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Abstract: Building information modeling (BIM) and finite element method (FEM) models have a
wide range of applications in underground engineering design, construction, and operation and
maintenance. This study employs a BIM-FEM framework to numerically simulate the impact of
excavation on existing subway stations, using the Yanjiang New City Station TOD project as a case
study. This framework simplifies the smooth integration of BIM and FEM models, automating
functions such as assigning material properties, conducting construction simulations, and generating
high-quality meshes. Simulation results reveal significant horizontal and vertical displacements
in diaphragm walls, support structures, and subway station structures, with the greatest impacts
occurring closest to the excavation site. The BIM-FEM framework is validated as an effective
tool for designing foundation pit support structures, enhancing numerical modeling accuracy and
efficiency in underground engineering. The findings contribute to a better understanding of the
dynamic interactions between excavation and underground structures, informing the development
of construction strategies and protective measures to ensure structural safety.

Keywords: excavation impact; subway station structures; soil-structure interaction; structural safety;
BIM-FEM

1. Introduction

The rapid development of the economy has led to the increased importance of un-
derground transportation systems, such as subways, in modern transportation networks.
These systems effectively address the issues of traffic congestion and space limitations that
arise with urban expansion. However, as urban infrastructure construction progresses,
excavation projects often occur near or directly above existing underground structures [1,2].
Soil excavation can disrupt the original stress equilibrium of the site and exert complex
influences on existing underground structures [3-8]. Underground structure accidents
caused by external construction, such as excavation projects, are numerous [9-11], and an
increasing number of researchers have recognized that the impact of excavation on existing
underground structures is undeniable.

In response to this issue, numerous studies have been conducted, including site investi-
gation [12], model testing [13], analytical approaches [14], and numerical simulation [15-18].
However, excavation projects exhibit unique characteristics and regional specificity, which
affect the deformation and settlement of existing subway stations [19,20]. It is difficult
to study these through traditional semi-empirical and semi-analytical methods, and the
particularity of analytical methods imposes significant limitations, making it challenging to
consider complex real-world conditions.

The finite element method (FEM), as a commonly used numerical simulation method,
offers a more effective approach for analyzing specific engineering projects under certain
conditions. This method is characterized by its ability to create detailed models based
on various engineering scenarios, enabling quantitative analysis and calculation of the
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interactions between underground structures and soil, as well as the actual soil conditions,
while considering practical engineering circumstances. For example, Zheng et al. [21]
used numerical simulation to study the influence of excavation on the settlement and
deformation of existing tunnels outside the pit. Liu et al. [22] investigated the effects of
the excavation process and groundwater changes on the displacement and deformation
of existing tunnels using finite element numerical simulation. Wei et al. [23] combined
experimental and numerical simulation methods to study the performance changes of
existing tunnels under asymmetric unloading conditions in excavation projects.

However, most research has focused on the impact of excavation on existing tunnels,
with relatively fewer studies conducted on the effects of excavation on the settlement and
deformation of existing subway stations. Zhou et al. [11] conducted a two-dimensional
simulation and analysis of the deformation characteristics and failure evolution process
of a subway station under single-sided excavation based on physical model experiments
and the discrete element method. However, considering the asymmetric nature of exca-
vation and maintenance structures, two-dimensional analysis has significant limitations.
Zhou et al. [24] used three-dimensional finite difference method simulations to study the
effects of dewatering measures for deep excavation and subway stations on mutual set-
tlement and deformation but did not perform refined simulations of soil parameters and
maintenance structures. Li et al. [25] established a three-dimensional numerical simulation
to study the effects of phased excavation of deep excavation on both sides of subway
stations. Due to limitations in computational power and the complexity of modeling, most
studies choose to study small two-dimensional excavations and rarely consider details of
the excavation process and the arrangement of maintenance structures. However, some
measures can effectively change the impact of excavation on underground structures like
subway stations, and neglecting their role could significantly affect the accuracy of the final
numerical computation results [26-30].

