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Abstract 

Tunnel construction in karst terrain is influenced by water-filled karst caves and stratigraphic layers, which involves failure charac-
teristics of water-resistant structures and complex fluid–solid interaction (FSI) processes. To cope with this challenge, this paper used 
coupled discontinuous smoothed particle hydrodynamics (CDSPH) method for investigating water inrush of tunnels considering strati-
graphic layers and karst cave positions. Hydraulic fracturing test and sliding induced impulsive wave test were carried out to verify the 
accuracy of the CDSPH method. Moreover, a comprehensive analysis of inrush events in the field-scale Qiyeshan (QYS) karst tunnel was 
conducted, considering different layer dip angles and cave positions on the evolution characteristics of inrush disasters, with quantitative 
parameters proposed for predicting water/mud inrush from local to overall disaster. The simulation results indicate that CDSPH karst 
model has been verified to faithfully capture the progressive failure of water-resistant structure during inrush in stratigraphic layers. 
Water/mud inrush in QYS tunnels can be divided into four stages based on vertical/horizontal stress characteristics, encompassing
hydraulic fracturing of karst caves, local inrush, rock collapse, and overall inrush. The dip angle of the bedding planes affects the hydrau-
lic failure characteristics of karst caves. When the cave is located at the top of the tunnel, the water-resistant structures with a dip angle
(h) of 45° poses the highest risk, while h = 0° provides the most stability. Furthermore, the decrease in water pressure and the occurrence
of the maximum flow velocity within the cave can serve as vital indexes to predict the transition from local inrush to overall inrush dis-
aster. These findings emphasize the importance of the CDSPH tunnel model considering stratigraphic layers and karst cave positions
when predicting water/mud inrush, and provide guidance for the prevention of inrush flow in karst tunnels.
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1 Intr oduction

In the karst strata, pre-existing discontinuities such as 
flaws, cracks, joint sets, bedding, blocks and fault are quite
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widespread and are always developed inside the water/mud
resistant rock mass (Peng et al., 2022). The construction of 
numerous karst tunnels has revealed that instability and 
collapse of water-resistant structures between the excava-
tion opening a nd the concealed karst cave are the most
common engineering problems in karst areas (Williams, 
2008), particularly for filling-type karst caves (Qian & 
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c0 

Nomenclature 

Numerical speed of sound
Fc 
i Normal contact force n

Fcs 
i Shear contact force
F Modified shear contact force i

cs
update

f d 
F Interaction forces exerted on the fluid particles 

due to the neighbouring discontinuous particle
f F 
d Interaction forces exerted on the discontinuous 

particle due to the neighbouring fluid particles
f F 
s Interaction force exerted on the solid particle 

due to the neighbouring fluid particles
f S 
F Interaction force exerted on the fluid particle 

due to the neighbouring solid particles
f a External force 
Gr Shear modulus of rock
g Acceleration of gravi ty
h Smoothing kernel radius
K Bulk mod ulus
kn Normal sti ffness
ks Shear stiff ness
m Mass 
mh Shape pa rameter
n Unit vector in the direction normal to the rela-

tive velocity
P r Pressure of rock particles
Px Hydrostatic pressure of fluid particles
Ra 

r Rotation rate tensor of rock particlesb

r0 Cut off radius
Sa 
r Deviatoric stress of rock particlesb

Sa 
x Deviatoric stress of fluid particlesb

T Artificial stre ss
t Calculation time 
U Intact particle ensembl e
Un Penetration of the particle influence domain、
v Velocity vector 
W Kernel fun ction
x Spatial coordinate vector
R Damaged particle ensembl e
Rij Kernel fun ctions
lr Diffusive co efficient
dab Kronecker delta 
eab 
r Strain rate tensor of ro ck particles

ecc r Volumetric strain rate of rock particles

eab 
x Shear strain rate of fluid particles

lx Viscosity of fluid particles
lfric Friction coefficient between the sliding surface 

and the sliding block
q Density 
q0 Initial density 
r Cauchy stress tensor
v Constant coeffici ent
w Fracture sign 
h Dip angle 
P Artificial viscos ity
DP Initial particle spac ing
D Relative velocity between two particlesU s

