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Abstract. This study investigates a 60-meter-long karst tunnel through a finite
difference model developed in FLAC3D, incorporating pore water seepage ef-
fects. An orthogonal experimental design was adopted, constructing a standard
L64.8.9 orthogonal array (nine factors at eight levels, 64 test cases) to evaluate
parameter sensitivities. Range analysis revealed that the elastic modulus of sur-
rounding rock, dry unit weight, and burial depth exerted dominant influences on
crown settlement and invert heave, while internal friction angle, cohesion, Pois-
son's ratio, and thickness of the initial shotcrete support predominantly gov-
erned maximum tensile stresses at the crown and invert. Multiple linear regres-
sion models were established to quantify relationships between four defor-
mation/stress indices and nine influencing factors, demonstrating high fitting
accuracy. These empirical formulations provide actionable insights for predict-
ing and mitigating tunnel deformations in analogous karst geology.

Keywords: Pier; Karst tunnel; Construction Response; Polar Analysis; Multiple
Linear Regression

1 Introduction

The research on the response and prediction of karst tunnel excavation has formed a
comprehensive research framework combining field monitoring, numerical simulation
and theoretical analysis. First of all, for the characteristics of karst geology, such as
the development of caves, fissure penetration and abundant groundwater, scholars
monitor the settlement of the arch, the uplift of the arch bottom and the evolution of
the surrounding rock stress through multi-point displacement measurements, which
reveals the nonlinear deformation mechanism of the rock body under the disturbance
of the excavation; at the same time, numerical simulation based on the finite element
and finite difference software carries out a thorough discussion of the interaction be-
tween the surrounding rock and the water-rock coupling effect as well as the support-
ing structure. At the same time, numerical simulation study based on finite element
and finite difference software was carried out to explore the interaction between sur-
rounding rock and water-rock coupling effect as well as supporting structure, and to
clarify the kinetic conditions for the occurrence of disasters such as water surge, mud
surge, and sand surge. In terms of prediction methods, the traditional empirical formu-
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las and statistical analyses have gradually evolved to machine learning algorithms,
such as parameter sensitivity analysis, Bayesian network, and support vector machine,
etc. By training the model through a large-scale case database, it not only improves
the ability of quantitative assessment of excavation risk, but also provides technical
support for real-time early warning.

