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Abstract. In order to study the influence of multiple karst cave factors on surface settlement during tunnel boring machine (referred to TBM
hereinafter) tunnelling, a three-dimensional numerical model is built by taking a subway project as an example and combining it with MIDAS GTS
NX finite element software. Secondly, the influence of the radius, height, angle, vertical net distance and horizontal distance of the karst cave on
maximum surface settlement is studied and sorted under the two working conditions of treatment and lack of treatment using the gray correlation
analysis method. Additionally, a multi-factor numerical model of the untreated karst cave is established. Finally, based on the preceding research,
a multi-factor prediction model for maximum surface settlement is proposed and tested. The results reveal that when the karst cave is not treated,
the radius and height of the karst cave have a significant effect on maximum surface settlement. Following cave treatment however, the influence
of the cave parameters on maximum settlement of the surface is greatly reduced. The calculating model created in this study offers excellent

prediction accuracy and good adaptability.
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1. INTRODUCTION

In recent years, TBM tunnelling has been widely used in under-
ground engineering due to its safety and efficiency, low influence
on the surrounding environment and high automation. However,
in the process of construction, numerous challenging geological
conditions are regularly encountered, and karst is one of them
that has a tremendous impact on the projects in question [1].
The study by Guo Chunging et al. [2] shows that, according
to the distribution area of strata containing soluble rocks, the
area of the karst region in China exceeds 3.444 million km?,
which is 1/3 of the country’s geographical area. In Wuhan, for
example, there are karst distributions along almost the whole
line of some rail transit routes. The impact of karst on tunnels
is mainly manifested in the deformation and destabilization of
the tunnel periphery, which often leads to local collapse, falling
blocks, falling rocks, shield headers, etc. during tunnel excava-
tion, and in turn greatly affects the progress of construction and
safety of the machinery, even jeopardizing the personal safety
of the construction personnel [3—8]. Therefore, for tunnel con-
struction in the karst development area, it is of considerable
theoretical and practical value to analyze the influence of caves
on its construction.

During construction of a shield tunnel, different types of caves
will produce varying degrees of impact on the construction
and need to be analyzed and treated with different methods. At
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present, the most generally utilized research method is numeri-
cal simulation. Tan Daiming et al. [9] used FLAC3D software
to simulate and calculate the influence of lateral voids on the
stability of surrounding rocks in karst tunnels. Based on MIDAS
GTS software, Yi Jiemin [10] researched the influence law of
different locations and sizes of caves on the stability of tun-
nels and the internal force in tunnel lining. Based on FLAC3D
software, Mo Yangchun et al. [11] conducted a numerical simu-
lation of the deformation characteristics of the surrounding rock
containing caverns in the side of the tunnel, and analyzed the
influence of different distances and sizes of caverns on the de-
formation of the rock. By using the MIDAS GTS program, Liu
Daoyan et al. [12] conducted a study on the impact of various
factors, including the location, radius, filling status and spacing
of cavern tunnels during the excavation of the Kunming Railway
No. 4 line. Fang Z.D. et al. [13] used Solid Works modelling
software to build the shield machine model, then constructed
a discrete element model of the karst stratum by calibrating
the discrete element EDEM fine view parameters. Simulation
of the shield tunnelling process under varied karst cave filling
strengths was realized. The influence of the ratio of the karst
cave filling strength to the strength of the surrounding rock on
the stability of the surrounding rock was explored.

As can be seen above, numerous academics have carried out
extensive research on tunnel construction in karst areas based
on diverse engineering projects, and they have achieved plen-
tiful research results. However, due to the complexity of karst
geology, there are still many difficulties that demand in-depth
examination, such as the regional features of karst geology, the
influence of shield tunnelling in karst geology on the environ-
ment, and so on. This paper takes a karst section of the Wuhan
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subway project as an example, combining the MIDAS GTS soft-
ware and mathematical physics method, to study the influence
of the cavern parameters on maximum ground settlement and to
put forward the prediction model of ground settlement during
TBM tunnelling, in order to provide references for the theo-
retical research, design and construction of shield tunnels in
subsequent karst development areas.