Kernel functions gradient Rij

W Kernel function gradie nt
also has a great impact on the stability of the aquifer
between karst caves and excavation faces (Li et al., 2018). 
Figure 1 illustrates the general conditions leading to sud-
den water inrush in karst geomorphology due to excava-
tion, typically considering the impact of both stratified 
formations and high-pressure concealed cave. The specific 
performance is the mechanical transverse isotropy of these 
bedding planes, combined with the uncertain position of 
concealed karst caves, which often degrades strength of 
rock mass and impos es significant influences on the crack
propagation mechanism, thereby resulting in catastrophic
inrush disasters. For example, obvious water bursting on
the left wall of YK19 + 888 in the tunnel linings of Qiyue-
shan with stratified structure is observed (Wang et al.,
2019). Currently, the mechanical mechanism of the rock 
failure and water inrush in stratified karst tunnels remains 
unclear. Therefore, a quantitative investigation of the effort 
of bedding plane properties of water-resistant rock on
water inrush in karst tunnels is of great significance for
accurately preventing water/mud inrush and for post-
disaster management of water gushing in tunnels.

The research on the water inrush and progressive failure 
of stratified karst tunnels mainly focuses on experimental
investigations, numerical simulations, and theoretical anal-
yses. Experimental studies have been widely recognized as 
the most direct approach to understanding the rupture 
and instability processes of water-resistant structures when 
the tunnel face is near high-pressure karst cave. Large-scale
geomechanics model tests have revealed critical
waterproof-resistant thickness on the inrush accident
(Jiang et al., 2017), the catastrophic mechanisms of water 
inrush in closed karst caves during shield excavation (Li 
et al., 2020), and the criteria for water inrush with respect 
to displacement and water pressure (Liang et al., 2016). 
Despite the limited number of monitoring components 
and the functional limitations of monitoring instruments, 
these experiments have successfully quantified macro infor-
mation on water inrush. Theoretical research has relied on 
laboratory observations to summarize the mechanical laws 
and quantify the mechanical characteristics of stratified
rocks adjacent to high-pressure karst structures. For
instance, the calculation of the water inrush criterion under
seismic effects (Yan et al., 2006) and the minimum rock 
layer thickness between the worki ng face and the cavern
under static effects (Wu et al., 2019) have been researched 
using representative mechanical models. However, theoret-
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Fig. 1. Geological model of water-filled karst cave of stratified tunnels in karst area and cases of water inrush of stratified rock tunnel structures.
ical methods cannot adequately consider the bedding plane 
properties of rock strata and the variation of water pres-
sure with time within concealed karst caves.

Fortunately, the numerical simulation method can solve 
the aforementioned limitation, and it has the function of 
visualizing the dynamic water inrush rupture process and 
progressive failu re (cracking and contact) of the water-
resistant structures. For instance, finite element method
(FEM) (Zhu & Wei, 2011) and material poin t method
(Wang et al., 2020) are adopted widely in the analysis of 
various water inrush accidents. Comparat ively, discontinu-
ous deformation analysis (DDA) (Peng et al., 2022) and 
discrete element method (DEM) (Zhou et al., 2020) are 
more suitable for analyzing the detailed volution of disaster 
in heterogeneous strata. However, these methods are lim-
ited in their ability to model the fluid phase and investigate
catastrophic mechanisms of inrush disasters. Therefore,
computational fluid dynamics (CFD) (Cui et al., 2020;
Xie et al., 2023; Zhang et al., 2019) or lattice Boltzmann 
method (LBM) (Jin et al., 2021) based on pipe-flow and 
non-Darcian seepage theories have been increasingly 
adopted to accurately capture the fluid dynamics and catas-
trophic mechanisms associated with inrush disasters. How-
ever, modeling complex failu re behavior and fracture
propagation mechanism by CFD or LBM is still challeng-
ing without coupling other solid solvers.