Building information modeling (BIM) originated in the construction industry; thus, ex-
isting BIM standards and applications were initially designed to meet the service conditions
of the construction industry, and research in the field of excavation projects is also being
conducted [31,32]. BIM has currently accelerated the digitalization process of underground
space development [33,34], and numerous scholars have conducted research on interopera-
ble methods for digital design, visualization, integration, and other characteristics using
BIM [35-40]. While the aforementioned studies considered the application of BIM technol-
ogy in numerical simulation and mechanical analysis of geotechnical engineering, there is
limited research on excavation projects based on the BIM-FEM framework. Therefore, this
paper constructs a BIM-FEM framework to numerically simulate the impact of excavation
on existing subway stations, using the Yanjiang New City Station TOD project as a case
study. This framework was created by Dynamo and integrated with ABAQUS, taking into
account the grid requirements of geological conditions and numerical calculation analysis
and simulating the entire excavation process of the foundation pit. Moreover, the numerical
simulation reveals the influence of excavation on the deformation of the foundation pit
support structure and subway station structure. This framework enables the transformation
of data and information from the BIM model for the excavation of foundation pits to the
computational model, expanding the numerical calculation functionality of foundation pit
engineering BIM models.

2. Project Overview

The Yanjiang New City Station TOD project, as depicted in Figure 1, features an ir-
regularly shaped rectangular excavation pit with depths ranging from 9.90 m to 12.917 m
and a perimeter of approximately 600 m. The construction site is in close proximity to
surrounding municipal roads, subway stations, high-rise buildings, and rivers, resulting
in limited construction space and a complex environment. The analysis and design of
the excavation and subsequent support systems are challenging because of these factors.
The site’s geological conditions primarily consist of silted powdered clay;, silty clay, and
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silty sand. Within the scope of this project’s excavation, the predominant soil type is silted
powdered clay, characterized by poor deformation resistance, significant creep deforma-
tion, and a marked decrease in strength after disturbance. The structural floor slab is
situated in a fluid-plastic silted powdered clay layer, which poses a high risk of excavation
and deformation.

Figure 1. Aerial photo of the excavation project site.

As a result, this excavation project is characterized by its large excavation depth,
complex geological conditions, and complex surrounding environment. Conventional deep
foundation pit support design software may not adequately assess the impact of excavation
on the surrounding environment. Therefore, BIM software (Autodesk Revit2018) is utilized
for fine-tuned modeling of the excavation stages and subsequent internal support systems.
The professional finite element software, ABAQUS (2022), is employed to simulate the entire
construction process in detail, considering the influence of complex geological conditions,
foundation pit support status, and interactions between nearby existing structures on the
project implementation.

3. Model Establishment
3.1. Establishment of BIM Model

Dynamo can handle a vast amount of complex geological survey data. It can generate
a 3D model from the geological survey data, which can be presented in the form of a
Microsoft Excel spreadsheet [41]. Furthermore, Dynamo supports secondary development
using Python programming, enabling further optimization and reduction of unnecessary
operations. The process of importing geological survey data into Dynamo and constructing
a three-dimensional geological model involves establishing solid models of different soil
layers using a layered creation approach. Specifically, this process consists of four steps,
and the workflow for establishing a geological model in Dynamo is depicted in Figure 2.

Step 1: Create a node program in Dynamo that has the ability to read geotechnical
report data from Excel.

Step 2: Generate an overall solid in preparation for the subsequent division (split).

Step 3: In order to obtain the contact surface between different soil layers, contour
lines are generated based on the elevation data of different soil layers in Excel, e.g., Backfill,
silted powdered clay, silty clay, and strongly weathered pebbly sandstone are divided into
a total of four layers in the data table, and then by connecting the contour lines, a surface is
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Figure 2. Workflow diagram for establishing geological models in Dynamo.

The final refined geological BIM model is presented in Figure 3. Based on the schematic
diagram of the connection profile between the support structure and the existing subway
support, the support structure and the existing subway support have been edited and
modified. The subway station model has been constructed and integrated with the support
structure and soil model. The final detailed BIM model for this project is presented in

Figure 4.
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Figure 3. (a) Detailed geological information from drilling holes. (b) Generation of geological surface
model. (c) Formation of geometric entities using terrain boundaries. (d) Geological model after

excavation cutting.
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Figure 4. Detailed building information modeling (BIM) model of this project.