2. PROJECT OVERVIEW

The subway project in Wuhan is located in the southern part
of the city, with a total length of 16.9 km, all of which are
underground tunnels with 7 stations along the line. The depth of
the tunnel crown is about 5 m at the shallowest point and 30 m at
the deepest point, which is mainly constructed by means of TBM
tunnelling, and partially constructed by the open cut or mining
method. The selected segment is 162 m long (CK40+619.25-
CK40+781.25) and forms part of the Jiang Tan project. The
cross-section is circular, with a diameter of 6.2 m, the tunnel
lining thickness of 0.35 m and a ring width of 1.5 m, with
C50 reinforced concrete segmental lining. The depth of the
tunnel crown is 16.99-25.40 m. The investigation data suggest
that the caverns are the main dissolution phenomenon in this
area, and most of them are located underneath the tunnel with
varying depths. Most of the cavern accumulations are clayey
soil of various colors or clayey soil mixed with gravel, and a
few caves feature medium-dense grayish-yellow gravelly soil or
gravelly soil. The majority of caves remain in a state of limited
or absence of water, accordingly, the influence of karst water
on shield tunnel construction at this location is comparatively
negligible.

According to the investigation report, the strata traversed by
the construction area are generally binary strata, principally di-
vided into miscellaneous fill, plain fill and planting soil, with
layer thickness of 0.30—6.40 m. The upper section is hard-plastic
clay with gravel and hard plastic red clay, with top plate burial
depth of 0.50-12.50 m. The upper section is hard-plastic ancient
clay, with layer thickness of 1.40-17.60 m, and the depth of the
top plate is 0.50-12.50 m. The lower half is clay with gravel
and hard-plastic red clay, with layer thickness of 0.70-4.25 m.
The bottom section is bedrock, containing Cretaceous-Lower
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Tertiary (K-E) chalky mudstone, Triassic tuff, and Permian tuff.
Among them, the main physical and mechanical property pa-
rameters of each soil layer and bedrock in the research section
are shown in Table 1. The report shows that the red clay is pre-
dominantly hard-plastic, and the local soil-rock bond surface is
soft-plastic at the low concave area due to waterlogging, and
the physical parameters are the same with the hard-plastic red
clay after the high-pressure rotary pile reinforcement treatment.
There is no adverse geological condition in this part after the
treatment of soft-plastic red clay.

3. BUILDING THE FINITE ELEMENT MODEL
3.1. Model verification

According to the research by Mo Yangchun et al. [11,14], it can
be seen that the karst cave has a large influence on the plastic
zone and displacement field of the rock and soil around the
tunnel. In order to reduce the influence of the model size and
boundary on numerical analysis results, the horizontal length of
the model is 3-5 times the excavation depth, and the vertical
length is 2—4 times the excavation depth. The length, width
and height of the model is thus 162 m X 62 m X 62 m. Among
these, normal constraints are applied to the bottom and side of
the model accordingly, and the top surface is the free surface.
Considering the average size of the cave in the selected part, the
model simplifies the cave as an elliptical cylinder and the tunnel
lining as aring. At the same time, in order to decrease the mistake
caused by too much mesh and the parameters, the model reduces
the actual construction process and boundary conditions: it is
assumed that a tunnel lining length (1.50 m) is excavated for each
working condition, and the tunnel lining is activated at the same
time. The first functioning condition corresponds to No. 1 tunnel
lining, and so on. The inner diameter of tunnel lining is 5.50 m,
the outer diameter is 6.20 m, and the thickness is 350.00 mm.
In addition, the following assumptions are made: 1) the rock
and soil layer is elastic-plastic material, which conforms to the
Mohr-Coulomb elastic-plastic yield criterion; 2) tunnel lining
and grouted body are elastic materials, which conform to the
linear elastic yield criterion; 3) rock soil layer, tunnel lining and
grouted body are homogeneous isotropic materials; 4) tunnel
lining adopts a three-dimensional ring with uniform stiffness.

