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Machine learning-based investigation of uplift resistance in
special-shaped shield tunnels using numerical finite element
modeling
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Abstract: The uplift resistance of the soil overlying shield tunnels significantly impacts their anti-floating
stability. However, research on uplift resistance concerning special-shaped shield tunnels is limited. This study
combines numerical simulation with machine learning techniques to explore this issue. It presents a summary of
special-shaped tunnel geometries and introduces a shape coefficient. Through the finite element software,
Plaxis3D, the study simulates six key parameters—shape coefficient, burial depth ratio, tunnel’s longest
horizontal length, internal friction angle, cohesion, and soil submerged bulk density—that impact uplift
resistance across different conditions. Employing XGBoost and ANN methods, the feature importance of each
parameter was analyzed based on the numerical simulation results. The findings demonstrate that a tunnel shape
more closely resembling a circle leads to reduced uplift resistance in the overlying soil, whereas other
parameters exhibit the contrary effects. Furthermore, the study reveals a diminishing trend in the feature
importance of buried depth ratio, internal friction angle, tunnel longest horizontal length, cohesion, soil
submerged bulk density, and shape coefficient in influencing uplift resistance.
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1 Introduction

The demand for efficient transportation net-
works, urban development, and utility infrastructure
has resulted in a surge of underground construction
projects worldwide. The tunneling shield technique
was a groundbreaking innovation that revolutionized
the excavation and construction of underground tun-

nels

. Its applications span an extensive spectrum of
infrastructure projects like metro systems, road and
railway tunnels, water conveyance tunnels, and utili-
ty networks. These machines offer compelling advan-
tages, including heightened construction efficiency,
minimized environmental disturbances, elevated safe-
ty and stability standards, as well as cost-effective-
ness. However, as the utilization of underground
space started to increase, conventional circular shield
machines could no longer adequately cater to the es-

calating market requirements".

Consequently, there
is a growing trend towards designing and deploying
special-shaped shield machines tailored to specific
project needs. Currently, special-shaped shield ma-
chines applied in civil engineering predominantly
comprise sub-rectangular™, quasi-rectangular””,
and rectangular shield machines"™.  While the
above equipment and methods play a crucial role in
underground transportation construction projects, fur-
ther in-depth research is still necessary to enhance the
safety of shield tunnel construction and operation.
During shield tunnel construction, various chal-
lenges may arise, with the floating of shield tunnels
To ad-

dress this issue, multiple methods have been devel-

being one of the most common problems.

oped to control the buoyancy of shield tunnels.

X ERHE:2096-6717(2026)01-0001-13

These encompass drainage and pressure reduction”,

t[lﬁl

grouting reinforcement'™, and optimizing soil over-

17181 Numerous scholars have con-

burden thickness'
ducted research on the thickness and uplift resistance
of the overlying soil above shield tunnels. White et
al. " employed centrifuge simulations on the uplift
failure of sandy soil and further explored the failure
behavior of sand overlying underground structures ex-
periencing uplift. Subsequent studies by Gong et al. "
and Robert & Thusyanthan™ employed transparent
soil models and numerical simulations, respectively,
to examine the uplift resistance variation in soil over
circular underground structures. Extending the under-
standing of soil deformation mechanisms, Guo et al. """
and Liu et al. *developed distinct methods for deter-
mining the shallowest soil thickness of shield tunnels
in clay and sand layers, respectively, using the limit
equilibrium method. However, the existing research
exclusively focuses on traditional circular shield tun-
nels, which is inadequate for calculating uplift resis-
tance in special-shaped shield tunnels and designing
appropriate overlying soil thickness. Special-shaped
tunnels, as opposed to their traditional circular coun-
terparts, exhibit distinct mechanical behaviors, par-
ticularly in terms of buoyancy resistance. This diver-
gence primarily stems from the unique geometrical
configurations of special-shaped tunnels, which influ-
ence the distribution and magnitude of stresses within
the surrounding soil. Consequently, there is a critical
need for further exploration in this domain.