3.2. Establishment of ABAQUS Numerical Model

The detailed BIM model of the project is imported into ABAQUS (2022) in .stp format,
enabling precise BIM-ABAQUS data interaction. This approach overcomes the shortcom-
ings of traditional methods, such as being time-consuming and prone to errors. In case of
project modifications, the model can be quickly altered and analyzed using the BIM (Au-
todesk Revit2018)-ABAQUS (2022) automated modeling and analysis method. The specific
outcome of the BIM model imported into ABAQUS (2022) is depicted in Figure 5. Once
the overall model is imported, the steel support component of the project is created using
ABAQUS (2022). The layout and cross-sectional shape of the steel support are modeled
based on the actual construction drawings. The steel support consists of hollow steel pipes
with an outer diameter of 0.3 m, an inner diameter of 2.93 m, and a thickness of 0.07 m. The
overall model, steel support, and internal structure schematic are presented in Figure 6.

10.97m 3.5m

Figure 5. Schematic diagrams of the project model: (a) Overall model of the project; (b) Subway
station structures; (c) Retaining structures.
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Diaphragm wall

Subway station

Foundation reinforcement facilities
Steel support

Support structure

Figure 6. Artistic representation of steel supports and internal structures.

3.2.1. Subsection

The geologic model consists of four soil layers, and parameters for each layer can be
obtained from field geologic surveys and summarized in an engineering geology report
for modeling options. Soil is characterized using the Mohr-Coulomb constitutive model;
soil layer parameters include: layer thickness, elastic modulus, Poisson’s ratio, density,
cohesion, internal friction angle, dilatancy angle. The foundation pit excavation process
involves numerous complex soil-structure interactions, thus requiring careful consideration
in establishing the soil constitutive model and parameters. When the deformation resulting
from foundation pit excavation is relatively minor, and the stress level is low, the soil’s
nonlinear behavior may not be significant. Taking into account the model’s overall size and
the complexity of the structural details while ensuring a certain level of calculation accuracy
and efficiency, the elastic—plastic model for soil simulation can more effectively capture soil
nonlinear behavior, as well as the variation trends and extreme values of the structure, soil
forces, and deformation. Consequently, soil, foundation pit support, steel supports, ground
consolidation, and Subway station structures are characterized using a linear elasticity
constitutive model. The material parameters used in the model are provided in Table 1.

Table 1. Basic physical and mechanical parameters of surrounding rock and structural materials.

Layer Elastic con” i . Internal Friction  Dilatanc
Name Thickness Modulus Poﬁi‘c’t(i’: s B(enm?)r C::)?ISIS’SH Angle Angle v
D (m) E (MPa) g/m (PI (o) 11) 0)
Backfill 7 5 0.3 1900 20 10 0
Silted powdered clay 14 3 0.32 1830 50 15 0
Silty clay 11 4.6 0.28 1900 60 25 0
Strongly weathered pebbly 8 3 0.24 2200 1000 30 5
Subway station structures - 3.15 x 10* 0.2 2500 - - -
Steel supports - 2 x 10° 0.3 7850 - - -
Underground continuous wall - 3.15 x 104 0.2 2500 - - -
Row of piles - 3.15 x 10* 0.2 2500 - - -
Strengthening piles - 3.45 x 10* 0.2 2500 - - -
Ground consolidation - 3.15 x 10* 0.2 2500 - - -

3.2.2. Simulation of Actual Excavation Process

In the foundation pit excavation process, geostatic stress equilibrium is first conducted
to eliminate the pressures and settlement deformation generated in the soil due to its own
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gravity and other additional pressures after long-term deposition. The process for geostatic
stress equilibrium is as follows.

(1) Static calculation: Establish the necessary model components and assign the cor-
responding material properties, contact relationships, earth pressure, and gravitational
forces. Restrict the horizontal displacement on both the left and right sides, apply fixed
constraints for both horizontal and vertical directions at the base rock surface, and apply
vertical gravitational forces. Perform the calculation using the Static, General step to obtain
the Open Document Database (ODB) file containing the results.

(2) Repeat the geostatic stress equilibrium by importing the ODB file, select the Stress
type in the Predefined Field, and choose the soil portion for the calculation. Input the
appropriate Step and increment numbers from the calculation ODB file and perform the
static calculation again. After four iterations, if the vertical displacement of the soil and
underground structures in the calculation results approaches 1074, it is considered that the
geostatic stress equilibrium has been achieved. The flowchart illustrating the calculation
process is presented in Figure 7.