Table 1
Main physical and mechanical property parameters of each soil layer and bedrock
Natural Cohesive In.ter.nal Poisson | Compression
. . friction .
Materials gravity force ancle ratio modulus
yINm7] | clkPal | ] 1 Es [MPa]
miscellaneous fill 19.6 5 19 0.20 5.0
plain fill 18.5 9 10 0.20 5.0
clay 19.5 40 16 0.35 16.4
soil-rock 20.2 42 18 0.35 19.0
red clay 21.5 37 18 0.30 25.0
limestone 25.6 40 24 0.35 46.0

Bull. Pol. Acad. Sci. Tech. Sci., vol. 72, no. 4, p. €150110, 2024



IS

www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Analysis of the influence of karst cave parameters on surface settlement in TBM tunnelling

The model tunnel lining is made of C50 concrete, and the
grouted body is cementing mortar with parameters referring to
C20 concrete. According to the construction plan, the cavern
treatment in the analyzed section uses the slurry filling method,
and the grouted body is regarded as the solid in the model for
simulation. The material parameters of tunnel lining and grouted
body are listed in Table 2.

Table 2
Material parameters of segment and grouting body

Materials Natural gravity | Poisson ratio | Elastic modulus
¥ [kN-m~3] u E [MPa]
duct piece 24.0 0.30 34500
grouted body 23.6 0.20 25500

In the finite element simulation process, the initial stress cal-
culation after grouting treatment of the cavern was carried out
first, and then the shield excavation simulation was carried out
to get the surface settlement cloud map. The results obtained
from the simulation were compared with the actual measured
data of the project. As the results in Fig. 1 show, the actual mon-
itoring values and model values have the same trend with little
difference, which proves it is feasible to use numerical simula-
tion methods for analysis of the effect of the cavern on surface
settlement.
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Fig. 1. Comparative map of surface subsidence

3.2. Model building

In practical engineering, due to the complicated geology of the
karst regions and many influencing elements, it is usually nec-
essary to analyze the common effect of multiple factors and
to determine the correlation of multiple factors. However, too
many design factors will substantially increase the number of
required test groups and the computations quantity of the com-
puter, thus this paper intercepts a portion containing a typical
cavern (CK40+685.25—-CK40+745.25) from the selected sec-
tion to construct a finite element model. The length, width and
height of the model are 60 m X 62 m X 62 m, and the cavern is
simplified into a cylinder while the number of caverns is setto 1,
and other parameters and assumptions are the same as above.
The selected typical section model is shown in Fig. 2a. Vertical
displacement constraints are applied to the bottom of the model,
horizontal displacement constraints are applied to the sides, and
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no constraint is applied to the top surface (Fig. 2b). In order to
genuinely replicate the actual construction process, the model
sets up the tunnel excavation to proceed gradually (Fig. 2c).
After calculation, maximum settlement of the ground surface
following tunnel excavation is obtained.

(a) Model grid

(b) Boundary constraint condition
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Fig. 2. Finite element calculation process

4. FINITE ELEMENT SIMULATION AND ANALYSIS

According to the research by Wang Xiangguo et al. [15-17],
the affecting factors of the cavern on the TBM tunnel include
predominantly the size of the cavern itself, the relative position
of the cavern and the tunnel and water pressure of the cavern.
The engineering research data prove that most of the caves in the
selected study region are in the state of no water or little water,
thus the influence of karst water can be neglected. Therefore,
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this study primarily investigates the influence of five parameters
— radius, height, vertical clearance between the karst cave and
tunnel, horizontal clearance, and the angle between the tunnel
axis and karst cave axis (referred to as “angle” hereinafter) —
on maximum surface settlement, considering both treated and
untreated karst conditions.

4.1. Gray correlation analysis

Gray system theory, a system science theory pioneered by Chi-
nese researcher Deng Julong [18], is a regularly utilized study
method for uncertain systems. Gray correlation analysis is one
of the important research components of gray system theory,
which can assess the correlation between factors by comparing
the geometric similarity between the reference and comparison
series. Even under the condition of limited data, it can effectively
determine the degree of correlation between various changing
factors and reference factors. The higher the correlation coeffi-
cient, the stronger the correlation, and vice versa.