In addition, traditional research methods face
difficulties when analyzing the relationship between
soil behavior and infrastructure structures in geotech-

nical engineering. However, the integration of nu-
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merical simulation and machine learning techniques
offers a promising avenue to overcome these con-
straints, as highlighted by Zhang et al. *' This combi-
nation enhances the understanding, prediction, and
optimization of geotechnical processes, thus leading
many scholars to adopt this approach in their re-
search. These studies encompass a broad spectrum
of research issues, including tunnel uplift induced by
liquefaction®’, basement uplift® resulting from exca-
vation of foundation pits in anisotropic soil, and the
soil parameters influencing undrained shear strength
in soft clay™. Furthermore, Liu et al. " proposed
the utilization of machine learning in landslide re-
search using a methodological approach that fuses
mathematical and physical aspects to scrutinize land-
slide susceptibility.

This study aims to analyze the uplift resistance
of the soil overlying special-shaped shield tunnels in
practical engineering. We consider various instances
of special-shaped shield tunnels and introduce a value
modulus model encompassing multiple parameter
variables. By integrating machine learning tech-
niques and utilizing the outcomes of numerical simula-
tions, we analyze the key variables that influence the
uplift resistance of the soil above these unique shield

tunnels.

2 Basic theory

2.1 Analysis of the floating mechanism
The factors contributing to shield tunnel uplift
can be classified into three categories according to dif-

ferent stages™.

The first category emerges during
the excavation stage, when the soil undergoes un-
loading because the overall weight of the tunnel lin-
ing 1s lower than that of the excavated soil block.
Consequently, a slight uplift occurs in the shield tun-
nel due to ground stress (as depicted in Fig. 1(a)).
As in-situ stress redistributes, the tunnel structure
gradually stabilizes. Commonly, soil reinforcement
and sequential excavation methods are employed dur-
ing this phase to offer support to shield tunnels, with
the objective of minimizing ground movement and up-
lift effects.

The other two factors leading to tunnel buoyan-

cy are grouting pressure and groundwater buoyancy,

Ground pressure

(a) Excavation stage

Uplift resistance Uplift resistance

[ N Y R [ N N
\ ] \ ]

Grouting pressure

(b) Grouting stage

(¢) Operation stage

Note: I, is the buoyancy caused by soil excavation; G, is the weight of
tunnel lining; F is the additional support force; F,, is the buoyancy
provided by grouting slurry; F, is the buoyancy exerted by groundwater;

/ is the friction between tunnel lining and surrounding soil.
Fig.1 Schematic diagram of the forces during the

floating stage of the shield tunnel

encountered during the grouting stage and operational
stage, respectively (as illustrated in Fig. 1(b) & (c)).
Mitigating tunnel buoyancy during these stages in-
volves designing the thickness of the soil covering the

tunnel™®”

. The basic concept is that the overlying soil
provides uplift resistance, counterbalancing buoyan-
cy and surpassing the tunnel lining’s self-weight and
the friction between the tunnel and the surrounding
soil. With increasing tunnel depth, the uplift resis-
tance capacity provided by the overlying soil also in-
creases, thereby enhancing the anti-buoyancy stabili-
ty of the shield tunnel.
2.2 Research on uplift resistance

The uplift resistance of overlying soil on under-
ground structures results from the combined effect of
structure weight and shear force between the dis-
turbed soil and its surroundings. Numerous scholars
have investigated the uplift resistance magnitude for
circular underground structures (as shown in Table
1), yet diverse calculation methods are employed due
to variations in selected sliding surfaces and assumed
conditions. Notably, research has been primarily
confined to circular structures, neglecting the impact

of special-shaped geometries on uplift resistance.
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Table 1 Predictive-analytical models
Reference Soil type Reference Soil type Reference Soil type
Vermeer and Sutjiadi. 1985°! CL Schaminée et al. 19901 CL,C Palmer et al. 20035 CL
White et al. 20011 CL White et al. 20081%") CL Magda et al. 20001 CL
Liu et al. 2015%! CL Ng et al. 20061 CL Gong et al. 20182 C
Guo etal. 2021 CL,C Guo etal. 20187 CL,C Sun et al. 20235 CL

Notes: CL denotes cohesionless soil; C denotes cohesive soil.

