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Abstract

Reliable data sources are essential for intelligent tunnel construction, yet on-site data are often insufficient to meet sample require-
ments. Previous numerical modeling studies have seldom considered the combined effects of different excavation methods’ spatial effects
and the distribution characteristics of joints. This paper develops a method to construct a stability database for jointed rock tunnels with
primary support systems using a computational framework combining the finite difference method—discrete element method (FDM-
DEM). The framework constructs a 2D model using the Mohr—Coulomb criterion and a 3D model with the Hoek-—Brown failure cri-
terion, enabling the stress release process to accurately replicate the influence of joint distribution features and excavation space effects
in the 2D calculations by utilizing the longitudinal deformation profile parameters of the bench sections and fine-grained ground reaction
curves. The computational circle is determined by grid research and data analysis, while the performance differences of various primary
support components and their correlations with surrounding jointed rock are analyzed using the control variable method. The validity of
the framework is initially confirmed by case comparisons and macroscopically validated using the Mantel test and Spearman analysis on
the constructed simulation database—containing tunnel construction information, joint distribution, rock mechanics parameters, and

stability indices—thereby establishing a reliable foundation for machine learning and transfer learning applications.

Keywords: Tunnel stability; Joint distribution; Stress release; Combined FDM-DEM; Database construction

1 Introduction

The rock mass is a highly non-linear and discontinuous
medium, whose structural complexity and high anisotropy
are compounded by the presence of non-continuous geo-
logical interfaces such as fractures, joints, fissures, and
the random combination of jointed rock blocks (Li et al.,
2021; Packulak et al., 2022). Analyzing the stress and dis-
placement fields in the early stages of tunnel excavation
in jointed rock is complex and must account for factors
such as tunnel geometry, rock strength, excavation meth-
ods, and joint characteristics. This analysis is crucial for
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designing tunnel support systems and ensuring stability
and safety (Zhang et al., 2023; Ma et al., 2023).

To handle this multifactorial problem, machine learning
and multimodal models offer powerful tools to uncover
hidden relationships (Wajid et al., 2023; Mou et al.,
2023). Li et al. (2023) predicted carbon fiber performance
using a convolutional neural network-multilayer percep-
tron hybrid model with visual and textual data. Chen
et al. (2022) achieved strong results in seismic phase classi-
fication with the mask-to-feature-layout-to-image genera-
tion module. Liu et al. (2022) implemented asphalt
pavement vehicle classification based on both time-
domain and frequency-domain acoustic data using a deep
transfer learning model. To dissect the implicit correlations
between tunnel support systems and rock joint conditions,
as well as excavation measures through multimodal learn-
ing, substantial and credible databases are needed, which

2467-9674/© 2025 Tongji University. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



R. Buai et al. | Underground Space 27 (2026) 150-174 151

should preferably include joint distribution maps, tunnel
construction information, and corresponding stability indi-
cators. While on-site testing offers the extent of damage in
the affected area directly (Perras & Diederichs, 2016; Sun
et al., 2021), it is too labor-intensive and time-consuming
to be scaled up. Thus, numerical simulation becomes a
practical alternative for integrating multi-source data in
tunnel stability evaluation.

The discrete element method (DEM) is particularly
effective for describing the mechanical behavior of discon-
tinuous media like jointed rock mass in tunnel engineering
(Sun, 2021; Bai et al., 2024), distinguishing rock matrix
behavior from joints. Wang and Cai (2022) investigated
the time-dependent deformations of a jointed rock tunnel
with a creep model in 2D, while Fan et al. (2021) utilized
advanced geological prediction to obtain the 3D discontin-
uous interface for tunnel stability analysis. However, 3D
modeling faces greater complexity due to stereoscopic joint
distributions, unlike simpler 2D models based on the 2D
image of the practical excavation face. In contrast, 2D
models cannot fully capture transverse stress redistribution
and the longitudinal spatial effect caused by tunnel excava-
tion, as illustrated in Fig. 1, which are fundamental factors
affecting the mechanical response of surrounding rock and
support structures (Feng et al., 2018; Bahrani et al., 2019).
The convergence-confinement analysis method (Funatsu
et al., 2008; Wang et al., 2024), which links longitudinal

deformation profile (LDP) and ground reaction curve
(GRC), simulates 3D effects through unloading processes.
The GRC acquisition and the unloading process are typi-
cally derived via core replacement (Nie et al., 2018) or
boundary stress release (Huang et al., 2017), as shown in
Fig. 2. However, both methods often ignore the influence
of excavation stages, joint distribution variability, and cal-
culation control, which weaken the synergistic effect of
excavation method and the joint distribution characteristic
in 2D models.

To overcome these limitations and build a robust data-
base for multimodal and transfer learning models, this
paper proposes a simulation framework for analyzing the
excavation and stability of jointed rock tunnels with pri-
mary support. The framework combines finite difference
and discrete element methods, capturing the influence of
joint geometry and excavation-induced spatial effects on
tunnel behavior. Using the Hoek—Brown failure criterion,
a 3D model is developed to derive LDP via the finite differ-
ence method (FDM), while DEM provides detailed GRCs
through dense monitoring. Key parameters of the simula-
tion cycle are identified through grid search and data anal-
ysis, and the control variable method is applied to explore
the relationships between support performance, rock con-
ditions, and excavation strategies. Finally, except for the
results preliminarily validated through in-situ comparisons,
the Spearman correlation analysis and the Mantel test are
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Fig. 1. Mechanical response of rock mass in tunneling. (a) Transverse stress redistribution, and (b) longitudinal spatial effect.
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Fig. 2. Ground reaction curve acquisition method. (a) Boundary stress release, and (b) core replacement.

conducted to elucidate the relationship between diverse
sources of tunnel information and tunnel stability, verify-
ing the scientific validity and reliability of the constructed
database from a big data perspective.

2 Theoretical and computational framework

To establish a numerical simulation database that opti-
mally integrates and facilitates transfer learning with site
data, this chapter applies the proposed computational
framework and constitutive models using available joint
geometry, lab-tested intact rock properties, and excavation
and support data. For 3D models aimed at obtaining LDP,
the Hoek—Brown (H-B) failure criterion is implemented in
FLAC3D with FDM to integrate intact rock mechanical
properties and joint characteristics. However, this homog-
enized method cannot capture joint plane weaknesses or
slip behavior. To address this, the Coulomb slip model
and Mohr—Coulomb (M-C) criterion are used in universal
distinct element code (UDEC) with DEM to distinguish
structural planes from the rock matrix and generate GRCs
reflecting joint distributions. The exclusion of the slip
model in 3D models, as mentioned earlier, is attributed
to the increased complexity and diversity of 3D modeling
compared to 2D data, as well as the greater challenges in
acquiring such information in the field. Recognizing that
numerical calculations involving multi-source heteroge-
neous data inevitably lead to inconsistencies, this chapter
also explores the rational simplification of such
contradictions.