Model Calculation Process J—\

Ground Stress Equilibration
by Repeated Importation of ODBs

Calculation of the first geopathic stresses in soils
and subsurface structures

Calculation of the second geostress
in soil bodies and underground structures
(Predefined field type: stress, object: soil)

Calculation of the third geopathic stress in soils
and underground structures
(Predefined field type: stress, object: soil)

. /

Figure 7. Schematic flowchart for geostatic stress equilibrium calculation.

In the foundation pit excavation simulation, the stratified excavation process is refined.
The entire excavation process is divided into three stages, with excavation depths of 3 m,
3 m, and 4 m for each layer, respectively, to more accurately simulate the actual construction
excavation and gain a more comprehensive understanding of the impact of foundation pit
excavation on the surrounding environment. Furthermore, the birth-death element concept
in ABAQUS (2022) is utilized to simulate the entire process of staged excavation and
steel support installation. During the simulation of the dynamic foundation pit excavation
process, the response of the foundation pit and surrounding structures at various excavation
stages can also be analyzed. Existing Subway station structures, underground continuous
walls, pile foundations, and other nearby structures are modeled, taking into account
the mutual influence between the construction process and these structures during the
excavation. The specific simulation process is provided in Table 2.
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Table 2. Simulation process of the entire foundation pit excavation.

Step Simulation Content
Step 1 Repeat the import of ODB to achieve geostatic stress equilibrium
S Arrange two layers of steel supports at the corresponding locations, but do not
tep 2 . .
activate them temporarily
Step 3 Excavate the first layer of soil with a depth of 3 m
Step 4 Activate the first layer of steel supports
Step 5 Excavate the second layer of soil with a depth of 3 m
Step 6 Activate the second layer of steel supports
Step 7 Excavate the third layer of soil with a depth of 4 m and perform ground
consolidation

3.2.3. Contact Setup and Meshing

Contacts include the nodes in contact between the steel supports and the cover slabs,
the contact between the retaining structure and the cover slabs, and the inner side of the
retaining structure. Both interfaces are set with Tie constraints, with the primary interface
being the contact between the steel supports and the retaining structures, and the secondary
interfaces being the cover slabs and the inner sides of the retaining structures. Due to the
irregular rectangular foundation pit and the irregular shape of the existing tunnels, the
difficulty of meshing is relatively high. Therefore, priority is given to cutting the subway
station structures and those close to the foundation pit. The schematic diagram of mesh
division after cutting is shown in Figure 8. The model dimensions are 300 m x 150 m x 40 m.
The grid types for soil, foundation pit support, ground reinforcement, and subway station
structures are hexahedral meshes, with element types C3D8R, totaling 260,106 elements.
The steel supports are simulated with Beam elements, using 502 three-dimensional two-
node beam elements (B31) and 280 nodes.

Figure 8. Mesh division effect picture.

4. Finite Element Analysis Based on the Entire Process of Foundation Pit Excavation

In general, foundation pit excavation is divided into multiple excavation steps, each
of which has a significant impact on surrounding buildings and underground structures.
By using ABAQUS (2022) software and employing different analysis steps and birth-death
elements to simulate the entire construction process of the foundation pit excavation, the
horizontal displacement (U2) contour map, vertical displacement (U3) contour map, and
Mises stress contour map of the overall model after the third layer of excavation are shown
in Figure 9. The horizontal movement of the foundation pit is mainly the lateral shift away
from the subway station side of the pit, which is concentrated in the central position of each
diaphragm wall and decreases parabolically towards both sides. The vertical displacement
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of the foundation pit is primarily due to soil settlement at the base. The Mises stress
distribution of the support structure is relatively uniform and mainly concentrated in the
areas where the foundation pit and the retaining structure come into contact. Based on the
model calculation results, this paper extracts the displacement and stress structure of each
part of the model and analyzes the deformation of the foundation pit, support structure,
and auxiliary structure of the subway station during the entire excavation process.