3 Application of special-shaped shield

tunnels

Shield tunnels can be categorized into four
main types based on their cross-sectional shape: circu-

[17-18]

lar , quasi-rectangular shield ™", sub-rectangu-

[3-6] 11-14

lar ¥, and rectangular """, The present study aims
to investigate the uplift resistance of the overlying
soil in these four types of shield tunnels. This section
is an introduction to these shield tunnel types, their
distinctive characteristics, significance in under-
ground construction and transportation infrastruc-
ture, and their implications for geotechnical engineer-
ing.
3.1 The circular shield tunnel

The circular shield tunnel stands as one of the
most traditional and widely used cross-sectional
shapes in tunneling projects. Its shape provides excel-
lent structural stability, rendering it suitable for a
wide range of ground conditions. Notably, circular
tunnels are particularly favored in soft ground and co-
hesive soils due to their uniform stress distribution
and relatively straightforward excavation process.
Moreover, the circular cross-section effectively mini-
mizes the risk of ground settlement and ensures ro-
bust load-bearing capabilities. Circular shield tunnels
find diverse engineering applications, evidenced by
numerous significant projects. For instance, a circu-
lar shield tunnel with an outer diameter of 6 m was
utilized between Chaoyang Station and Zaoying Sta-
tion of Beijing Subway No. 14. Additionally, Hefei
Metro Line 3 employed circular shield tunnels for the
section stretching from Qimen Road Station to Grand
Theater Station".
3.2 The quasi-rectangular shield tunnel

The quasi-rectangular shield tunnel presents a
hybrid cross-sectional shape that combines features of

circular and rectangular designs. Noteworthy for its

rounded corners, which emulate a modified rectangu-

lar profile, this configuration aspires to strike a bal-
ance between the advantages offered by circular and
rectangular tunnels. As a result, it delivers enhanced
space utilization and elevated load-bearing capacity,
rendering it a fitting choice for diverse engineering en-
deavors. The quasi-rectangular shield tunnel finds ap-
plication in various scenarios, including its utilization
in the soft clay context of Ningbo Metro Line 377,

Moreover, Ding et al. "

conducted experimental in-
vestigations into the structural attributes of quasi-rect-
angular shield tunnels, while Li et al. ¥ employed nu-
merical simulations to analyze their behavior.
3.3 The sub-rectangular shield tunnel

The sub-rectangular shield tunnel refers to a
cross-sectional shape with elongated sides and round-
ed corners, resembling a horizontally stretched rect-
angle. This configuration is often utilized in tunnel
projects where the available space allows for a broad-
er and shallower profile. The sub-rectangular design
provides increased flexibility for accommodating larg-
er transportation infrastructure, such as subway lines
or utility corridors. In the Shanghai area, the con-
struction of sub-rectangular shield tunnels has been
explored in several studies, including those conduct-
ed by Zhu et al. ¥/, Pham et al. *, and Do et al. "“.
Additionally, Huang et al. ™ conducted a full-scale
experimental research on a newly designed sub-rect-
angular shield tunnel.
3.4 The rectangular shield tunnel

The rectangular shield tunnel features a straight
and elongated cross-sectional shape, offering maxi-
mum usable space compared to other designs. Its
configuration makes it well-suited for accommodating
large-scale transportation infrastructure and utility
systems, providing ample room for tracks, road-
ways, or various services. Noteworthy examples of
the engineering applications of rectangular shield tun-
nels include the Kyoto Subway Tozai Line in Japan
from October 1, 1999 to October 31, 2003 ", the
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rectangular pipe gallery tunnel near the intersection
of Chengbeidong Road and Qimen Interchange in Su-
zhou, China', and the rectangular tunnel under
Hongzhuan Road by the China Railway Engineering
Group in 2003,

4 Numerical finite element analysis

In light of the limited existing research concern-
ing the uplift resistance of overlying soil in special-
shaped shield tunnels, this section seeks to address
this knowledge gap by utilizing the Plaxis3D finite el-
ement numerical simulation software.

4.1 Research project
4.1.1 Shape coefficient of special-shaped shield tunnel

To analyze the effect of tunnel shape on uplift
resistance, we propose a shape coefficient for special-
shaped shield tunnels. As depicted in the figure
below, a circle is inscribed with the longest axis in
the tunnel section as the diameter (2R.), and the
center of the tunnel serves as the origin. The special-
shaped tunnel’s shape coefficient is defined as the
ratio of the enclosed area of the tunnel section (A,),
as illustrated by Eq. (1) and depicted in Fig. 2. A
value close to 1 indicates a more circular tunnel
section, whereas values deviating further from 1

signify a departure from circular geometry.