4.1.1. Selection of test parameters

Although the number of sample size has no effect on the gray
correlation analysis, it is desirable to secure more thorough
data as much as it is feasible when designing the experiment.
In this study, the data selection method in the orthogonal test
was applied. The orthogonal experiment picks data according to
the orthogonal table obtained from combinatorial mathematical
theory, which is representative. A total of five parameters were
selected in this investigation, and the L25(5%) orthogonal table
was used for data selection. The numbers of factors and levels

in the orthogonal analysis are provided in Table 3, while the
data collected from the MIDAS GTS simulation are shown in
Table 4 and Fig. 3.

(a) Condition 1

(b) Condition 5

Fig. 3. Surface subsidence displacement cloud map

Table 3
Number of factors and levels
Materials Natural gravity | Poisson ratio | Elastic modulus
y [kKN-m ™3] % E [MPa]
duct piece 24.0 0.30 34500
grouted body 23.6 0.20 25500
Table 4
Finite element simulation results

.. X X X X X X. X
Conditions | ey | gy | m) | (m) | fm) | im) | [
1 449 | 448 | 1.0 20 | 2.0 2.0 0

2 449 | 448 | 1.0 40 | 3.0 40 | 15
3 450 | 447 | 1.0 6.0 | 4.0 6.0 | 30

4 451 | 447 | 1.0 8.0 | 5.0 8.0 | 45
5 454 | 447 | 1.0 | 100 | 6.0 | 10.0 | 60

6 451 | 448 | 20 20 | 3.0 6.0 | 45
7 454 | 447 | 20 40 | 40 8.0 | 60
8 460 | 446 | 20 6.0 | 5.0 | 10.0 0

9 4.67 | 447 | 20 8.0 | 6.0 20 | 15
10 462 | 445 | 20 | 100 | 2.0 40 | 30
11 459 | 448 | 3.0 20 | 40 | 10.0 | 15
12 4.68 | 447 | 3.0 40| 50 20 | 30
13 483 | 446 | 3.0 6.0 | 6.0 4.0 | 45
14 493 | 444 | 3.0 8.0 | 2.0 6.0 | 60
15 500 | 442 | 3.0 | 10.0 | 3.0 8.0 0
16 474 | 448 | 40 20 | 5.0 40 | 60
17 502 | 445 | 4.0 40| 6.0 6.0 0
18 567 | 443 | 4.0 6.0 | 2.0 80 | 15
19 6.00 | 440 | 4.0 80 | 3.0 | 10.0 | 30
20 6.47 | 444 | 40 | 10.0 | 4.0 20 | 45
21 593 | 447 | 5.0 20 | 6.0 8.0 | 30
22 691 | 446 | 5.0 40| 20 | 100 | 45
23 774 | 447 | 5.0 6.0 | 3.0 2.0 | 60
24 11.07 | 441 | 5.0 8.0 | 4.0 4.0 0
25 11.66 | 436 | 50 | 100 | 5.0 6.0 | 15

In the table, Xj is the maximum surface settlement prior to
cavern treatment; Xé is the maximum surface settlement follow-
ing cavern treatment; X is the cave radius; X» is cave height; X3
is the vertical clear distance between the cavern and the tunnel;
Xy is the horizontal clear distance between the cavern and the
tunnel; and X5 is the angle between the tunnel axis and karst
cave axis, the same as below.
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4.1.2. Calculation step

Gray correlation analysis starts with determining the reference
sequence and the comparison sequence. According to Table 3,
the five elements of the cave radius, cave height, vertical clear
distance, horizontal clear distance and angle are identified as the
comparison sequence, and maximum settlement of the ground
surface is the reference sequence.

1. Let the reference sequence be Xy

Xo ={Xo(1),X0(2),---, Xo(n)}. (1)
2. Let the comparison sequence be X;
Xl:{Xl(1)7Xl(2)’le(n)} (Z:LZS) (2)

3. Dimensionless processing of data.

The selected reference series represent various physical mean-
ings with considerable differences in magnitude and order of
magnitude, which cannot be directly calculated and examined,
thus the data need to be processed to eliminate the magnitude
and make them comparable. The data of this test are all greater
than 0 and the numbers are large, so they are handled using ho-
mogenization. The reference series and comparative series after
processing are as follows:

YOZ{YO(l)’YO(z)’"'9Y0(n)}’ (3)
In the formula: Y = X@) Y= Xl_(n) ,
Xo X;
— 1
Xo =~ [Xo(1)+Xo(2)+---+Xo (5], (5)
X = X)X 2) 4+ X)), ©
4. Calculate the gray correlation coefficient &; (k)
mjnmlcin|Y0(k)—Yl-(k)|+pmaxm]?x|Y0(k)—Y,~(k)|
&i(k)=— ’ 7

[¥o () =Y; () max max [Yo () =Y, ()

In the formula: i = 1,2,---,5; k =1,2,---,n; p is the resolution
coefficient, and p € [0, 1]. According to formula (7), it can be
inferred that &;(k) is mainly affected by the maximum value
when Yo (k) =Y; (k)| > |Yo(k) —Y;(k)|, and all the correlation
coeflicients are close to 1, which is not credible. On the contrary,
when |Yy(k) -Y; (k)| < |Yo(k) —Y;(k)|, the formula will lose
the regulation effect on &;(k), and &;(k) is only affected by
|Yo(k) —Y;(k)|, and it also does not have credibility. Therefore,
this paper believes that selecting a moderate value (p = 0.5) can
reduce the distortion effect caused by the maximum difference
at two extreme levels, and thus improve credibility of the gray
correlation coefficient.
5. Calculate the correlation R;

Ri:%Z&(k) (i=1,2,3,4,5). (8)
k=1
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4.1.3. Analysis of calculation results

Based on the above calculation steps, the two sets of data are
calculated using MATLAB. The data in Table 4 are homoge-
nized. Then the correlation between the radius, height, vertical
clearance between the cavern and the tunnel, lateral clearance,
and angle and maximum settlement of the ground surface are
computed according to equation (1), and equation (2) corre-
spondingly, and results are listed in Table 5.

Table 5
Gray correlation degree of each factor
Influencing
factor X X2 X3 X4 Xs
R; 0.7810 | 0.7243 | 0.7228 | 0.6960 | 0.6428
R; 0.6104 | 0.6106 | 0.6670 | 0.6106 | 0.5341

Table 5 shows that, in the case of untreated cave, the influence
of each factor on maximum surface settlement is ranked in
the order of magnitude: radius R; > cave height R, > vertical
clearance R3 > 0.7 > horizontal clearance R4 > angle Rs > 0.6,
which indicates that the influence of these factors on maximum
settlement of the surface is relatively significant. Meanwhile,
according to the detailed numerical study, the influence of the
radius of the cavern is substantially bigger than those of the
other factors. The influence of lateral clear distance and angle
between the cavern and the shield tunnel is smaller than those
of the other factors.

In the situation where the cave has been treated, the influ-
ence of each factor on maximum surface settlement is ranked
in the order of magnitude: 0.7 > vertical clear distance R’ >
cave heightR), = lateral clear distance R} > radius R| > 0.6 >
angle R;. It can be shown that after the treatment of the cavern,
the influence of each factor on maximum surface settlement is
greatly reduced as compared with the pre-treatment. According
to the finite element simulation results, the maximum surface
settlement value following cave treatment is in the interval of
[4.36; 4.48], and the settlement value decreases while the value
is more stable, which proves reliability of the gray correlation;
it shows that cave treatment is effective in reducing maximum
surface settlement, which is consistent with the conclusion of
the study by Xie Haixu et al. [19].

For the untreated caverns, maximum surface settlement X in
Table 4 is divided into five groups according to the radius, and
in order to reduce the influence generated by the large discrete
nature of some data, the five groups of data are averaged and
plotted on the graph according to the corresponding radius, and
the plotted image is roughly showing a significant quadratic
relationship, as presented in Fig. 4. Using Origin software for
fitting, the following fitting formula is obtained:

Xo = 0.16883X12+3.80939. )
The fitting degree of the obtained formula can be assessed using
the determination coefficient R2. R%, which ranges from O to 1,
is closer to 1 indicating a better fit. The determination coefficient
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R? =0.70091 shows that the correlation of the fitted formula is
more significant and the assumption is more reasonable. The
reason for the determination coefficient < 0.8 is evaluated as the
usage of an orthogonal table to pick parameters in the software
simulation, and multi-factor coupling influences the results. Ac-
cording to the distribution of data points and the fitted formula,
it can be seen that within the selected range of the study, the
positive correlation between maximum surface settlement and
the cavern radius is significant, i.e. the larger the cavern radius,
the larger the value of maximum surface settlement.

