-
isons across all six schemes. From the vertical and horizontal deformation contours and track-alignment
deformation curves (Fig. 7), it is observed that the existing station undergoes overall upward heave. For all
schemes, the maximum uplift appears below the S-1 passage, indicating that the soil disturbance is most
severe at this location.

In Scheme A1, the deformation accumulates gradually throughout the construction process, with a final
maximum uplift of 14.55 mm. In contrast, Scheme B1 exhibits a maximum uplift of only 10.45 mm, and its
deformation curve displays a typical “inverted V-shape”, demonstrating that constructing the mined passages
first helps to partially offset the soil relaxation and rebound caused by subsequent foundation pit excavation.
Both schemes show that the uplift of the right track is greater than that of the left track, indicating stronger
unloading on the interchange-hall side and a certain degree of asymmetric deformation in plan view.

The accumulated horizontal displacements of the station base slab for the two schemes are shown
in Fig. 8. Both schemes exhibit a typical “reverse coupling” deformation pattern: Mined passage excavation
drives the station to move away from the foundation pit, whereas foundation pit excavation induces
movement toward the pit. The final peak horizontal displacements are 3.35 mm for Scheme A1 and 0.75
mm for Scheme B1. The significantly smaller displacement in the B-type schemes indicates that the early
formation of supporting structures helps restrain the lateral movement of the station.

The deformation and internal-force responses during the construction process are summarized
in Table 5. The internal-force analysis further substantiates the above observations: In Scheme A1, local
tensile stresses exceed the tensile strength of concrete, indicating a potential cracking risk. In Scheme B1,
both compressive and tensile stresses remain within the allowable range, demonstrating a higher level of
structural safety.
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Figure 7: Cumulative vertical deformation of the existing station floor

The maximum vertical and horizontal deformation envelopes for both tracks during each construction
stage are shown in Fig. 9. Type B schemes exhibit significantly smaller vertical and horizontal deformation
than Type A schemes. The precise excavation order of the transverse passages has only a minor effect on the
final deformation magnitudes. L-2 and F-2 produce the smallest uplift responses; S-1 induces the largest soil
disturbance and corresponding deformation.

Overall, Type B schemes outperform Type A schemes in controlling vertical deformation, limiting
horizontal displacement, and ensuring the safety of internal forces. The strategy of “constructing the mined
passages first, followed by the foundation pit” provides a more effective staged mitigation of soil disturbance
and significantly enhances the global stability of the existing metro station. Therefore, Type B schemes are
recommended as the preferred construction approach for practical engineering implementation.
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Figure 8: Cumulative horizontal deformation of the existing station floor

Table 5: Deformation and internal-force responses of the existing metro station

Project A1 B1
Maximum vertical deformation/mm +21.44 +11.31

Maximum horizontal deformation/mm 2.81 1.85
Maximum difference settlement of the deformation

joint/mm 0.67 0.72

Maximum compressive stress/MPa 6.79 6.81
Maximum tensile stress/MPa 4.55 1.43
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Figure 9: Variation of maximum deformation of different construction schemes

4.2 Response Characteristics of the Existing Station under Different Interlayer Thickness Conditions
In adjacent underground construction, the deformation and structural response of existing facilities

are influenced not only by the construction method but also by the thickness of the intervening soil layer,
the relative spatial arrangement between structures, and the stiffness of the underground components
themselves. Based on the numerical model established in the previous section, this study investigates
the combined effects of side-crossing tunnels, overcrossing passages, and parallel foundation pits on the
existing station under varying clear-distance conditions. The objective is to clarify the response differences
induced by changes in interlayer thickness and provide a basis for the safety management of closely spaced
underground construction.