2.1 Methodology for combined FDM-DEM applications

2.1.1 Application of the Mohr—Coulomb criterion in 2D
models

Rock masses are typically sliced into numerous rock
blocks by discrete joints; hence, in UDEC, rock masses
are modeled as an assembly of bonded intact rock blocks
(“Block™) that interact at their boundaries, which are
denoted as “Joint” (Stavrou & Murphy, 2018). Each block
is subdivided into multiple zones (“Zone”) and represented

as a continuous deformable medium (Tan et al., 2020), as
illustrated in Fig. 3. The inner deformation of each block
discretized with triangles is given following an FDM calcu-
lation, and the outer blocks’ interaction follows DEM
principles.

The behavior of intact rock is modeled using the M—-C
criterion, with a failure envelope that incorporates a ten-
sion cut-off (Shen et al., 2020). The stress point position
on the envelope is controlled by a non-associated flow rule
for shear failure and an associated rule for tensile failure.
As depicted in Fig. 3, if the calculated point falls outside
the envelope, failure occurs: domain 1 indicates shear fail-
ure, domain 2 indicates tensile failure, both corrected
through shear or tension plasticity.

The Coulomb slip model simulates slip and shear behav-
ior at block contacts. As shown in Fig. 3, before shear fail-
ure, joint displacement follows linear deformation
governed by shear and normal stiffness (Zhao et al.,
2006; Chai et al., 2022). When shear force exceeds joint
strength, failure occurs, leading to slip. At this stage, cohe-
sion drops to zero, the friction angle remains constant, and
joint behavior becomes fully friction-controlled.

The M—-C model parameters are directly derived from
intact rock tests. For joint cohesion and friction, polyno-
mial fitting was applied using mechanical parameters of
the surrounding rock and peak shear strength data from
Chinese standard GB/T 50218—2014, yielding the curves
in Fig. 4 with R* approaching 1. The joint stiffness param-
eters kj, and kj, are defined assuming an equivalent contin-
uous deformable medium for the joint distribution state
(Itasca, 2013) with Eq. (1):

L — EmEj
kJ - 5j(Ei=Ep) 1
kA — GmG; ( )
] 5i(Gi—Gy)

{ ¢; = 0.048¢} — 0.123¢2 + 0.138¢,, + 0.027 2)

¢ = —0.001¢3 + 0.099¢?% — 3.705¢,, + 54.895’
where E.,, Ei, Gn, Gi, ¢j, ¢j, ¢m, and ¢, are rock mass

Young’s modulus, intact rock Young’s modulus, rock mass
shear modulus, intact rock shear modulus, joint cohesion,



R. Buai et al. | Underground Space 27 (2026) 150-174

153

(a)

X S ey (b)

AV 3 N/ NARVES.S
/NI NENLX) NN N/

AVAR A AT LY,
¥ -¥ ¥ »

A e v
¥ 3— W N UNY Y 3 u

{ y > Coulomb slip model

Diagonal line
’ H-B envelope a,= 070, (ma/5, ts)"
g; o 5
1
I
o~
Joint -
Block ‘ T
| Domzilp_Z, > Tensile shear zone H
ma'\“\ .-"_ /, ' B ol
RS =T 0. ] T Equivalent M—C envelope
f ) f —, < ! o' :c/lan(a a,= 2ccosp/(1-sing)+ay( 1+sing)/(1+sing)
e 1 1
| 4 = Ed
205 " g ;= 0] gt [
~
Gridpoint Zone__ == Mohr-Coulomb model Hoek—Brown model
rd

s

Fig. 3. Demonstration of 2D and 3D computational and constitutive models. (a) 2D jointed model, and (b) 3D homogeneous model.
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surface.

joint friction angle, rock mass cohesion, rock mass friction
angle, the acquisition of rock mass mechanic parameters
En, Gm, cm, and ¢, will be mentioned in Section 2.1.3,
and the expression for joint mean spacing sj is as follows:

3)

Sj:JLV
{JV=N1+N2+...+N,,_1+Nn’

where Jy is volumetric joint count, n is group of joints set,
and N, is the number of joints per unit length.

2.1.2 Utilization of the Hoek—Brown failure criterion in 3D
modeling

Accurate 3D modeling of jointed rock masses requires
accounting for joint spatial distribution, which remains
technically challenging and often leads to modeling dis-

crepancies and added complexity. Therefore, Hoek and
Brown (1996) established the generalized H-B failure cri-
terion based on non-linear Griffith theory, deriving an
equivalent formulation from the M-C model, which is
shown in Fig. 3. The H-B model incorporates joint effects
into rock mass strength, establishing a quantitative link
between lab-scale intact rock strength and engineering-
scale parameters (Dai et al., 2024). It effectively captures
the macroscopic mechanical behavior of jointed rock fail-
ure in 3D models.

Numerous scholars have obtained a series of
Egs. (2)—(4) through theoretical analysis and data verifica-
tion, demonstrating the feasibility of obtaining mechanical
parameters such as E,,, ¢,,, and ¢, from rock experimental
data and geological strength index (GSI):
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where o, 0ic, and o, are excavation disturbance param-
eters, rock mass compressive strength, intact rock compres-
sive strength, and rock mass tensile strength, m; is a
material constant reflecting intact rock hardness, obtained
via Hoek’s method from laboratory tests; D represents
excavation-induced disturbance, ranging from 0 (no dam-
age) to 1 (severe disturbance), there exists the indirect
strength of the rock mass a3,, the empirical parameters
my, a, and s of rock measure one, can be calculated as

S\ 094
O3n = %
_ GSI-100
my = miexP(zst) (5)
s=exp(G55)
(e’%—eig)
a=0.5+

6

where o,,,, H, and y are rock mass compressive strength,
tunnel depth, and density.