v Maximum surface

9] subsidence
O ~
£8°
a2 9 71
g 2
E S 6
.; 172} v
§ § 51 Y v

4_

1 2 3 4 5
Radius (m)
Fig. 4. Relationship between radius and maximum

surface subsidence

Similarly, by grouping maximum surface settlement Xy ac-
cording to the other four factors, averaging the values and plot-
ting the images, the relationship between maximum surface set-
tlement and the other four factors can be determined in Fig. 4
with the fitting formulas (10)—(13). The determination coeffi-
cient is provided after the formulas.

Xo=0.216X,+4.3324, R*=0.95173, (10)
Xo=-0.0162X3+5.6932, R? =0.00255, (11)
Xo=-0.0692X, +6.0436, R? =0.27840, (12)
Xo=-0.2246X5+6.0776, R? =0.56900. (13)
In Fig. 5d, to visualize the image, each unit of “1” in the

horizontal coordinate is defined to represent 15°. From Fig. 5a,
it can be observed that maximum surface settlement is positively
connected with the height of the cavern; this is also substantiated
by the relationship between maximum surface settlement and the
height when the radius is the same in Table 4. The determination
coeflicients of formulas (11)—(13) are relatively small, indicating
that maximum surface subsidence is primarily influenced by the
radius and height of the karst cave, while other factors have
minimal impact. The inability to control individual variables
using the orthogonal analysis method resulted in less apparent
regularity and poor fitting of some results. From the fitting
formulas and Fig. 5, it can be shown that the vertical clear
distance, horizontal clear distance and the angle of pinch are
negatively connected with maximum surface settlement, which
is consistent with the conclusions of the literature [20] study.
This shows that the patterns obtained from formulas (11)—(13)
are indeed correct.

In Table 4, the settlement values of untreated caves in the 24th
and 25th conditions are increased considerably as compared to

v Maximum surface

7.0 subsidence
o 051 v
Q E v
£ £6.01
73
E s::5.5‘ v
£ ;
2 £5.01
4.54
4.01— : . . —
2 4 6 8 10
Height (m)
(a) Height
v Maximum surface
7.0 subsidence
o 051
2 g v
T £6.01 v
2
£ 255 M
£ Y
S 25.04 v
s 3
4.5
4.0 . ; . . —
2 3 4 5
Vertical clear distance (m)
(b) Vertical clear distance
v Maximum surface
7.04 subsidence
v ~6.5
2 E
5 E v
7 5 6.0 v
E =
E 3557
> 8 v
s =3 v
= 750
4.5 . : . .
2 4 6 8 10
Horizontal clear clearance (m)
(c) Horizontal clear clearance
v Maximum surface
7.0 subsidence
8 ~6.5
Z 2604 v
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E 255 .
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< v
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4.5 \ . .
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(d) Angle between the tunnel axis and karst cave axis

Fig. 5. Relationship between the factors of the karst cave and
maximum surface subsidence
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the preceding ones. Two anomalous conditions are analyzed,
which are 5 m radius and 8 m height, and 5 m radius and 10 m
height caverns, respectively. The tunnel diameter of the model
established in this study is 6.2 m, and the heights of the two
caverns are more than the tunnel diameter; and when the radius
of the cavern is > 4 m, maximum surface settlement increases
significantly as compared with the radius of the smaller one,
from which it is inferred that when the height of the cavern is
larger than the diameter of the tunnel, and the cavern radius is
larger than the radius of the tunnel, the influence of the cavern
on maximum surface settlement will be enhanced significantly.
In the actual project, we should pay more attention to similar
situations and deal with them cautiously.

From Fig. 4 and Fig. 5a, it can be shown that the influence
of the relationship between the radius and height of the cavern
on maximum surface settlement coincides with the cylindrical
volume formula V = 7R>h. Combining them into the volume
of the cavern, the conclusion is obtained which is compatible
with that in the literature [20-22], i.e. the larger the cavern size
(volume), the larger the surface settlement.