The spatial configuration is shown in Fig. 10. According to the engineering layout, three categories of
clear-distance conditions are established. Horizontal interlayer thicknesses between the side-crossing tunnel
and station are set to 1, 3, 5, 7, and 10 m. Vertical interlayer thicknesses between overcrossing passage and
station are set to 0, 1, 3, 5, and 7 m. Horizontal interlayer thicknesses between the parallel interchange-hall
foundation pit and station are set to 3, 5, 7, 10, and 15 m.
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Figure 10: Spatial relationship among the station, interchange hall, and tunnels

For each condition, an independent numerical model is constructed, and the maximum vertical and
horizontal deformations of the existing station are extracted. The results are shown in Figs. 11–13. As the
horizontal clear distance between the inclined tunnel and the station increases from 1 to 5 m, both vertical
and horizontal deformations of the station decrease significantly. However, when the clear distance exceeds
7 m, the rate of deformation reduction decreases noticeably. Within the close-range zone (<5 m), the station
response is highly sensitive to lateral disturbance; Beyond a certain threshold (>5 m), stress attenuation with
distance causes the marginal benefit of increasing clear distance to diminish.

Figure 11: Maximum station deformation under different horizontal distance between inclined passage and station
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Figure 12: Maximum station deformation under different vertical distance between cross passage and station

Figure 13: Maximum station deformation under different horizontal distance between distribution hall and station

With increasing vertical soil thickness between the overcrossing passage and the station, both the
uplift and horizontal displacement of the existing station decrease markedly. The most significant defor-
mation reduction occurs when the interlayer thickness increases from 0 to 3 m, while further increases to
5–7 m result in progressively smaller improvements. A thicker vertical soil layer provides: greater overburden
stress, higher global stiffness, stronger confinement, which together better resist uplift or unloading caused
by tunnel excavation. Once the vertical clear distance reaches a certain level, the stress-interference zone
stabilizes, and continuing to increase the thickness yields limited additional benefit.

To compare the effect of different construction types under fixed clear distances, a 4 m increase in
horizontal or vertical separation results in the following reductions in maximum station deformation: Side-
crossing tunnel: deformation decreased by 35.7%, Overcrossing passage: deformation decreased by 60%,
Parallel foundation pit: deformation decreased by 50%. It should be noted that these values are not formal
sensitivity indices, but rather indicate the relative effectiveness of clear-distance increases in controlling
station deformation under the selected conditions. Across all three construction types, increasing the
horizontal or vertical separation consistently mitigates deformation, while beyond the threshold distances,
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the marginal benefit of further separation becomes limited. These results provide guidance for construction
scheme optimization and safety control under complex adjacent construction scenarios.

4.3 Influence of Passageway Location on the Deformation Response of the Existing Station
To investigate the deformation behavior of the existing station under different spatial arrangements of

overcrossing and inclined passages, numerical simulations are conducted for the S-2, X-2, and X-3 passages
at various longitudinal positions. Given that the existing station has a total interval length of L = 180 m, the
passage locations are set at L/4, L/2, 3L/4, and at the expansion joint, as illustrated in Fig. 14.

Figure 14: Schematic layout of the transverse passages in the existing station

Three-dimensional numerical models are established for each working condition, and the computed
results are shown in Fig. 15. The curves represent the vertical deformation along the left and right track slabs,
while the contour plots illustrate the cumulative vertical deformation of the station (magnified 500 times)
together with the relative spatial relationship between the passage and the station. The results indicate that
the location of the passageway has a pronounced impact on both the magnitude and the spatial extent of
vertical deformation. When the passage is located near the expansion joint, the vertical deformation reaches
its maximum, followed by the 3L/4 and L/4 positions, whereas the mid-span (L/2) location results in the
smallest deformation. Overall, the station exhibits a typical “single-trough” uplift pattern.

This behavior is attributed to the spatial variability of structural stiffness: The central portion of the
station features relatively high stiffness, providing stronger resistance to vertical displacement; The end
regions, where the station interfaces with the shield-driven tunnels, exhibit lower stiffness, making them
more susceptible to localized deformation under disturbance; Consequently, the expansion-joint region, with
inherently reduced stiffness, shows the largest deformation response.