Peng Wang!l to the southwest high-altitude railroad tunnel as the object of study,
after analysis: horizontal lateral pressure coefficient increases, the surrounding rock
displacement, plastic zone and support forces increased synchronously, the maximum
geostress direction parallel to the tunnel axial direction can make the displacement
reduction of more than 50%, the rock body strength stress ratio of less than 0.2 when
the displacement surge, less than 0.05 when the relative displacement of more than
13%. The study provides a design basis for extruded large deformation tunnel pro-
jects. Yuliang Gu and Hongbin Jiang!?! proposed a dynamic time series model based
on BILSTM, which improves the prediction accuracy of tunnel surrounding rock de-
formation by updating the data in real time, and the validation shows that it outper-
forms other deep learning methods and can accurately predict the displacement and
stabilization time. Wentao Song[®! proposed a gray correlation combination prediction
model for the impact of neighboring pit construction on operating tunnels, and the
validation of the engineering measurement data shows that the model is better than
the single-factor model in both horizontal and vertical deformation prediction, which
significantly improves the accuracy of tunnel deformation prediction, and provides an
effective technical means for the safety protection of urban tunnels. Based on the
Xiamen tunnel project, Junbang Li¥ proposed the DBO-LightGBM time series pre-
diction model, and the validation shows that its prediction accuracy is significantly
better than the traditional model (MAPE<3.5%, R*>0.95). Through modeling tests
and numerical simulation, Junwei Chenl reveals the influence of lateral pressure
coefficient and stratum characteristics on the shield tube sheet force, and finds that the
lateral pressure coefficient significantly affects the distribution of the internal force of
the tube sheet, while the degree of softness and hardness of the stratum mainly affects
the displacement and stress magnitude. Hongze Zhang and Long Yan!® established a
tunnel lining deformation prediction model considering the spatial variability of ge-
otechnical parameters by combining finite element random field and PSO-BP neural
network, and verified that the method can accurately predict the arch deformation.
Lipeng Wu and Peng Zhang!”! compared and analyzed the force characteristics of
single-layer and stacked double-layer lining structures under different internal water
pressures for deeply buried high-pressure sewage shield tunnels, and found that the
internal water pressure has a significant effect on the axial force, and the tensile per-
formance of the double-layer lining structure is better than that of the single-layer
lining. Wang, K. X® employs 3D laser scanning technology to accurately character-
ize karst cave features, proposes four treatment countermeasures with optimal selec-
tion of concrete backfilling scheme through comparative analysis. Numerical simula-
tion verifies the scheme's effectiveness in controlling deformation of karst tunnels,
while demonstrating that appropriate excavation advance optimization can enhance
support performance. Ou X. F.P! investigates floor heave disasters in high-pressure
water-rich karst tunnels, revealing through multi-method analysis that external water
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pressure (2.1 MPa) constitutes the primary causative factor. An integrated control
system combining controlled drainage pressure with active reinforcement was pro-
posed, with post-implementation monitoring documenting a 97% reduction in water
pressure that effectively ensured tunnel stability. Tingjin Liu'? investigates settle-
ment mechanisms in shallow-buried metro tunnels induced by foundation pit excava-
tion within karst terrains. Analytical investigations reveal that confined water inrush
caused by pile foundation penetration into karst cavities constitutes the predominant
failure mechanism. A composite control strategy integrating water recharge systems
with targeted grouting techniques was developed, achieving effective suppression of
tunnel settlement deformations through hydraulic pressure regulation and structural
reinforcement.

The current research on tunnel construction response has achieved more results,
but there are still defects, such as insufficient consideration of influencing factors, less
quantification of parameter sensitivity, and the accuracy of the prediction model
needs to be improved, etc. To address the above problems, this paper considers nine
kinds of influencing factors, and takes eight levels of each factor, adopts orthogonal
test method to establish a standard orthogonal table, and analyzes the parameter sensi-
tivity based on the experimental results and gives the prediction model through multi-
ple linear regression, in order to provide a reference for engineering practice. model,
in order to provide reference for engineering practice.

2 Finite Difference Model

In this study, FLAC3D is adopted to establish a finite difference tunnel excavation
model, and the cross-section at the excavation depth of 30m is taken as the monitoring
section, considering the seepage effect of pore water, and the dimensions of the tunnel
excavation cross-section are shown in Fig. 1.

10.22

| 13,14 |

Figure 1. Excavation section(m)

According to the existing research, the width of the surrounding rock in the tunnel
model is generally greater than three times the diameter of the hole, in this paper, the
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width of the surrounding rock on both sides of the model is taken to be five times the
diameter of the hole, i.e., 90m, and the thickness of the surrounding rock above and
below is taken to be six times the diameter of the hole, i.e., 80m, and the length of the
excavation direction is 60m, and the FLAC3D finite-difference model of
80m*x90mx60m is established with a total of 160,620 units, as shown in Fig. 2.

(a) Surrounding rock (b) Excavation unit

(c) Initial shotcrete support

Figure 2. Finite difference model

The calculation adopts the Moore Cullen principal model, and when the initial
ground stress is set, it is assumed that all geotechnical units in the model contain wa-
ter, the lateral pressure coefficient is taken as 1.5, and the bottom face of the tunnel is
fully constrained, and the rest of the faces are constrained to the normal displacements
except for the top face, and the seepage effect of water is taken into account in
FLAC3D, it is necessary to carry out the equilibrium calculations of the stress field
and the seepage field individually respectively, i.e., firstly, turn off the stress field to
calculate the seepage field individually, and afterward, turn off the seepage field to
calculate the stress field individually. The stress field and seepage field should be
calculated separately, i.e., the stress field should be closed first and the seepage field
should be calculated separately, and then the stress field should be closed.