A
=" (1)
7 7R’

Tunnel lining

Note: L, is the longest horizontal length of the cross-section of the
shield tunnel; L, is the longest vertical length of the cross-section of

the shield tunnel.
Fig.2 Schematic diagram of the definition of shape

coefficient for special-shaped shield tunnels

4.1.2

tunnel

Selection of shape for special-shaped shield

The strategy for defining tunnel shapes in this

study is based on the research conducted by Do et

al. . The geometric configurations of the four
tunnel types share certain similarities. Specifically,
when the lengths of the two symmetrical axes of the
quasi-rectangular tunnel and the sub-rectangular
tunnel are equal, these shapes lie between a circle
and a rectangle. Consequently, the shapes of the
circular, quasi-rectangular, sub-rectangular, and
rectangular shield tunnels exhibit a gradual transition
from a circle to a rectangle.

To establish the tunnel shapes, the initial dimen-
sions of the tunnel in Zhu et al. ! (2019)” s research
are utilized. They consist of a long and a short axes
measuring 10. 7 m X 8.2 m, respectively. The con-
ditions for tunnel shape variation are achieved by
shortening the length of the long axis while keeping
constant the short axis. Furthermore, due to the
unique geometry of circular tunnels, the method of
equal difference variation is employed to modify tun-
nel diameter. Fig. 3 displays shield tunnels of vary-
ing shapes along with their respective geometric pa-
rameters utilized in this study.

4.1.3

search scheme

Numerical simulation verification and re-

The numerical simulation method is a common-
ly employed research technique in geotechnical engi-
neering to analyze the influential parameters affecting
the uplift resistance of the overlying soil above tun-
nels. The numerical simulation model undergoes ini-
tial validation against previous research’ s measure-
ment data on uplift resistance. Based on the datasets
from various references, Fig. 4 shows the shape co-
efficient of irregular shield tunnels along the x-axis,
while the y-axis represents the normalized uplift resis-
tance.

The soil parameters chosen to investigate the in-
fluence of uplift resistance on the overlying soil of
special-shaped shield tunnels are derived from prior

23]

research. Liu et al. ® and Sun et al. " have pro-
posed that uplift resistance demonstrates both nonlin-
ear and linear growth trends concerning the increase
in soil weight and internal friction angle, respective-
ly. Furthermore, Guo et al. """ (2018)’s findings sug-
gest that the presence of cohesive force positively im-
pacts uplift resistance. As discussed in the preceding
section, the dimensions and shape of the tunnel may

also influence the uplift force. Hence, three tunnel
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(a) circular shield tunnel
9450 unit: mm 10700 unit: mm
7=0.889
(b) sub-rectangular shield tunnel
8200 unit: mm 9450 unit: mm
7=0.793 7=0.718
(¢) quasi-rectangular shield tunnel
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(d) rectangular shield tunnel
Fig.3 Shapes for special-shaped shield tunnels
20 . . .
A & geometric parameters, namely burial depth ratio,
A A
e A % i shape coefficient, and longest horizontal length, are
=0 4t g TR o .
! A g9 ® selected for further examination, as shown in Table 2.
> A 2 ©
S o 4.2 Numerical modeling
Ansarietal. 2018)  ASunctal.(2023) O Dickin etal. (1994)
04 A b et AL, (1965) O Zhg sl QO01) & Lo G013 The numerical simulation comprises soil layer
0 P E——- S and tunnel structures. The Mohr-Coulomb model is

Shape coefficient 7 . . . .
employed to simulate soil behavior, with correspond-
Fig. 4 Measurement data of normalized

. . ing soil parameters input (as shown in Table 2). A
uplift resistance

linear elastic model is used to simulate the tunnel lin-

Table 2 Modeling parameters

Soil parameters Tunnel parameters
Internal friction  Soil submerged bulk Burial depth o Longest horizontal
Cohesion ¢/kPa o 5 ) Shape coefficient 7
angle ¢/(°) density y! /(kN/m?”) ratio H, /L, length L,/m
0.50, 1.00, 1.000, 0.941, 0.889, 0.821, 0.793,
0, 10, 20 10, 20, 30 6,8, 10 8.20, 9.45, 10. 70

1.50 0.718, 0.646, 0.636, 0.630, 0.614




%14 TSR 4 kTR AL S

5 3] 6 5 S M A A A M AR BT 7

ing. The model’s bottom is fixed with constraints,
the surroundings are subjected to normal constraints,
and the top is set with {ree constraints. To mitigate
boundary effects, the model size shown in Fig. 5 is

employed for modeling.