Table 6
Maximum surface subsidence difference

Conditions 1 2 3 4 5
subsidence difference [mm] | 0.01 | 0.01 | 0.03 | 0.04 | 0.07

Conditions 6 7 8 9 10
subsidence difference [mm] | 0.03 | 0.07 | 0.14 | 0.20 | 0.17

Conditions 11 12 13 14 15
subsidence difference [mm] | 0.11 | 0.21 | 0.37 | 0.49 | 0.58

Conditions 16 17 18 19 20
subsidence difference [mm] | 0.26 | 0.57 | 1.24 | 1.60 | 2.03

Conditions 21 22 23 24 25
subsidence difference [mm] | 1.46 | 2.45 | 3.27 | 6.66 | 7.30

For the treated caves, the influence of each factor on maximum
surface settlement is determined in the preceding section to be
significantly reduced as compared with that before treatment,
and the correlation is roughly 0.6. Table 6 shows the difference
of maximum surface settlement before and after the treatment
of the cavern, and it is found that when the radius of the cavern
is > 4 m and the height of the cavern is > 6 m, the difference
increases significantly, indicating that the treatment of the cavern
with larger radius and height has a very obvious effect, and that
the cavern with a diameter and height larger than the diameter
of the tunnel needs to be properly handled in the actual project.

4.2,
4.2.1. Multi-factor modeling

Multi-factor coupled modeling and validation

In the correlation study in Section 4.1.3, it is concluded that
each factor of the untreated cavern has a relatively significant
effect on maximum settlement of the surface, and there is a
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certain coupling between them, so the influence of each factor
should be considered comprehensively in the establishment of
the multi-factor model of maximum settlement of the surface.

For the case of untreated caverns, it is concluded in Sec-
tion 4.1.3 that “the larger the size (volume) of the cavern, the
larger the surface settlement”, so the relationship between max-
imum surface settlement and the radius of the cavern is assumed
to be a quadratic relationship (monotonically increasing in the
domain of definition), and the relationship with height is as-
sumed to be a linear relationship. The influence of the coupling
relationship between the cavern radius and height on maximum
surface settlement can be assumed as formula (14):

Xo = (AX12+B) (CX,+D). (14)
In the formula: Xo—X, corresponds to Table 4, respectively,
while maximum settlement, radius and height of the surface,
A-D is the coefficient to be determined.

There is a negative correlation between the cavern and the
vertical clear distance, horizontal clear distance and angle of the
tunnel, but by the influence of multi-factor coupling, the degree
of correlation is weaker, and its correlation degree calculated
by the gray correlation analysis method is also smaller than the
radius and height; therefore, it is assumed that the relationship
between these three factors and maximum subsidence of the
ground surface is a linear relationship, to obtain the full-factor
model form assumed as formula (15):

Xo = (AXIZ +B) (CX,+ D) (EX3+F)

(GX4+H)(LXs+J)+K. (15)
In the formula: Xy—X5 corresponds to Table 4, respectively, max-
imum settlement of the surface, radius, height, vertical clear-
ance, lateral clearance and angle; A-K is the coefficient to be
determined.

According to formula (15) and the data in Table 4, using Ori-
gin for fitting, the determination coefficient of the fitting formula
can be obtained as R? = 0.85258, from which can be seen that
the correlation of the obtained model is very significant, and
the assumption is more reasonable. The specific mathematical
model can be seen in formula (16). From the resulting formula
(16), it can also be shown that vertical clear distance, lateral clear
distance and the angle of the maximum impact of surface set-
tlement are much smaller than the radius and height, indicating
that the prior assumptions are valid.

Xo = (0.15488X12 - 0.89889) (0.16081X, - 0.10507)

(0.00911X;3 +0.33078) (~0.03148X, +0.77125)

(—0.06411X5+7.28382) +4.761. (16)

4.2.2. Multi-factor model validation

1. Finite element verification

All the operating condition parameters are inserted into for-
mula (16) for computation, and the predicted values are com-
pared and analyzed with the software simulation values, while
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the results are presented in Fig. 6. The predicted values derived
by formula (16) are quite near to the simulated values of MIDAS,
which shows that the obtained formula (16) can accurately de-
pict the link between the factors of the cavern and the maximum
settlement of the ground surface.