The GSI accounts for the impact of discontinuities and
ranges from 5 to 100, with higher values indicating better
rock mass quality. It depends on the interlocking condition
between the structure rating (SR) and the surface condition
rating (SCR). The SR is calculated by the joint volume den-
sity Jy in Eq. (6) while SCR sums the quality of roughness,
weathering, and infilling.

83.333 — 7.2382In(Jy)Jy < 1
84.353 — 15.763 In(Jy)1 < Jy < 60. (6)
30.005 — 3.2578 In(Jy)60 < Jy

SR =

This study combines the guidelines provided by Sonmez
et al. (2003) and Hoek and Brown (2019) with polynomial
feature construction and linear regression model fitting
methods to achieve the GSI fit with an R? value of 0.998,
as depicted in Fig. 4.

GSI = 2.3577 + 0.13608SR + 2.34628SCR
+0.00275SR? + 0.0109SR x SCR
—0.015(SCR)*. (7)

2.1.3 Support system element applications and assumptions

Besides the constitutive model settings, the simulation
incorporates support structures. Tunnel primary support
typically considers pre-grouting, rock bolt, steel arch, and
shotcrete, modeled as “Cable” and “‘Liner” elements in
UDEC.

Pre-grouting usually performed ahead of the excavation
face, enhances surrounding rock stability via conduits and
grout injection. Many researchers simulate its reinforcing
effect as an equivalent reinforcement ring of certain thick-
ness (Yasitli, 2013; Oke et al., 2014), as shown in Fig. 5.
The homogenization principle is applied to average the
conduit and grouting effect into the rock mechanical
parameters (Zhao, 2015), leading to the following formula:

O — ndlzc
P8 ™ 4sicisice
Cpg = G + 0.660ng1¢ ) (8)

Epe = Ei(l + wpg)

where sy, 5. are longitudinal and circumferential spacing;
dy., 0. denote diameter and tensile strength of the leading
conduit; my,, ¢pe, Epe represent effective enhancement rate,
cohesion, and Young’s modulus of the pre-grouting area;
¢; 1s intact rock cohesion.

Bolts consolidation must account for both constraints
across discontinuities and the inelastic deformation of
intact rock in the failure zone around the excavation.
Therefore, the cable element is used, enabling shear resis-
tance along its length through interaction between the
grout and surrounding medium, as shown in Fig. 5. Addi-
tionally, in tunnels experiencing large squeezing deforma-
tions, prestressed anchors are commonly employed to
actively increase confining pressure. Numerically, this is
modeled either by applying prestress directly or by enhanc-
ing surrounding material properties in this study, the mod-
ulus and cohesion of the zone around the cable are
increased by 1.2 and 2 times, respectively (Yu et al., 2023).

Steel arches, typically combined with shotcrete, form a
composite primary support structure. The Liner element
includes an elastic—plastic material model that simulates
the inelastic and ductile behavior of lining materials. It is
suitable for generation along the domain boundary surface,
making it ideal for representing primary support after exca-
vation. Variations in arch spacing and thickness lead to dif-
ferences in structural stiffness and density, so researchers
apply the equivalent cross-section method, treating it as a
homogeneous interface with equivalent mechanical proper-
ties (Carranza-Torres & Diederichs, 2009), from which the
equivalent Young’s modulus and density have been derived
based on the shell theory of elasticity:

{ Eps = iaiimats o)
__ @saPsatiscSsaPsc
Pos = " attesa
where Eps, dsa, Esa, sy Ssas Escs Pps, and pgc are the primary
support effective Young’s modulus, steel arch cross-section
area, steel arch Young’s modulus, sprayed concrete thick-
ness, steel arch spacing, sprayed concrete Young’s modu-
lus, primary support effective density, and sprayed
concrete density, respectively.
Additionally, the following assumptions are proposed or
emphasized for the model calculations:
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Fig. 5. Usage of 2D model primary support system in UDEC and interpretation of mechanical models.

(1) The mechanical parameters of the 3D model, derived
from the joint distribution characteristics on the 2D
tunnel face, assume that the LDP obtained within
the interval is suitable for stress release processes in
the 2D model with GRC;

(2) The boundary conditions involved in the 2D&3D
models are defined by tunnel depth H and the lateral
pressure coefficient k;

(3) As the simulation covers the complete construction
sequence before the secondary lining, two specific val-
ues, T»>p and Tsp, represent the computation cycles
per meter for the 2D&3D models, accounting for dif-
fering rock response times due to varying construc-
tion durations in reality.

2.2 Data generation framework and methodology

To construct a stability database for tunnel primary sup-
port systems considering the spatial effect of excavation and
joint distribution characteristics, it is necessary to determine
rock information, tunneling methods, and support system
parameter ranges based on specific engineering back-
grounds. Subsequently, Python is used to automatically
generate UDEC and FLAC3D FISH files for iterative cal-
culations across the following four modular processes, as
shown in Fig. 6. Finally, the stability indexes are evaluated
based on differences in the displacement and stress fields.

2.2.1 Construction of a random joint characteristic model
(1) A 2D model (80 m x 80 m) is generated using the

“Joint” element in UDEC, where random joints are
created based on their geometric parameters

[07, I, pi'] (dip angle, length and density of nth joint),
as shown in Fig. 7.

(2) Tunnel excavation areas and benches are defined

according to tunnel cavity geometry, primary support
thickness, pre-reinforcement zones, and excavation
method. This is saved as Model 1.

(3) Integrate the tunnel span and height to create a unit

mesh survey line, compute intersections with the
joints, and determine the joint characteristic parame-
ters [Jv, sj].

2.2.2 Acquisition of LDP for an unsupported system

(1) Calculate the SR based on the joint characteristic

parameters of a cross-section calculated above.
Obtain GSI through the fitting surface combined with
SR and SCR as mentioned in Section 2.1.2, followed
by rock mass parameters [Ey,, @r; Cm, Ome, Ome ) derived
from the intact rock and related parameters informa-
tion [o3,, My, s, al.