The influence extent of the disturbance also varies with the passage position: construction at the 3L/4
and L/4 positions produces wider affected zones, whereas the expansion joint and L/2 positions generate
more localized responses. This pattern aligns with the stiffness distribution along the station, where higher-
stiffness central regions limit deformation propagation, while lower-stiffness ends facilitate wider influence
zones. Differences are also observed between the two track lines: the right track experiences larger vertical
deformation amplitudes but within a relatively smaller affected area compared with the left track. This
is mainly governed by the relative spatial positioning between the passage and the station, which leads
to uneven stress concentration and different deformation transmission paths. To effectively control the
deformation of the existing station, it is recommended to avoid placing the passageway near the expansion
joint. Positioning the passage within the central high-stiffness region is preferable, as it reduces both the
deformation magnitude and the disturbance range. These findings offer valuable guidance for passageway
layout planning and construction organization in closely adjacent underground engineering.
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Figure 15: Vertical deformation curves of the existing station for different passage locations

The maximum principal stress of the existing station for different passage locations is shown in Fig. 16.
When the passage is located at the expansion-joint region, the excavation-induced stress variation in the
station structure remains relatively small due to the joint’s deformation-accommodating characteristics.

The horizontal deformation curves of the existing station under different passage locations are presented
in Fig. 17. The maximum horizontal displacements at the L/4, L/2, 3L/4, and expansion-joint positions are
0.038, 0.034, 0.049, and 0.058 mm, respectively. The expansion-joint region exhibits the largest deformation;
however, its deformation also attenuates the fastest with increasing distance from the disturbance.
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Figure 16: Maximum principal stress of the existing station for different passage locations

Figure 17: Horizontal deformation curves of the existing station for different passage locations

5 Conclusions
This study analyzed the deformation response and structural behavior of an existing metro station under

various construction conditions, such as different sequences, interlayer thicknesses, and passageway layouts.
By using detailed three-dimensional numerical models, the research identified the disturbance mechanisms
from adjacent deep excavations, side-crossing and overcrossing passages, and provided targeted strategies
for effective engineering design and construction.

(1) The construction order exerts a significant effect on station deformation. When transverse passages
are constructed before the interchange hall excavation, the maximum vertical and horizontal deformations
are limited to 11.31 and 1.85 mm. Reversing the sequence increased these values to 21.44 and 2.81 mm. This
demonstrates that early construction of the passages forms a portal-frame stiffening effect that effectively
reduces structural deformation.
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(2) The station mainly experienced uplift, with the maximum vertical displacement of 4.99 mm
occurring near the S-1 passage expansion joint, while the corresponding horizontal displacement reached
approximately 1.45 mm. The excavation of inclined passages produced the strongest disturbance, indicating
that this stage requires the most stringent monitoring and deformation control measures.

(3) The position of the passageways noticeably affected both the magnitude and spatial distribution
of station deformation. The greatest vertical displacement occurred at the expansion-joint region, followed
by the 3L/4 and L/4 locations, whereas the mid-span (L/2) produced the smallest response. Deformation
propagation is widest at 3L/4 and L/4, while the expansion-joint and mid-span conditions showed more
localized influence. Therefore, positioning new passages away from expansion joints and closer to the central
span can help minimize deformation due to the higher longitudinal stiffness in this region.

This study, based on the Gaojiayuan Station case, systematically investigates the deformation and
structural response of an existing metro station under simultaneous construction of a new foundation pit
and adjacent mined passages. The findings highlight the influence mechanisms of lateral and vertical clear
distances, longitudinal stiffness distribution, and construction sequences. However, the quantitative thresh-
olds and sensitivity levels obtained herein are dependent on the specific geological conditions, structural
configuration, and construction methods adopted in this case. Future research should therefore expand
validation efforts to a broader range of geotechnical environments—such as highly saturated soft clays, dense
sand layers, and stiff silty soils—as well as different existing-station structural types and surrounding rock
classes, to establish more generalizable deformation attenuation patterns and clear-distance thresholds.
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