The excavation method of the tunnel is the upper and lower step method, with a
cyclic feed of 2m and a step length of 4m, and the specific excavation steps are shown
in Table 1.



Research on Deformation and Force Prediction of Karst Tunnel ... 365
Table 1. Schematic of excavation steps
Excavation 1 2 4 5 6 7
step
Upperstep g5 54 46 6-8 810  10-12  12-14  14-16
excavation (m)
Upper step
initial support - 0-2 2-4 4-6 6-8 8-10 10-12 12-14
(m)
Lowerstep — 02 24 46 68 810
excavation (m)
Initial support
for lower step - - - 0-2 2-4 4-6 6-8
(m)
Back grch ) ) ) ) ) 0-2 24
excavation(m)
Initial support
of the back - - - - - - 0-2
arch (m)
3 Orthogonal Test Parameters and Results
The factors and their levels in this study are shown in Table 2.
Table 2. Influencing factors and their levels
y K H D
level E(GP MP O(°
evel  onmy E(OP2) cMPa) v ) e (105cm/ces) (m)  (cm)
1 1596 2.1 0.238 0217 28 0.168 6.482 70 154
2 1824 2.4 0.272 0.248 32 0.192  7.408 80 17.6
3 2052 2.7 0.306 0.279 36 0.216 8.334 90 198
4 2280 3.0 0.340 0.310 40 0.240  9.260 100 22.0
5 2508 3.3 0.374 0341 44 0.264 10.186 110 242
6 2736 3.6 0.408 0372 48 0.288 11.112 120 264
7 2964 39 0.442 0.403 52 0312 12.038 130 28.6
8 3192 42 0.476 0.434 56 0.336 12.964 140 30.8

Y denotes dry weight of surrounding rock, E denotes modulus of elasticity, ¢ de-
notes cohesion, v denotes Poisson's ratio, ® denotes angle of internal friction, e de-
notes pore ratio, K denotes coefficient of permeability, H denotes depth of burial as
well as D denotes the thickness of initial C25 shotcrete support.

Orthogonal experimental design relies on a standardized orthogonal matrix to
achieve a structured arrangement of test protocols. The orthogonal matrix is identified
by the standardized code Ln.q.m, where: L denotes the orthogonal body; n is the total
number of trials; q is the number of discrete levels of each factor; and m is the number
of columns of the matrix, corresponding to the dimensions of the independent varia-
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bles that can be carried. The matrix is equipped with dual equalization properties
through a strict mathematical construction:

(i) intra-column equilibrium: different level values in any column show equal fre-
quency uniform distribution; (ii) inter-column ergodicity: level combinations of any
two columns achieve complete coverage, and the frequency of occurrence of each
combination is strictly equal. Through Table 1 and the above orthogonal table con-
struction characteristics, L64.8.9 standard orthogonal table can be obtained.

In addition to the deformation of the tunnel, the maximum tensile stress of the con-
crete needs to be considered, taking into account the characteristics of poor tensile
properties of concrete. Fig.3 demonstrates the calculation results of the displacement
and the maximum tensile stress of the support for the monitoring section.
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(a) Displacements of monitoring section(m)
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(b) Maximum tensile stress of concrete support at monitoring section(MPa)

Figure 3. Construction Response at Monitoring Sections

From Fig. 3, it can be seen that the surrounding rock displacement mainly occurs at
the top of the arch and the bottom of the arch, while the maximum tensile stress of the
upper step shotcrete support occurs at the top of the arch, and the maximum tensile
stress of the elevated arch shotcrete support occurs at the bottom of the arch, there-
fore, the orthogonal test takes crown settlement, invert heave, maximum tensile stress
at the crown and maximum tensile stress at the invert as the indexes, and the results of
the calculations are shown in Table 3.
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Table 3. Orthogonal test results