(2) To acquire LDP over different construction stages of

the same section, rock mass information calculated
are extended to an entire 3D model of
80 m x 80 m x 60 m combined with the H-B model
as shown in Fig. 7. Segment the 3D model into exca-
vation areas and mesh in accordance with construc-
tion details such as [Huy, Hup, Lub, Limw, Li, Ly, tsc ],
where H b, Hump, Lub, Limp, Li,and Ly are the tunnel
upper bench height, tunnel middle bench height, tun-
nel upper bench length, tunnel middle bench length,
tunnel invert length, and tunnel footage, respectively.
In case of full section excavation H,, H,, are 0 and
2-bench excavation H,,, should be 0. To enhance sim-
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ulation accuracy, a refined mesh is applied to the cen-
tral 20 m x 20 m x 60 m region. Fixed boundary
conditions (zero velocity) are imposed on all model
faces except the top surface, indicated by dashed
lines. A vertical load is applied on the top surface
based on the burial depth and lateral pressure coeffi-
cient, while lateral stress fields are applied to the tun-
nel sides to simulate in-situ stress conditions.
FLAC3D with FDM is conducted for tunnel excava-
tion without initial support, where each bench exca-
vation calculation circle is determined by the
footage length and the T;p. Additional circles are
included post-excavation to capture delayed rock-
support interactions. The total number of calculation
cycles corresponds to the distance between the exca-
vation face and the secondary lining application.

(4) Monitor the tunnel crown settlement as the radial

convergence value, and combine it with the effective
tunnel radius to derive the LDP. Depending on each
cross-section bench length, obtain the corresponding
convergence rate as a reference for subsequent stress
release.

2.2.3 Obtaining GRC without support system

(1) Using the fitting curve introduced in Section 2.1.1,

joint parameters [k, ki, ¢, ¢;] are assigned based
on rock mass properties. Assign the intact
rock and joint parameters into the M—C model of
the “Block” and the Coulomb-slip model of the
“Joint” in Model I.
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(2) Based on Model I, the mesh in the central
20 m x 20 m region is locally refined to improve
accuracy while maintaining computational efficiency.
As illustrated in Fig. 7, fixed boundary constraints
(zero velocity) are applied along the dotted lines,
and the initial stress field and longitudinal uniform
load are defined according to tunnel depth and lateral
pressure coefficient.

(3) Monitoring points are densely arranged around the
tunnel boundary and benches to capture displace-
ment (“Grid-point”) and stress (“Zone”) changes.
Additional points are placed on the opposite side of
the tunnel to simulate stress release and are saved
in Model II.

(4) A core replacement method is applied to reduce
deformation modules in 50 incremental steps during
each excavation stage. This yields a set of GRCs for
each monitoring point. For example, in a 2-bench
excavation method, three sets of GRCs are generated:
one for the weakened upper bench, one for the upper
and lower benches combine weakened, and one for
the entire weakened cross-section. Each set contains
a unique number of GRCs.

2.2.4 Combine calculation of stress release and support
system

(1) Pre-grouting arecas in Model II are enhanced with
corresponding parameters. Tunnel excavation is sim-
ulated according to the selected method, with stress
release and support installation introduced after
each stage. The calculation circles for these pro-
cesses are determined by the current bench length
and T,p. Stress release calculations are also a period
of unsupported and arch-erected post excavation
process, considered as one steel arch spacing to
reflect the engineering need to mitigate excavation
face risks and stress redistribution in the surround-
ing rock.

(2) The stress release process involves applying stress and
monitoring displacement at monitoring units based
on the corresponding LDP parameters and GRCs.
Specifically, as illustrated in Fig. 8, after boring the
bottom bench in 2-bench excavation, initial stress
release values for each monitoring point are deter-
mined from the corresponding GRCs and the LDP
parameters of this cross-section. Apply stress to the
corresponding unit’s “Zone” and calculate once.
These values are iteratively updated through repeated
calculations, adjusting based on convergence data
and adhering to the total cycle count established ear-
lier. Potential issues with stress release rate continuity
between different excavation stages are mitigated by
the stepwise degree in GRCs, which will be further
validated in the next section.

(3) Support elements (“Liner” and “Cable”) are added to
the newly excavated sections. The rock mass param-
eters in cable-anchored zones are also enhanced.
The final calculation circles comply with the require-
ments specified in Module II, Step 3.

(4) Ultimately, deformation data from all monitoring
points, as well as comprehensive displacement and
stress field contours, are obtained for the entire
model.

3 Model calibration and analysis

The calculation circles per meter for 2D&3D models
critically influence LDP acquisition and the stress release
process, and are directly linked to excavation length in
the proposed computational framework. Given the limited
research on calibrating this, this chapter determines the
optimal 7,p and T5p for unsupported tunnels using the
grid analysis method and exhaustive mathematical
analysis.

3.1 Engineering background

This study is based on the Chongqing—-Kunming High-
Speed Railway, which traverses three major geomorphic
units: the low hilly red-bed basin, the plateau slope’s mid-
dle mountains, and the high mountains of the Yunnan—
Guizhou Plateau. The dominant rock types are basalt
and sandstone, marked by strong tectonic activity and
complex joint structures. The 700 km railway includes 81
tunnels, covering 49% of the total length, as shown in
Fig. 9. Several tunnels with prominent joint distributions
are classified as high-risk.

Based on pre-grouting design specifications, Table 1
summarizes parameters (0O, /S, Si, dic) and derives
their equivalent values (A, ®,,) using Eqs. (2)—(8), where
Orc s lic  Sicls Siel, hpg, and wp, are the leading conduit inser-
tion angle, leading conduit length, leading conduit circum-
ferential spacing, leading conduit longitudinal spacing, pre-
grouting area height, and pre-grouting effective enhance-
ment rate, respectively. As the original data feature narrow
and inconsistent intervals that hinder effective computa-
tion, they are discretized into uniform sequences as shown
in Table 2. By incorporating excavation methods, geologi-
cal reports, and support structure designs, Table 2 also
defines the parameter range for database calculations.
The variables oy, @;, U, %, v, Sb, %, and dy represent the
intact rock tensile strength, friction angle, Poisson’s ratio,
leading conduit expenditure range, bolt length, bolt spac-
ing, bolt expenditure range, and bolt diameter, respectively.
This range fluctuates around standard values and extends
to boundary extremes, ensuring coverage of both routine
conditions and high-risk scenarios. Notably, excavation
methods are constrained: the bench length must be a mul-
tiple of the steel arch spacing, and in 2-bench and 3-bench
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Table 1

Tunnel leading conduit support parameter and equivalent parameter conversion value.