8> 501, a2y 4o, 501, ]

> sor, <

8> <€
A A A A A

(a) Circular

R S S

8> v S0L, | O

i s Ak 2 B <18
A A A A A

(b) Quasi-rectangular

8> LIl s = S B R e

g St S0 : <8

8> : ) SR ]
A A A A A

(¢c) Sub-rectangular

8> P s R ) U P S

g 50L, y el <8

8> : e, <8
A A A A A

(d) Rectangular

Fig. 5 Numerical model mesh

The tunnel model is established using the tunnel
generator function in Plaxis3D, and a tunnel lining
structure is generated by importing CAD-drawn
geometric shapes of a special-shaped shield tunnel.

The simulation and calculation procedure em-
ployed to assess the uplift resistance of soil above a
special-shaped shield tunnel is outlined as follows:

(1) Initial alignment of the soil layer and tunnel
geometry with the designated design plan.

(2) Establishment of geostress balance, denoted
as K, balance, as the preliminary step.

(3) Simulation of the soil excavation process and
activation of the tunnel within the model.

(4)Application of controlled upward vertical dis-

placement to the tunnel model, with continuous
recording of the relationship between the uplift resis-
tance of the overlying soil and the displacement.
Notably, as illustrated in Fig. 6, a point is reached
where the uplift resistance starts diminishing with the
progressive increase in vertical displacement. This

critical point is where the uplift resistance provided

by the overlying soil reaches its maximum """
1.80
L0 === == = — = el
R R T R e
T 1201 =
N T 7T e >
:\—f 1.00
= 080
™~
& 0.60 -8 H/L,=15
0.40 | - H/L,=1.0
020 - H,/L,=05
0 50 100 150 200 250 300 350 400

Vertical displacement/mm

Fig. 6 Uplift resistance changes with vertical displacement
(»=1.0, y.=6kN/m’, ¢ =10°, ¢ = 10 kPa)

4.3 Results and analyses

Fig. 7 shows a comparison between the normal-
ized uplift resistance of the tunnel overlying soil as de-
termined through numerical simulation and the corre-
sponding monitoring data extracted from prior stud-
ies. With a coefficient of determination (R”) of
0. 817 7 for both datasets, the results underscore the
accuracy of the numerical model proposed in this re-
search to anticipate the uplift resistance of tunnels.
Based on the numerical model, simulate the condi-
tions in Table 2.

25 ¢
=237 R=8177 @
=
~ 2.1 F o )
~, L
19 . B ®
= 17} o o6
= o,
% 15 | o .
3 e
.E 13 - o o_.,.". .
- - L]
ERRNE AL
g »®
209t o®
Torl «°W
= on ®
05 ° . L ,
05 1.0 15 20 25

Num;arical results [F,/(y;LhL;Hh)J
Fig.7 Comparison between the model-predicted values

and centrifuge results

This section presents an analysis of the impact
of six parameters—shape coefficient, burial depth ra-
tio, tunnel’s longest horizontal length, internal fric-
tion angle, cohesion, and soil submerged bulk densi-
ty—on uplift resistance magnitude using partial nu-
merical simulation results. Fig. 8 shows that, apart
from the tunnel shape coefficient, which reduces up-
lift resistance, all other parameters exhibit a positive

correlation with uplift resistance. A more circular
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tunnel shape (with a shape coefficient closer to 1) re-
sults in lower uplift resistance from the soil covering

the tunnel. Additionally, increasing the tunnel’s lon-

17 1.6

16 }\A\A\a 16
15F

%:1.4— A\A_\*A\a

~

1.1} A H/L=1.0 L1 A =8 kN/m®
A H/1,=0.5 -4 ;=6 kN/m’

1.0 L 1 L L L L )

=
<
L <13}
= 13 =
= =<
= 12F A H/L=15 =~ 12r o3
[SapB W= A 7:=10 kN/m’

gest horizontal length leads to higher uplift resistance

of the overlying soil (as shown in Fig. 8(e)).
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Fig.8 Variation of normalized uplift resistance with parameters