Protocols Crown Invert heave Maximum tensile Maximum tens.ile
number settlement (mm) stress at  the stress at the in-
(mm) crown(MPa) vert(MPa)
1 16.1 8.2 0.35 0.64
2 16.6 10.5 3.54 1.73
3 10.5 6.9 3.72 2.46
4 10.3 7.2 2.90 1.68
5 12.3 7.0 3.01 1.10
6 8.4 4.0 1.90 0.99
7 8.5 5.9 1.56 1.13
8 7.0 3.6 1.80 1.13
9 20.4 13.2 4.80 1.75
10 15.4 9.0 1.22 0.77
11 14.8 10.5 2.48 1.37
12 9.6 6.7 3.60 2.72
13 9.1 4.8 2.14 1.17
14 13.7 8.7 2.89 0.58
15 8.4 5.1 2.45 1.55
16 8.7 5.6 1.60 1.10
17 15.3 9.6 4.77 2.59
18 16.5 13.1 4.96 2.61
19 15.0 9.5 2.02 1.00
20 15.6 10.6 2.83 0.73
21 16.6 11.1 0.34 0.32
22 7.9 5.0 2.28 1.53
23 10.9 6.6 2.79 1.51
24 12.1 7.0 0.82 0.39
25 23.1 18.2 4.70 2.24
26 13.0 8.6 4.46 2.69
27 18.2 12.9 3.63 0.63
28 15.0 9.9 2.65 1.54
29 9.7 7.0 2.71 1.81
30 16.1 10.6 0.35 0.46
31 13.7 7.9 0.14 0.61
32 12.3 7.8 2.67 1.03
33 19.7 13.7 3.44 1.87
34 19.0 13.9 6.09 3.58
35 14.6 9.0 5.53 2.23
36 22.8 15.2 2.66 0.78
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37 14.9 10.4 6.48 3.12
38 13.2 9.7 3.01 2.17
39 21.1 13.6 -0.35 -0.03
40 9.5 6.9 2.32 0.65
41 21.2 16.6 6.64 3.66
42 223 15.5 1.02 0.40
43 26.4 18.5 2.73 0.36
44 13.6 8.4 3.37 1.44
45 13.9 9.9 2.86 2.51
46 15.3 11.0 4.13 2.96
47 12.8 9.7 2.27 0.41
48 21.0 13.9 -0.09 -0.01
49 26.8 18.5 5.21 0.92
50 30.1 20.0 0.15 0.38
51 15.1 11.7 2.01 1.45
52 22.0 15.9 3.56 1.63
53 24.0 16.8 0.25 0.14
54 13.5 10.3 3.69 1.42
55 15.7 11.6 4.68 3.77
56 11.5 8.0 1.90 1.70
57 34.8 24.8 0.64 0.26
58 242 17.2 4.51 0.52
59 24.6 18.4 2.99 1.13
60 18.3 14.0 0.65 -0.08
61 17.3 13.6 6.61 1.58
62 21.6 15.0 1.05 1.20
63 12.0 8.3 523 2.54
64 15.9 12.2 10.48 6.41

4 Parameter Sensitivity Analysis

Based on the principle of range analysis methodology, the mean response values cor-
responding to each factor level characterize the response characteristics of evaluation
indices under varying levels, while the range value reflects the sensitivity of the indi-
ces to parameter level variations. Following the axiom that a greater range indicates
higher sensitivity, a multi-factor sensitivity ranking framework for target parameters
can be established. The range analysis results are graphically presented in Fig.4.
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Figure 4. Ranges of evaluation indices
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The following conclusions can be drawn from Figure 4:

. The parameter sensitivity ranking for crown settlement is E>y>H>v>D>0>e>K>c.
Normalizing the range of elastic modulus (E) to 100%, the relative range values of
other influencing factors are 99.4%, 74.4%, 43.0%, 36.9%, 34.7%, 13.0%, 10.7%,
and 6.4%, respectively. This demonstrates that the elastic modulus of surrounding
rock, dry unit weight (y), and burial depth (H) are of paramount importance for
crown settlement control, while the effects of porosity ratio (e), permeability coef-
ficient (K), and cohesion (c) can be considered negligible in practical engineering
interventions.