Parameter Unit Large pipe roof Middle pipe shed Conduit

O ©) 5 15 15

he m 35 9 4

Slee m 0.4 0.4 0.5

Sicl m 30 (5.4,5.6,6) (2.4.3)

die mm 108 (60,76,89) 42

hpg m 3 (1.56,2.32) (0.69,0.88,1.0,1.3)

Wpg - 0.076 (0.115,0.117,0.126,0.203,0.278,0.288)

(0.115,0.92)
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Table 2
Variable range of values for the tunnel multi-source heterogeneity parameter.
Information Parameter Range Unit Parameter Range Unit
Rock mechanical E; [10-100] GPa Y [2000-2700] kg-m™>
property ¢ [2-30] MPa H [200-1800] m
Oic [25-150] MPa k [0.5-2.5] —
it [1-20] MPa m; [3-30] -
®; [20-60] (°) D 0.5 —
u [0.2-0.4] -
Excavation method Hyy (3.4.5,6,7,8) m H b (2,3.4) m
Lyp [3-9] m Lunp [3-9] m
L; [10-20]-s5a m Le (2,3,4)-55a m
Support system e (90,120,150,180) (°) Wpg (0.1,0.2,0.3)
hpg (0.7,1,1.3,1.6,1.9,2.2) m Sb (1.2,1.5,1.8) m
Iy (2.0,2.5,3.0,3.5,4.0,4.5) m ot 200 (°)
Ssa (0.6,0.8,1.0,1.2,1.5) m dy 24 mm
asa (0,114,116,118,120a) cm? Ey (28,30,31.5) GPa
tse (5,10,15,20,25,30) cm
Table 3
Tunneling multi-source information sequences for calibration analysis.
Parameter E; ci Tic Tit ®; u Y H k Hyp Hup Lyp L
Value 30 10 55 10 45 0.3 2300 540 0.95 6/4 0/3 4 4
Unit GPa MPa MPa MPa (°) - kg~m_3 m - m m m m
Parameter L L¢ e hpg Wpg Ssa Uy Iy Sp tse Eq SCR m;
Value 10 2 120 1.6 0.2 1 26.13 3 1.5 20 28 13 10
Unit m m (°) m - m cm? m m cm GPa - -

configurations, upper bench height values are shown in
italics and underlined, respectively.

3.2 Acquisition and calibration of LDP

Based on the computational framework in Section 2.2, a
random tunnel face with three dominant joint sets was gen-
erated. Using fixed rock mechanics, support system, and
tunneling parameters from Table 2, a representative data-
set in Table 3 was created for LDP calibration experiments,
GRC acquisition, and LDP-GRC calibration experiments.

To optimize the T;p, simulations were conducted across
a parameter grid: (50,100,150,200,250,300) x (All-section,
2-bench, 3-bench). The model calculations were performed
for three different construction methods simultaneously to
ensure that the optimal calculation circle accurately reflects
the differences in the LDP curves caused by the different
methods. As shown in Fig. 10, fifteen 3D models were com-
puted, and Fig. 10(a)—(c) displays the impact of different
circles on the LDP for the same construction method. As
the cyclic parameter increases, the spatial effect of tunnel
excavation shows a pattern of sudden intensification, grad-
ual decline, and then another sharp increase. Notably, T'sp
of 50 and 300 deviate significantly from the other cases.
Since such anomalies are unlikely to result solely from
changes in T;p, and proper values should align with the lin-

ear trend observed during calibration, these two cases are
excluded.

To further evaluate how different 7sp values influence
the spatial excavation effects and normalized settlement
(i.e., stress release rate) across tunnel cross-sections, a
detailed multi-perspective analysis is presented in Fig. 11.
As shown in Fig. 11(a), the stress release rate exhibits a pat-
tern of rapid rise, stabilization, and subsequent sharp
increase with increasing Tsp. Given the substantial impact
of bench configuration on excavation-induced spatial
effects, a representative 7;p should be selected to highlight
differences between bench methods. Figure 11(b) illustrates
the standard deviation of stress release rates across sections
under the same construction method and 7';p, which also
shows the aforementioned pattern, indicating 250 offers
optimal sensitivity. Figure 11(c) further examines devia-
tions within individual cross-section types, since the middle
bench only exists in 3-bench construction, it is excluded.
The upper bench shows sharp fluctuation between 50 and
150, stability thereafter, and another rise at 300. The bot-
tom bench steadily declines until a slight increase at 300,
while the invert section shows a consistent downward
trend. These patterns indicate that 735 = 200 or 250 best
captures the excavation response with minimal noise.

Ultimately, 250 is identified as optimal 73p. Figure 11(d)
compares the LDPs of different excavation methods,
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Fig. 10. Comparison of LDPs with different calculation circles. (a) LDPs for full section excavation method, (b) LDPs for 2-bench excavation method, (c)
LDPs for 3-bench excavation method, and (d) LDPs among the three excavation methods.

revealing that increasing the number of benches reduces the
disturbance at the tunnel face. Although the curves con-
verge beyond 1/3 of the distance behind the face, differ-
ences in bench configuration still lead to distinct stress
release responses across similar cross-sections.

3.3 Acquisition and variability of GRC

The GRC was derived from a randomly jointed cross-
section (Fig. 12), indicating an interbedded gently dipping
formation with variously sized wedge blocks near the exca-
vation face. Simulations using different excavation methods
yielded nine GRC series (Fig. 13). On average, these curves
show a typical transition from elastic to plastic deforma-
tion during excavation.

However, detailed inspection of individual GRC subfig-
ures reveals substantial variation across excavation meth-
ods, primarily due to stress redistribution induced by
random joint patterns. Thus, when integrating LDP with
GRC to determine stress release rate, it is essential to
account for localized boundary effects rather than relying
solely on averaged GRC values, which may obscure
joint-related influences. Furthermore, the GRC in each

subfigure is color-coded according to its relative position
from the crown. An interesting phenomenon observed is
that the blue curves generally lie above the red curves, indi-
cating that the lower part of the excavation face in this type
of gently dipping formation is less prone to entering the
plastic deformation stage.

The impact of stress redistribution caused by different
excavation methods is analyzed in Fig. 14, which centrally
displays the average GRC for the nine cross-sections. As
the bench number increases, the GRC gradient steepens,
indicating that subdividing the excavation reduces the dis-
turbance to the surrounding rock. Consistent with LDP
analysis, GRC variations are pronounced at the upper
bench but minimal at the invert. Therefore, Section 3.4 will
analyze the overall effects of the combined LDP and GRC
on the stress release process.