In the scope of tunnel shape coefficients ex-
plored within this study, subtle variations are ob-
served in the impact of burial depth ratio, soil sub-
merged bulk density, internal friction angle, and co-
hesion on uplift force. Specifically, increasing the
burial depth ratio of the soil from 0.5 to 1.0 and 1. 5
yields uplift resistance increments ranging from 1.12
to 1.22 and 1.24 to 1. 39, respectively. Similarly,
raising the submerged bulk density of the soil from 6
to 8 and 10 corresponds to uplift resistance increases
within the range of 1. 04 to 1.06 and 1. 11 to 1. 13,
respectively. Additionally, notable changes in uplift
resistance occur as the internal {riction angle increas-
es from 10° to 20° and 30°, resulting in increments of
1.08 to 1. 10 and 1. 14 to 1. 16, respectively. Nota-
bly, variations in cohesion, ranging from 10 to O and
subsequently increasing to 20, induce changes in up-
lift resistance within the range of 0.80 to 0. 85 and
1.15 to 1. 16, respectively. These findings provide
critical insights into the complex interplay between
the examined parameters and the resulting uplift resis-

tance.

5 Prediction models for uplift resis-

tance

In this research, machine learning methods, spe-

cifically XGBoost and Artificial Neural Networks
(ANN), were employed to construct robust predic-
tive models to forecast uplift resistance based on the
provided input parameters. Moreover, the feature
importance of each parameter will be examined using
these models to understand their relative contribu-
tions to the tunnel uplift resistance.

5.1 Dataset

The six parameters along with their correspond-
ing value ranges, as presented in Table 2, are uti-
lized in this study for predicting uplift resistance and
conducting a thorough analysis of parameter impor-
tance. With these parameters and their respective val-
ue ranges, numerical simulation results are obtained
through comprehensive simulations. The uplift resis-
tance values derived from these simulations serve as
the dependent variable for the prediction models.

Fig. 9 displays the correlation heat map of the
feature variables, generated from the numerical simu-
lation scheme. This visualization succinctly repre-
sents the interrelationships among these variables.
The numerical values in the correlation heat map indi-
cate the degree and trend of correlation between pairs
of feature variables. Values closer to —1 or 1 indi-
cate a robust correlation, whereas those close to 0

suggest a weak or negligible correlation. Notably,
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the variables in this study exhibit minimal correla-
tion. Therefore, machine learning methods appear
more suitable to evaluate the impact of these vari-

ables on uplift resistance.

1.0

n —0.19  2.6e-16 ~1.7e-15 13e-16 —48¢-16
0.8

L, 21e-16 4.le-16 —22e-16 6.6e-17
[ 0.6

Hy/L, 26e-16 2.1e-16 2.1e-16 —4.8e-17 4.6e-17
0.4

y. =17e-15-41e-16 2.1e-16 —34e-17 3e-18
0.2

@ 13e-16 ~2.2e-16 -4.8e-17-34e-17

0.0

c —4.8¢-16 6.6e-17 4.6e-17 3e-18 79e-18
n L, H/L, . 0 c
Fig.9 Correlation coefficient matrix heatmap of the

feature variables and the label

5.2 XGboost
The XGBoost algorithm is a prominent member
of the Boosting class in Ensemble learning algo-

rithmsP™.

Its approach involves integrating multiple
base models, including classification and regression
decision trees, as well as linear models, to form a
powerful predictive model capable of addressing clas-
sification and regression problems. Its underlying
principle relies on generating multiple iterations,
with each iteration producing a weak classifier. The
algorithm then trains on the residuals of the previous
round of classifiers to improve the accuracy of subse-
quent rounds of classifiers. The predictions of all
weak classifiers are weighted and combined to yield

the result. The prediction process of the XGBoost al-

gorithm for the i-th sample is depicted in Fig. 10.
i .4 ! ¥

Fig. 10 Structure of XGBoost

In the figure, Xf,(I,) represents the predicted
value, and f;(I;) denotes the prediction result of the
k-th tree for the i-th sample. The process unfolds as
follows: for the i-th sample, the predicted value of

the first tree is f,(I;), and the predicted value of the

second tree is f,(I;). Subsequently, the predicted
values of the total number of K trees are summed
together to obtain the final predicted value of the
model for the i-th sample.
5.3 ANN