. The parameter sensitivity ranking for invert heave is y>E>H>D>®>v>e>K>c.
Normalizing the range of dry unit weight (y) to 100%, the relative range values of
other factors are 82.3%, 66.7%, 24.9%, 22.7%, 18.2%, 13.6%, 11.1%, and 6.4%,
respectively. This analysis demonstrates that controlling invert heave requires pri-
oritizing the dry unit weight (y), elastic modulus (E), and burial depth (H) of sur-
rounding rock, whereas the porosity ratio (e), permeability coefficient (K), and co-
hesion (c) exhibit negligible influence and may be disregarded in engineering de-
sign optimizations.

. The parameter sensitivity ranking for the maximum tensile stress at the crown
is @>c>v>D>y>E>e>H>K. Normalizing the range of the internal friction angle (®)
to 100%, the relative range values of other factors are 59.1%, 57.7%, 54.3%,
43.8%, 38.6%, 28.9%, 23.9%, and 23.6%, respectively. This indicates that the in-
ternal friction angle (®) exerts a significantly stronger influence on the maximum
tensile stress at the crown compared to other parameters. However, all factors ex-
hibit non-negligible collective effects (minimum relative range >23%), necessitat-
ing comprehensive consideration in structural integrity assessments.

. The parameter sensitivity ranking for the maximum tensile stress at the invert
is v>®>D>c>K>e>y>E>H. Normalizing the range of Poisson's ratio (v) to 100%,
the relative range values of other factors are 74.9%, 69.5%, 56.1%, 30.5%, 23.3%,
20.6%, 19.7%, and 16.1%, respectively. This analysis highlights that Poisson's ra-
tio (v), internal friction angle (@), and thickness of the initial shotcrete support (D)
are the dominant factors governing the maximum tensile stress at the invert, neces-
sitating prioritized attention in design optimization to mitigate stress-induced fail-
ure risks.

Investigating the variation in mean values of evaluation indices under varying fac-

tor levels enables a visual assessment of their response trends and magnitudes. As
depicted in Figure 5, the developmental trends of each index's mean values are explic-
itly illustrated under incremental level changes of the top three sensitivity-ranked
factors, providing critical insights into dominant parameter-driven behavioral pat-
terns.

The following insights can be derived from Figure 5:

e Crown settlement exhibits a positive correlation with the dry unit weight (y) and

burial depth (H) of surrounding rock, while demonstrating an inverse relationship
with elastic modulus (E). When vy increases from 1596 kN/m? to 3192 kN/m?, the
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average crown settlement rises from 11.21 mm to 21.09 mm. A 100% increase in
burial depth leads to a 61.4% escalation in settlement, whereas a 2.1 GPa en-
hancement in E reduces settlement by 9.93 mm. The relationships between crown
settlement and y/H approximate linear proportionality, while the E-settlement
curve follows nonlinear attenuation with progressively decreasing slope, indicating
diminishing sensitivity to stiffness improvement at higher elastic modulus levels.

e Invert heave increases with the dry unit weight (y) and burial depth (H) of sur-
rounding rock, while decreasing with elastic modulus (E). When vy rises from 1596
kN/m? to 3192 kN/m?, the average invert heave escalates from 6.66 mm to 15.44
mm. A 100% increase in burial depth results in a 75.6% surge in heave, whereas a
2.1 GPa increment in E reduces heave by 7.22 mm. The relationships between in-
vert heave and y/H exhibit near-linear proportionality, while the E-heave curve fol-
lows nonlinear attenuation with progressively diminishing slope, suggesting re-
duced efficacy of stiffness enhancement at higher elastic modulus levels.

e The maximum tensile stress at the crown shows a fluctuating upward trend with
increases in the cohesion (c), Poisson’s ratio (v), and internal friction angle (®) of
the surrounding rock. Overall, when cc, vv, and ® each increase by 100%, the
maximum tensile stress at the crown rises by 122.2%, 101.4%, and 433.0%, re-
spectively.

e The maximum tensile stress at the invert increases with the Poisson’s ratio (v) and
internal friction angle (@) of the surrounding rock, while exhibiting a fluctuating
decreasing trend as the thickness of the initial shotcrete support (D) increases.
Overall, a 100% increase in vv and ® elevates the maximum tensile stress at the
invert by 439.2% and 249.3%, respectively. Conversely, increasing the initial shot-
crete thickness from 15.4 cm to 30.8 cm reduces the maximum tensile stress by
61.7%.
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Figure 5. Variation of mean index values with influencing factors

5 Tunnel Excavation Response Prediction

A multiple linear regression model was established to correlate invert settlement with
the nine influencing factors adopted in this study, as expressed in Equation (1).