3.4 Implementation and calibration of stress release

The calibration method from Section 3.2 was similarly
applied to assess stress release behavior under varying
excavation strategies. A 6 X 6 parameter grid of T,p =
(50, 100, 150, 200, 250, 300) combined with (all-section,
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2-bench, 3-bench) excavation modes and (stress release on/
off) conditions yielded 30 simulation cases. As shown in
Fig. 15(a), when stress release is disabled, tunnel deforma-
tion shows little sensitivity to 7»p, with nearly flat gradi-
ents. In contrast, enabling stress release significantly
increases deformation with larger 7,p, especially beyond
150, highlighting distinctions between excavation methods.
However, at Thp = 200-300, deformation magnitudes
become 2-5 times larger than those in the no-release case,
making them unrealistic. Meanwhile, lower values (e.g.,
50, 100) reduce deformations but fail to reflect differences
among excavation modes. Therefore, 150 is identified as
the optimal 7,p, balancing realism and method sensitivity.

Additionally, as previously mentioned, the stress release
process should ideally reflect the disturbance differences
caused by various excavation methods, and Fig. 15(b) fur-
ther supports this conclusion. Without stress release, exca-
vation method distinctions are poorly captured. When
stress release is activated, the convergence optimization
ratio between methods increases with 7»p, peaks at 150,
then declines, reinforcing 150 as the ideal setting.

To interpret the unusual rise in deformation with larger
T»p, Fig. 16 visualizes displacement contours across exca-
vation methods. Without stress release, deformation is con-
centrated at the crown and invert, with minimal excavation
method differentiation. Upon enabling stress release, defor-
mation shifts to the left haunch, arch foot, and invert, due
to joint-induced sliding and extrusion in wedge-shaped
blocks, especially on the left side. The crown, by contrast,
remains relatively stable due to its funnel-like structure.
Increasing the number of benches reduces deformation in
these critical areas, indicating that multi-bench excavation
better controls spatial disturbance.

The maximum and minimum principal stresses contour
for the 2-stage excavation is shown in Fig. 17. Stress release
relocates concentration zones from the crown and invert to
sliding-prone blocks along the lower left and the wedge at
the right arch waist, explaining why all methods show peak
displacement at the left arch foot under stress release con-
ditions. In summary, the stress release mechanism imple-
mented in this study effectively replicates the spatial
effects of tunnel excavation, accounting for excavation
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Fig. 12. Schematic of the 2D model with three sets of random joints.

sequence and the complex geometric distribution of joints,
thus enhancing the model’s realism and predictive
capability.

4 Performance evaluation of the support structure system

To evaluate the impact of different support structures in
the simulation, this chapter re-computes the tunnel models
under optimal 7;p and 7,p using a control variable
approach based on parameters from Section 3. Summary
statistics of maximum tunnel deformation under single
and combined structural effects are presented in Table 4.
Multi-bench mode advantages remain evident, with pri-
mary support playing a significant role in deformation con-
trol, exceeding the effects of pre-grouting reinforcement
and prestress bolt installation, which only have a minor
impact. Subsequent sections analyze the individual and
combined effects of support systems on tunnel stability,
using a 2-bench case and integrating displacement, stress,
and force field data. The effectiveness of the computational
framework is also preliminarily validated through compar-
isons with field monitoring results and published studies.

4.1 Performance analysis under single factors

Tunnel deformation and maximum principal stress
contour for single-support cases are displayed in
Fig. 18. From the displacement field, pre-grouting effec-
tively suppresses deformation near the vault but has lim-
ited influence on maximum deformation, especially in the

left foot, previously identified as a key deformable zone.
Similarly, bolts offer marginal control over maximum
displacement.

From the stress field, the vault area, especially the joint
contact block, shows an increase in the absolute value of
the maximum principal stress, indicating an increase in
compressive stress. This suggests that pre-reinforcement
makes the surrounding rock in this area denser, enhancing
its bearing capacity and stability.

Comparing the states before and after bolt application,
there is a slight convergence in the deformation of joint
contact surfaces around the tunnel, with relative conver-
gence in the left haunch and foot. Due to the similar incli-
nation angles of joints and bolt insertion angles in the left
and right arch haunch, effective reinforcement is limited
from the stress field, while only the vault exhibits improve-
ment. Additionally, considering the force on the rock bolts
themselves, significant axial force increases are noticeable
at the stratum joints, as these areas are prone to sliding
and compression deformations, making them relatively
weak and causing the bolts to bear more load and play a
reinforcing role.

The liner exerts the strongest influence on both stress
and displacement. It constrains block movement around
the tunnel, which in turn amplifies vault and invert defor-
mations due to restricted motion and stress redistribution.
The liner alleviates overall stress concentration, especially
on the flanks, but shifts localized stress peaks—especially
axial force—to the left foot area, aligning with wedge-
shaped block behavior.
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Fig. 13. GRC distributions for various excavation methods and tunnel sections. (a) Upper bench—full section method, (b) invert—full section method, (c)
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In summary, pre-grouting reinforcement, prestress bolt
installation, and liner application all contribute to tunnel
stability in this developed program, with corresponding
changes based on the distribution characteristics of joints.

4.2 Performance analysis under multiple factors
Tunnel deformation patterns across various support

combinations are compared in Fig. 19. In al and al2,
pre-grouting and bolts interact with the distribution of

joints to help control tunnel displacement. Although their
combined effect is limited, a slight convergence of the pink
deformation limit region can still be observed at the left
arch spandrel and arch haunch, as highlighted by the
dashed circles in Fig. 19. The addition of a liner signifi-
cantly improves displacement control. However, further
reinforcement beyond the liner alone yields only marginal
benefits, primarily seen as slight increases in axial force at
the tunnel crown. In cases where both bolts and a liner
are applied, initial stress concentrations at the liner’s left
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footing become more evenly distributed. This indicates the
bolts’ role in coupling jointed rock blocks and redistribut-
ing loads, which helps reduce the risk of local cracking and
enhances the overall structural integrity.

In conclusion, each support unit—pre-grouting, bolts,
and liner—contributes uniquely to tunnel stability. Their
combined application distributes loads more effectively
and enhances tunnel performance under complex geologi-
cal conditions, validating the effectiveness of the proposed
simulation framework.