Artificial neural network (ANN) is an informa-
tion processing technology inspired by the human ner-
vous system, employing interconnected neurons for

computations™,

Through various algorithms, the
connection weights and biases between neurons are
adjusted based on input data, enabling the network to
adapt its structure and predict output. The learning
process in ANNSs involves training the network on la-
beled data (supervised learning) or unlabeled data (un-
supervised or semi-supervised learning). During
training, the network adjusts its connection weights
and biases iteratively to minimize the error between
the predicted outputs and the true labels (in super-
vised learning) or to find meaningful patterns in the
data (in unsupervised learning). Through backpropa-
gation, the network updates the weights and biases
based on the gradient of the cost function with re-
spect to the model’s parameters. This optimization
process aims to improve the model’s performance to
generalize new data.

Fig. 11 illustrates this concept, where I, denotes
input layer neurons, J; and K, represent different
hidden layer neurons, and L, indicates output layer
neurons. The connection between input and output
involves nonlinear relationships. In the diagram, w,
signifies the weight between the i-th neuron in the
input layer and the j-th neuron in the hidden layer,
w, represents the weight between the j-th neuron in
the first hidden layer and the 4-th neuron in the
second hidden layer, and w, denotes the weight
between the k-th neuron in the second hidden layer

and the /-th neuron in the output layer. F, represents

the transfer function of the hidden layer neuron,

4 4 ‘ }

Inputlayer @9  §&) e

Fig. 11 Structure of artificial neural network
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while 0, denotes the bias of hidden layer neurons.
5.4 Modeling results

The predictive performance of two machine
learning methods, XGBoost and Artificial Neural
Networks (ANN), is evaluated based on three indica-
tors: Root Mean Squared Error (RMSE), Coefficient
of Determination (R*) and Mean Absolute Percentage
Error (MAPE). The evaluation is performed in the
context of predicting uplift resistance. Table 3 pres-
ents the RMSE, R?, and MAPE values for the test
and training sets using both XGBoost and ANN.
The results indicate that XGBoost outperformed
ANN in terms of predictive accuracy. For the test
set, XGBoost achieves an RMSE of 0.019 and a
MAPE of 0.008, while ANN yields slightly higher
values of 0. 041 and 0.011, respectively. Similarly,
for the training set, XGBoost demonstrates superior
performance with an RMSE of 0.010 and a MAPE
of 0.004, compared to ANN’s values of 0. 027 and
0. 008, respectively. Furthermore, the R* values are
calculated to assess the goodness of fit of the models
(as shown in Fig. 12). XGBoost achieves impressive
R? values of 0.998 and 0.995 for the training and
testing sets, respectively, indicating a high degree of
correlation between the predicted and actual uplift re-

sistance.

Table 3 Performance indices for the XGBoost and ANN

models

RMSE R* MAPE

Methods

Testing Training Testing Training Testing Training
XGBoost  0.019  0.010 0.997 0.998 0.008  0.004
ANN 0.041  0.027 0.984 0.995 0.011 0.008

The results highlight the favorable predictive ca-
pabilities of XGBoost in accurately forecasting uplift
forces in shield tunnels when compared to ANN.
This advantage can be attributed to XGBoost’s effi-
cient handling of nonlinear relationships between fea-
tures and target variables through its decision tree-
based approach. While ANN is also capable of cap-
turing nonlinear patterns, it often requires a larger
number of hidden layers and neurons, making it more
susceptible to overfitting and challenging to fine-
tune. Moreover, XGBoost provides more interpreta-
ble results as it constructs decision trees that can be
easily visualized and comprehended. In contrast, the
complex architecture of ANN, with multiple hidden

layers, renders its learned features and decision-mak-

=275k R?=0.998
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(a) Comparison of the FEM results and the
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(c) Comparison of the FEM results and the
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Fig. 12 Comparison of XGBoost and ANN

prediction performance

ing process harder to interpret. It is essential to ac-
knowledge that the performance of XGBoost and
ANN can vary depending on data characteristics,
problem complexity, dataset size, and the expertise
of the modeler in hyperparameter tuning for each al-
gorithm. As aresult, a prudent approach involves ex-

ploring both XGBoost and ANN for a specific prob-
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lem.