Ly = Ay + Ayy + AE + Asc + Ayv + As® + Age + A,K + AgH + AoD (1)

In Equation (1):L;denotes the invert settlement (unit: mm); Aoy are the undeter-
mined regression coefficients.

The 64 datasets from Table 3 were substituted into Equation (1) to solve for the
undetermined coefficients, yielding the crown settlement prediction formula ex-
pressed in Equation (2). The coefficient of determination R?=0.93558.

L, = 1294375 + 0.00633y — 4.58185E — 2.25403c — 20.54051v — 0.12504® +
2.37475e + 0.0233K + 0.10775H + 0.13116D 2)

Similarly, the predictive formulas for invert settlement, maximum tensile stress at
the crown, and maximum tensile stress at the invert are summarized in Table 4.
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Table 4. Predictive formulas for evaluation indices

. - . coefficient of
Indices Prediction equation L.
determination

L, = 3.29687 + 0.00548y —
3.35665E — 2.26278¢c —
Invert heave 7.56048v — 0.072149 + R?=0.95077
2.47396e + 0.00209K +
0.08433H + 0.08489D

Maximum P, = —7.27406 + 7.1298 * 104y —

enilo stoss 0.56796E + 7.96306¢ + 8.28533v + 20,8849
0.14097® + 0.07564e + '

at the crown

0.01585K + 0.0071H — 0.09038D

Mo P, = —4.58125 + 1.78898  10~%y —

. a.l tu 0.06602E + 4.74484c + 9.58189v + 085716
enstie stress 0.05584® + 0.06014e + :

at the invert

0.02464K + 0.00213H — 0.07777D

6 Conclusions

This study employs an orthogonal experimental design to investigate and predict the
construction responses of karst tunnels, leading to the following principal conclu-
sions:

(1) Parameter Sensitivity Rankings

The sensitivity rankings of parameters are distinct across different evaluation indi-
ces, highlighting the complexity of karst tunnel responses:

Crown settlement: E>y>H>v>D>®>e>K>c

Invert heave: y>E>H>D>®>v>e>K>c

Maximum tensile stress at the crown: ®>c>v>D>y>E>e>
H>K

Maximum tensile stress at the invert: v>®>D>c>K>e>y>
E>H

(2) Mechanistic Trends

Crown settlement and invert heave exhibit linear growth with increasing dry unit
weight and burial depth, but nonlinear attenuation with higher elastic modulus.

When yincreases from 1,596 to 3,192 kN/m?:

Crown settlement rises from 11.21 mm to 21.09 mm;

Invert heave escalates from 6.66 mm to 15.44 mm.

A 2.1 GPa increase in E reduces crown settlement by 9.93 mm and invert heave by
7.22 mm.

Maximum tensile stress:
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At the crown, stress follows a fluctuating upward trend with cohesion, Poisson’s
ratio, and internal friction angle. A 100% increase in c, v, and @ amplifies stress by
122.2%, 101.4%, and 433.0%, respectively.

At the invert, stress surges by 439.2% and 249.3% with a 100% increase in v and
®. Increasing the initial shotcrete thickness from 15.4 cm to 30.8 cm reduces stress by
61.7%.

(3) Predictive Model Validation

Multiple linear regression analysis of the 64 orthogonal experimental datasets
yields empirical formulas correlating four evaluation indices with nine influencing
factors. All formulas achieve correlation coefficients above 0.85, providing reliable
references for engineering design and risk mitigation in karst tunnel projects.
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