4
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Fig. 6. Simulated value and predicted value

After calculation, it can be observed that the ratio of the simu-
lated value to the predicted value has a mean value p = 1.00431,
a standard deviation o = 0.09845, and a coefficient of varia-
tion ¢ = 0.09802, which indicates that the above computational
model has a high prediction accuracy and good applicability.

2. Engineering verification

Verified with YC794, YC796, YC798 caves, cave-related
characteristics and settlement values are listed in Table 7, in
which the angle between the cave and the tunnel are 0°, and the
conversion radius is the radius of converting elliptical caves into
circular caves of equal area. The prediction is closer to the en-
gineering monitoring, and the error is mostly attributable to the
following aspects: 1) The model has simplified the stratigraphic
parameters, and the model can only divide the approximate
range, which cannot accurately reflect the actual situation, and
does not take into account the factor of groundwater; 2) Under-
ground caverns have different shapes, which are difficult to be
explored, and the model cannot accurately reflect the real situ-
ation, while the shape of the caverns has a significant effect on
maximum settlement of the ground surface; [22] 3) In addition
to the error between the finite element model and the actual
situation, there is also a certain error between the fitted formula
and the finite element model, and the superposition of the two
may produce a large error.

5. CONCLUSIONS

Based on three-dimensional finite element simulation, this paper
investigates the influence of the parameters of the cavern under
the tunnel on the maximum settlement of the ground surface
when the TBM tunnel passes through the karst area with the
background of an interval project of the Wuhan Metro. The
following conclusions are drawn:

1. When the cavern is not treated, the degree of influence of
each factor on maximum settlement of the ground surface
is as follows: radius R; > cavern height R, > vertical clear
distance R3 > 0.7 > horizontal clear distance R4 > angle
Rs > 0.6; among them, the radius and height of the cav-
ern occupy a dominant position. The radius and height of
the cavern are positively correlated with maximum surface
settlement; the vertical clear distance, lateral clear distance,
and the angle of pinch are negatively correlated with maxi-
mum surface settlement, and their effects on the settlement
are very weak as compared with the radius and height. After
the cave treatment, the sequence is: 0.7 > vertical clearance
R’, > cave height R/, = lateral clearance Rj > radius R| >
0.6 > angle RZ; the influence of vertical clearance on max-
imum ground surface settlement is greatest, but compared
with before treatment, its influence is significantly lower.

2. Grouting of the cavern can significantly reduce the impact of
the cavern on maximum settlement of the surface, thereby
minimizing surface settlement. For caverns with a radius
greater than the tunnel radius and a height greater than the
tunnel diameter, careful consideration and proper treatment
should be employed. For small caverns with a radius smaller
than the tunnel radius and a height smaller than the tunnel
diameter, the impact of surface settlement differs little, and
the decision to treat or not depends on the project’s specific
experience and status.

3. The influencing factors of surface settlement caused by karst
caves are interdependent, and it is not appropriate to ana-
lyze a single factor independently in practical engineering
scenarios. The multi-factor calculation model for maximum
surface settlement presented in this study offers high predic-
tion accuracy and excellent applicability. This model may
serve as a valuable reference and provide research insights
for the prediction and assessment of maximum surface set-
tlement in similar projects.

4. This study investigates the influence of various karst cave
parameters on maximum surface settlement, using a spe-

Table 7
Karst cave parameters
Long axis Conversion . Vertical Horizontal Predicted Actual
Cave . . Height clear clear
X short axis radius . settlement settlement
number [m] [m] [m] distance clearance [mm] [mm]
[m] [m]
YC79%4 1.85x%0.705 0.589 4.5 9.7 2.2 3.64 3.40
YC796 1.425x0.76 0.52 6.4 33 1.41 3.25 3.10
YC798 3.32x2.00 1.29 8.8 9.4 0 2.80 2.40
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cific subway project in Wuhan as the background, and the
values of each parameter are also confined to a specified
range. Therefore, the predicted values derived from the pre-
diction model in this study should be used as references only.
For different projects, more influencing factors need to be
considered, and more comprehensive research needs to be
conducted in combination with the actual situation.
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