Due to its superior predictive performance,
XGBoost is used for parameter importance analysis.
As illustrated in Fig. 13, all six parameters exhibit
certain impacts on the uplift resistance, with their
importance in decreasing order as follows: burial
(39.67%),
(23.91%), maximum horizontal length of the tunnel
(12.86%), (11.50%),
coefficient (6. 57% ), and soil submerged bulk density
(5. 49%).

depth ratio internal  friction angle

cohesion tunnel  shape

39.67

Hy/Ly,

0 10 20 30 40 50
Feature importance/%

Fig. 13 Feature importance of XGBoost

The burial depth ratio of the tunnel emerges as
the most influential factor affecting tunnel anti-float-
ing stability. Under identical geological conditions,
an increase in the burial depth ratio implies a corre-
sponding increase in the uplift resistance provided by
the overlying soil due to the weight of the soil being a
significant component of the uplift resistance. This
observation confirms the feasibility of enhancing the
anti-floating stability of shield tunnels through the
manipulation of tunnel burial depth. The mechanism
by which the longest horizontal length and burial
depth ratio of a tunnel influence uplift resistance is
similar. Both tunnel burial depth and horizontal
length affect the range of soil overlying the tunnel
that can contribute to uplift resistance. As the hori-
zontal length of the tunnel cross-section increases,
the range of soil capable of providing uplift resistance
also increases, resulting in greater uplift resistance.
Nevertheless, it is essential to consider that an in-
crease in tunnel cross-section also amplifies the up-
ward buoyancy acting on the tunnel. Moreover, the
shape coefficient of the tunnel also has an impact on
the uplift force. Therefore, the design of tunnel di-
mensions should strike a balance, considering the im-
pact of tunnel geometry on tunnel stability.

The internal friction angle of the soil, represent-

ing the ratio of frictional force between soil particles
and the perpendicular pressure at their contact sur-
face. plays a key role in soil mechanics; it significant-
ly influences the soil’s stability and bearing capacity.
As external forces act upon the soil, the inter-particle
friction provides resistance, thus sustaining soil sta-
bility. Consequently, a soil layer characterized by a
higher internal friction angle contributes to a more
substantial uplift resistance from the overlying soil,
leading to heightened tunnel stability. Cohesion sub-
stantially impacts the shear strength and compressive
performance of the soil. During the upward move-
ment of a shield tunnel, cohesion plays a vital role be-
tween the overlying and the surrounding soils, form-
ing one of the integral components of uplift resis-
tance. Moreover, the increase in soil submerged
bulk density leads to an increase in pressure exerted

by the overlying soil on the tunnel.

6 Conclusion

This study employs two approaches involving
numerical simulation and machine learning tech-
niques to investigate the uplift resistance of soil
above special-shaped shield tunnels. The findings of-
fer valuable insights into the relative significance of
these parameters, thereby guiding tunnel design and
construction methodologies. The outcomes of this
study can be summarized as follows:

(1) The study examines the uplift behavior of
shield tunnels during excavation, grouting, and oper-
ational stages. It further provides a summarized cate-
gorization of existing special-shaped shield tunnels in-
to four primary forms: circular, sub-rectangular, qua-
si-rectangular, and rectangular.

(2) A novel shape coefficient is introduced to
quantify special-shaped shield tunnels. By integrating
numerical simulation methods, the impact of this co-
efficient and five additional parameters (burial depth
ratio, longest horizontal length, internal friction an-
gle, cohesion, and soil submerged bulk density) on
uplift resistance is systematically analyzed. The find-
ings indicate that tunnel shapes closer to circular ex-
hibit lower uplift resistance in the overlying soil,
while uplift resistance increases with higher values of
the remaining five parameters.

(3) Numerical simulations using XGBoost and



12 AR5 xR FROPE ) % 48 %
ANN were performed to assess the influence of vari- and Underground Space Technology, 2019, 83:

ous

variables on uplift resistance. The results show

that XGBoost outperformed ANN in predicting uplift

resistance. The parameters’ significance is ranked in

decreasing order as follows: buried depth ratio, inter-

nal friction angle, tunnel longest horizontal length,

cohesion, soil submerged bulk density, and shape co-

efficient.
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