U, Uz

0.203
0.164
0.125
0.086
0.047
0.008
-0.031
-0.089
-0.108
-0.147
-0.186
-0.225
-0.264

3, Mises

Angle = -90.0000, (1-fraction = 0.000000, 2-fraction = -1.00000
(Avg 75%)

109251888.000
100147808.000
91043744.000
§1939680.000
72835616.000
63731552.000
54627488.000
45523424.000
36419360.000
27315292.000
18211226.000

9107160.000
3093.618 (b)

LI

U, U3

0.913

0.600

0.287
-0.025
-0.338
-0.650
-0.963
-1.275
-1.588
-1.901
-2.213
-2.528

-2.838 (c)

Figure 9. Post-excavation model data diagrams. (a) Horizontal displacement (unit: m). (b) Vertical
displacement (unit: m). (c) Mises stress (unit: Pa).
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4.1. Deformation Analysis of the Foundation Pit and Support Structure

To monitor the settlement deformation of the soil above the subway station and
analyze the deformation values at different distances from the top soil to the diaphragm
wall, the orientation of the foundation pit monitoring points is shown in Figure 10. The
vertical displacement results of the top soil at the top of the diaphragm wall with the
excavation progress are shown in Figure 11. The horizontal coordinate represents the
excavation analysis step, and the vertical coordinate represents the displacement value
of the top soil. The colored broken lines represent the distance of the top soil from the
side close to the foundation pit. It can be observed that as the excavation progresses, the
soil around the foundation pit gradually bulges upward, and the closer to the side of
the foundation pit, the larger the displacement value, reaching 81.5 mm. This is because
as the foundation pit is excavated, the horizontal confinement around the soil gradually
decreases, allowing the pore water pressure in the soil to be released, causing the soil to
expand upward.

-~ Soil deformation monitoring
points on top of subway station

Figure 10. Orientation of the monitoring points at the subway station.

To monitor the deformation of diaphragm walls and foundation pit support, the
horizontal displacement of the diaphragm walls and the support structure near Yan Ya
Yuan 24F was analyzed. The deformation cloud diagram and monitoring points of the
diaphragm walls and pit support at —10 m excavation depth are shown in Figure 12.
The simulated horizontal displacement results for the diaphragm walls and the support
structure near Yan Ya Yuan 24F are shown in Figure 13. In these figures, the horizontal
axis represents the horizontal displacement, and the vertical axis represents the burial
depth (the vertical distance of the monitoring points from the ground surface). It can be
observed that as the burial depth increases, the horizontal displacement of the diaphragm
walls and support structures first increases and then decreases. The maximum horizontal
displacement of the diaphragm walls on both sides occurs at a burial depth of 22 m, with
the maximum values for the diaphragm walls close to and away from the foundation pit
being 64.9 mm and 59.6 mm, respectively. The larger maximum horizontal displacement of
the diaphragm walls near the foundation pit indicates a greater impact from the excavation
on structures closer to the pit. The maximum horizontal displacement of the support
structure near Yan Ya Yuan 24F occurs at a burial depth of 27 m, with a value of 106.5 mm.
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80 (a) 2m from the ground wall (b) 4m from the ground wall

Step Step

80 (c) 6m from the ground wall (d) 8m from the ground wall

Step Step

80 (e) 10m from the ground wall (f) 12m from the ground wall

Step Step

80 (g) 14m from the ground wall (h) 16m from the ground wall

0 1 2 3 4a—5 6 7| o 1 2 5 6 7

Step Step

Figure 11. Vertical displacement diagram of the top soil of the diaphragm wall with the foundation
pit excavation progress.

U, uz

+2.02%-01

+1.733e-01

+1.437e-01

+1.141e-01

+8.450e-02 Support structure monitoring point
ig‘;géig% near 24F, Yen Nga Court
-4.275e-03
-3.387e-02
-6.346e-02
-9.305e-02
-1.236e-01
-1.522e-01

Ground wall monitoring
point near the pit side

Away from the pit-side ground-connecting wall monitoring point

Figure 12. Contour plot of horizontal displacement (U2) of diaphragm walls and foundation pit
support (unit: m).
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Figure 13. Structural horizontal displacement diagrams. (a) Diaphragm wall on the side near the

foundation pit. (b) Diaphragm wall on the side away from the foundation pit. (c) Support structure
near Yan Ya Yuan 24F.