4.3 Computational framework engineering validation
analysis

The Leye and Ludian tunnels were selected as case stud-
ies to validate the proposed computational framework,
both being single-bore, double-track tunnels with spans
of 14.86 m and heights of 12.54 m. The analysis focused
on two specific sections: DK5014050 of the Leye tunnel
and DK429+895 of the Ludian tunnel. These sections are
geologically characterized by one dominant joint set with
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a dip angle of 35°, intersected by two additional joint sets
dipping at 40° and 100°, respectively, resulting in a complex
rock mass structure. Due to the relatively weak and frag-
mented rock mass conditions in the Leye tunnel, a 3-
bench excavation method was adopted to ensure stability
and construction safety. In contrast, the more competent
rock conditions in the Ludian tunnel allowed for the use

of a 2-bench excavation approach. All relevant construc-
tion and geotechnical parameters used in the simula-
tions—including rock mass properties, joint orientations,
and excavation sequences—were obtained from Chen
et al. (2025a, 2025b), as well as applicable design specifica-
tions and supporting laboratory test results. A comprehen-
sive summary of these parameters is provided in Table 5.
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Table 4

Summary of the maximum deformation of the tunnel by the same excavation method under the control variable method for the support system.

Support system

Area enhanced Cable applied Liner set-up

Maximum deformation of excavation method (mm)

All-section mode 2-bench mode 3-bench mode

off off off
on off off
off on off
off off on
on on off
on off on
off on on
on on on

193.8 158.0 126.8
193.7 154.9 125.9
193.3 154.8 125.4
69.3 68.7 68.5
191.0 153.7 123.7
68.9 68.6 67.8
69.0 68.4 67.5
68.9 68.0 67.5

Liner axial force (N)
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Fig. 18. Analysis of stress and displacement fields in tunnels considering the influence of individual support structure factors.

As illustrated in Fig. 20, the proposed computational
framework integrates key joint characteristics—joint set
count, dip angle, average density, and joint length—ex-
tracted from tunnel face imagery to generate a 2D jointed
rock model for combined FDM-DEM analysis. Compar-
ison of monitoring line and point displacements before
the installation of the secondary lining—with and without
applying the framework—demonstrates its ability to over-
come limitations of traditional numerical models, particu-

larly their tendency to oversimplify excavation-induced
spatial effects and stress redistribution. This results in a sig-
nificant reduction in the discrepancy between simulation
outputs and field measurements. Further analysis of bar
charts shows that in Case 1, monitoring point S2 exhibits
greater deviation than S1, while in Case 2, S3 shows a nota-
ble improvement in accuracy. These differences are primar-
ily attributed to joint sliding and wedge block extrusion,
with the primary support system effectively buffering asso-
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Table 5

Specific parameters of the case tunnel.

Parameter E; ci Tic Tit @; n b H k H .y Hpp Lup L
Leye 37 10.6 27.3 1.46 24 0.3 2655 263 0.95 3 4 4.8 6
Ludian 65 20.1 64.4 5.37 46 0.3 2578 390 1.05 6 0 8 0
Parameter L; L e Npg Wpg Ssa Ay Iy S tse Eg GSI mi
Leye 12 2.4 120 1.6 0.2 0.6 30.756 35 1.2 25 28 19.15 7
Ludian 16 3 120 1.6 0.2 1 26.131 3.5 1.2 25 28 20.86 8

ciated stress and deformation, confirming the framework’s
capability to capture the coupled behavior of jointed rock
and support interactions.

To further validate the model, a case study at section
DK429+895 of the Ludian tunnel was conducted, where
additional instrumentation, bolt force, and rebar stress sen-
sors were deployed to assess the relationship between joint

distribution and support response. In Fig. 21(a), simulation
results show overall agreement with measured values,
though localized discrepancies persist in the arch-haunch
regions, corresponding to zones with significant joint dislo-
cation. Figure 21(b) highlights the framework’s ability to
replicate the transition from symmetric to asymmetric
stress distributions, especially on the left side, consistent
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with field observations. This shift is linked to stress redistri-
bution and excavation-induced effects acting on wedge-
shaped blocks and their interaction with support
structures.

In summary, the proposed computational framework
significantly improves the fidelity of tunnel excavation sim-
ulations by accurately modeling the complex interactions
between jointed rock and support structures.

5 Database construction and macro-validation

Sections 3 and 4 confirmed that joint distribution
characteristics and excavation-induced spatial effects

can be effectively captured through combined FDM-
DEM simulations, and that tunnel support perfor-
mance is closely linked to the geometry of jointed sur-
rounding rock. Building on this, the current chapter
employs Python to automate the generation of random
parameter sets and corresponding FISH scripts for
FLAC3D and UDEC, enabling batch simulation of
1250 cases. Beyond previous case-by-case validation,
this chapter applies big data analytics to the full data-
set to evaluate the generalizability and practical align-
ment of the computational framework—Ilaying a
foundation for future multimodal and transfer learning
applications.
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5.1 Construction of stability indicators

To assess tunnel stability, a quantitative index is intro-
duced based on whether the maximum displacement
remains within design limits. Given the 13.3 m span and
surrounding rock grades (III-V, mainly 1V), the displace-
ment threshold is set at 50 mm (NRA, 2017; Nguyen &
Nguyen, 2015).

Data processing and analysis of the displacement results
from various cases yield Fig. 22, showing that the tunnel’s
maximum displacement mainly falls within the 10-35 mm
range, with a right-skewed distribution. Displacements
exceeding 50 mm are considered warnings, with a safety-
to-warning ratio of approximately 1:4.

Additionally, identifying zones of peak deformation is
critical for timely support to prevent local instability and
further deformation. Thus, the tunnel cross-section is
divided into eight regions (Fig. 23), and the location of
peak displacement is included for deep learning and multi-
modal training. Further statistical analysis of deformation
regions in the database indicates that the tunnel haunch is
most susceptible to severe deformation, followed by the
vault and invert, while the arch foot remains comparatively
stable. This distribution pattern closely matches field mon-
itoring data, validating the model’s capacity to reflect real-
world behavior.

Analyzing the reasons for significant deformation in
each part, for a single set of gently dipping joints, deforma-
tion typically concentrates at the vault or invert and shifts
toward the arch shoulder as dip angle increases. In con-
trast, when multiple joint sets and wedge-shaped blocks
are present, deformation localizes around the wedges, gov-
erned by their geometry and joint intersections.

5.2 Analysis and macro-validation of computational
frameworks and database

Tunnel stability under randomly generated parameters
and joint characteristics was assessed using three safety
indicators: deformation status, convergence extremum,
and deformity area. This section focuses on the first two
indicators due to the high joint distribution characteristics
dependency of deformity area, which limits its macro-level
evaluation from text-based data.

To examine correlations between the support system,
rock mass parameters, excavation methods, and safety
indicators, both the Mantel test and Spearman correlation
analysis were employed. The Mantel test evaluates the cor-
relation between two distance matrices. In this study, high-
dimensional discrete data (29 x 1250) representing system
parameters were transformed using the Manhattan dis-
tance as Eq. (10), while lower-dimensional safety data
(2 x 1250) were transformed using Euclidean distance as
Eq. (11). Statistical significance of the Mantel correlation
was determined through randomized permutation tests.
Spearman analysis, a non-parametric method based on
ranked values as Eq. (12), was used to assess monotonic
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Fig. 22. Database scaled pie charts of safety states, maximum displace-
ment distributions, and probability density diagrams.

relationships—particularly suitable for non-linear data
such as convergence extremum with skewed distributions.

DManhattan(P7 Q) = Zi:l ‘xi - yi|7 (10)

DEuclidean(P7 Q) = Z:;l (xi - yi)27 (1 1)
P cov[rank(X), rank(Y)] (12)

Orank(X) Orank(Y)

The results of Mantel’s analysis and Spearman’s analy-
sis are presented together in Fig. 24, where Mantel’s r por-
trays the statistical correlation. The larger the value, the
greater the correlation. Usually, a value >0.5 is considered
highly correlated, while a value <0.3 indicates a certain cor-
relation. Mantel’s p represents the significance of the corre-
lation, with smaller values suggesting a rejection of the null
hypothesis and indicating a significant correlation between
the data sets. Given the multi-source heterogeneity of the
factors in this experiment, a threshold of 0.1 for signifi-
cance is set. Spearman parameters describe the nature
and strength of the monotonic relationship between
parameters.

From the analysis, most parameters exhibit significant
or moderate correlations with deformation and conver-
gence, except for middle bench parameters, pre-grouting
height, and primary support strength parameters. The
likely reasons are as follows: the middle bench applies only
in 3-bench modes, reducing its statistical significance; pre-
grouting height possibly meets requirements even at mini-
mum height; primary support strength may have been
homogenized via conversion to equivalent modulus by
Eq. (8).

Spearman analysis indicates that rock geometrical and
mechanical parameters, especially tunnel depth, Young’s
modulus, and cohesion, have the greatest impact on defor-
mation status, followed by bench count and support type.
The monotonic relationship between them is aligned with
engineering understanding.



170 R. Buai et al. | Underground Space 27 (2026) 150-174

RN s
0

Left spandrel

= Invert I |Right spandrel

Displacement (m

0.0E+0 1.OE-2 2.0E-2 3.0E-2 4.0E-2 5.0E-2

w— . P : )
X g bRk e
KRGt T RO AR
,\:"é;:.y = e 9 <5 :vgo,

PRI 1%

AL
oo

i

a2 S
TS
ORI

2 3

%

&
AY,

Left haunch Left foot  Liner axial force
= Right haunch | = Right foot Min Max
"""""" = Cable axial force

\J a4,
AV,

MAé'u DR

RSk

VAV ZANS RN
LINEANK,

{7

74

S

TS
A TS
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and supporting systems with different conditions.

In summary, the database, constructed with considera-
tion of joint distribution and excavation effects, accurately
reflects real-world tunnel behavior. It offers a robust foun-
dation for multimodal modeling and transfer learning, with
its integrated numerical parameters, visual outputs, and
safety indices grounded in both simulation rigor and engi-
neering practice.

5.3 AI combined with database applications and foresight

The computational framework developed in this study
integrates both joint image data and numerical data, cover-

ing rock geometric, mechanical properties, excavation tech-
niques, and support systems relevant to tunnel
construction. The artificial intelligence (Al)-driven applica-
tion of this database is articulated through the approach
and guidelines proposed in Fig. 25.

Both image data and numerical data are capable of indi-
vidually predicting stability labels through methods such as
ensemble learning and deep learning. However, it is worth
noting that the image data may be primarily confined to
predicting the deformity area, as joint patterns exhibit a
strong correlation with this label. For enhanced predictive
accuracy, both data types are fused via multimodal learn-
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properties.

ing techniques that combine their complementary features.
Furthermore, to enable practical deployment, semantic
segmentation is employed to extract joint features from
real tunnel face images, aligning them with the training
dataset. Due to differences between field and training data,
fine-tuning and transfer learning are required to adapt the
model for robust performance in diverse engineering
conditions.

6 Conclusions

This investigation has successfully developed and vali-
dated a computational framework for constructing a stabil-
ity database containing numerical parameters, visual data,
and stability indices for jointed rock tunnels using a com-
bined finite difference-discrete element method. The key
findings and contributions of this study are as follows:

(1) The developed computational framework combines
the advantages of the M-C model in simulating

jointed rock tunnel deformation and the Hoek-
Brown failure criterion in homogenizing jointed rock
on the excavation longitudinal scale to obtain the
deformation profile, while also effectively restoring
stress release, particularly simulating the extrusion
and slip phenomena of the rock mass blocks formed
by interlocking joints, as well as capturing the influ-
ence of joint distribution features and excavation
space effects.
Through grid analysis and case comparisons, the
optimal computational circle number per meter for
both 2D and 3D models was determined. This
ensures accurate replication of the stress release pro-
cess and the influence of joint distribution features
during tunnel excavation.

(3) The study evaluated the performance of key support
elements for jointed surrounding rock, including pre-
grouting, bolts, steel arches, and shotcrete. Results
validated that the multi-stage excavation method
was particularly effective in controlling deformation.

(2

~—
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The primary support system demonstrated the  Data availability
highest effectiveness, significantly outperforming
pre-grouting and bolts, while bolts contributed The data that support the findings of this study are
specifically to deformation control at the jointed available from the corresponding author upon reasonable
surface. request.
(4) Mantel test and Spearman correlation analysis were

employed to explain the relationships between the
support system, rock parameters, excavation mode,
and safety indicators. The results indicated that rock
geometry and mechanical parameters, particularly
tunnel depth, Young’s modulus, and cohesion, had
the greatest impact on deformation status. The num-
ber of excavation benches and primary support
parameters also significantly influenced tunnel
stability.

(5) The database was constructed to include information
on the joint distribution of excavation face, tunnel
rock parameters, construction parameters, and stabil-
ity indexes. Big data analysis techniques were
employed to validate the database on a macro-scale,
confirming its consistency with real-world tunneling
conditions and supporting its use in machine learning
and transfer learning applications.
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