4.2. Deformation Analysis of Subway Station Structures

To analyze the impact of foundation pit excavation on subway station structures,
the displacement at multiple locations of the subway station structures was analyzed.
The horizontal displacement contour diagrams of the subway station structures after the
foundation pit excavation and the layout diagram of the monitoring points for the subway
station structures are shown in Figure 14, and the arrangement of the monitoring points for
the subway station structures is shown in Figure 15.

u, U2

+6.566e-02
+5.886e-02
+5.205e-02
+4.524e-02
+3.843e-02
+3.163e-02
+2.482e-02
+1.801e-02
+1.121e-02
+4.399e-03
-2.408e-03
-9.215e-03
-1.602e-02

Horizontal Displacement Monitoring Points for subway station

Figure 14. Horizontal displacement (U2) contour diagram of the subway station structures after

foundation pit excavation (unit: m).
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The horizontal displacement results of the subway structure during pit excavation are
shown in Figures 16 and 17. The horizontal coordinates indicate the excavation analysis
step, and the vertical coordinates indicate the deformation value of the subway structure.
It can be seen that as the excavation proceeds, the subway structures are all shifted toward
the pit side. The maximum horizontal displacement of the subway structure close to the
pit side occurs at C7, which is 55.3 mm, and the maximum horizontal displacement of the
subway ancillary structure away from the pit side occurs at D7, which is 54.5 mm.

The results of vertical displacement of subway station structures during foundation pit
excavation are displayed in Figures 18 and 19. The horizontal axis indicates the excavation
analysis step, while the vertical axis shows the deformation value of the subway station
structures. It can be seen that as the excavation proceeds, subway station structures on
the side near the foundation pit exhibit varying degrees of upward displacement. The
maximum vertical displacement of the tunnel near the pit occurs at C5, amounting to 78.5
mm. The subway station structures D1 and D4 on the near side of the pit exhibit different
degrees of downward displacement, which are —1.2 mm and —5.4 mm, respectively. The
maximum upward vertical displacement of the subway station structures on the far side
of the pit occurs at D6, reaching 13.44 mm. The vertical displacement of subway station
structures near the foundation pit is much larger than that of the tunnel on the far side,
indicating that the structures closer to the pit are more significantly affected by the pit
construction.

ay accessory structure displacement
eniforing point near pit side

Figure 15. Layout diagram of monitoring points for subway station structures.
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foundation pit.
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Figure 17. Horizontal displacement of subway station structures on the side away from the

foundation pit.
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Figure 18. Vertical displacement of subway station structures on the side close to the foundation pit.
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Figure 19. Vertical displacement of subway station structures on the side away from the
foundation pit.

5. Conclusions

At present, there is no complete data interface between BIM software and geotech-
nical engineering calculation software. Non standardized geometric BIM models such as
geotechnical and underground structures, are often converted into finite element models,
which cannot meet the requirements of refined safety analysis of underground structures.
This paper presents the establishment of a three-dimensional finite element model for the
Yanjiang New City TOD project above the subway station through the BIM-FEM integration.
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While ensuring the accuracy of the model, fine mesh division is carried out to simulate
the deformation of adjacent subway stations during the entire excavation process of the
foundation pit. The specific research conclusions are as follows.

(1) Through the Autodesk Revit software platform and based on Dynamo visual-
ization programming technology, a series of node package programs are developed to
import drilling data into Dynamo, set appropriate modeling data ranges, efficiently create
geological BIM models, and combine them with the BIM models of subway stations to
efficiently create three-dimensional models of geology and subway stations.

(2) Intelligent analysis of excavation of adjacent subway station structural foundation
pits is achieved through numerical simulation based on the BIM-FEM framework. While
ensuring calculation accuracy, this method can analyze multiple construction process
scenarios, obtain more comprehensive underground structure analysis data, and observe
more local structural details.

(3) Case analysis shows that as the foundation pit is gradually excavated, the horizontal
confining pressure on the surrounding soil gradually decreases, and the soil around the
foundation pit gradually rises upwards. The displacement value on the side closer to the
foundation pit is greater. As the burial depth increases, the horizontal displacement of
the diaphragm wall and support structure first increases and then decreases. The subway
structure experiences displacement in both horizontal and vertical directions, and the
displacement generated by the subway structure on the side closer to the foundation pit
is greater.

This work demonstrates the feasibility and effectiveness of simulating deep excavation
of adjacent subway pits based on the BIM-FEM framework. However, due to the lack of
on-site monitoring data for comparative analysis, in the future, a large amount of system
monitoring data can be combined to promote model calibration of adjacent subway deep
foundation pit excavation and improve the robustness and universality of the workflow.
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