Smoothed particle hydrodynamics (SPH) (Lucy, 197 7) 
has emerged as a versatile tool for simulating fluids and 
fluid-like materials over last decade (Bui et al., 2009,
2008; Gui et al., 2015; Lian et al., 2023). In recent years, 
it has been widely used to model the fluid component in 
water inrush scenarios by coupling with other solid solvers.
For instance, Wang et al. (2020) adopted a coupled FEM 
and SPH method to simulate the damage to barrier walls 
and water inrush caused by artificial excavation distu r-
bances. In their study, the FEM and SPH models repre-
sented rock wall and water, respectively. Peng et al.
(2022) employed a coupled DDA and SPH method to sim-
ulate water inrush during tunnel construction. In their 
study, the DDA and SPH models represented rock and 
water, respectively. The above studies have typically trea-
ted SPH as a fluid and employed other solid solvers to sim-
ulate rock failure, which not only increased the complexity
of programming but also introduced more artificial
assumptions at the coupling interface of solid and fluid,
thereby reducing the efficiency of calculations.

To address this defect, several researchers have pro-
posed transforming the constitutive be havior of SPH parti-
cles from fluid-like to solid-like (Gray & Monagh an, 2004;
Monaghan, 2000). SPH is capable of modeling complex 
failure behavior and fracture propagation mechanism by
introducing appropriate fracture criteria. For example,
Mu et al. (2022) developed damage models for rock masses 
based on sewerage and thermal fields, as well as consider-
ing friction effects, and applied and validated them in
jointed rock masses. Xia et al. (2022) applied an modified 
SPH method to reproduce fracture process of a stratified
rock cell and tunnel. Yu et al. (2021) developed an 
improved kernel of smoothed particle hydrodynamics 
(IKSPH) method to investigate the cracking processes in 
rock tunnels under mechanical loading. Additionally, other 
damaged frameworks in SPH were also developed for mod-
eling failure behavior and fracture propagation mechanism
(Bi & Zhou, 2015; Zhou et al., 2018, 2016, 2015a) However, 
block contact of fracture surface has been absent from the 
aforementioned studies, and no literature has yet been 
reported the implementation of contact and sliding pro-
cesses after rock fracture based on SPH framework, which 
limits the simulation of complete failure in tunnels using 
SPH. Furthermore, to date, there has been a lack of appro-
priate fluid–solid interaction (FSI) framework to reproduce
the water inrush in the tunnel considering cracking and
contact of rock. In particular, the framework is capable
of considering the complex interaction of rock and inrush.
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Considering the aforementioned limitations, the coupled 
discontinuous smoothed particle hydrodynamics (CDSPH) 
method is employed in this study to explore the progressive 
failure, complex interaction between pre-existing water-
resistant structures and water/mud inrush scenarios within 
the Qiyueshan (QYS) tunnel, a rock karst tunnel prototype 
with varying dip angles (h) of the stratigraphic layer and 
cave positions. This investigation encompasses the dis-
placement, stress, damage characteristics of the underlying
rocks, as well as the flow velocity and dynamic water pres-
sure associated with the inrush event. Essential metrics are
extracted to anticipate the shift from localized inrush inci-
dents to overall inrush disasters, aiding practical monitor-
ing. The subsequent sections delineate: Section 2 
introduces the fundamental principles of the CDSPH
method. Section 3 validates its effectiveness in addressing 
cracking, contact, and fluid–structure interaction through 
hydraulic fract uring tests, flume experiments, and numeri-
cal simulations. Section 4 encompasses a comprehensive 
analysis of a real QYS tunnel inrush incident involving 
stratified rock karst tunnels with varying dip angles (h) 
and cave positions. Finally, discussions center around the 
pivotal role of water pressure and flow velocity in predict-
ing the state of water/mud inrush and outline the strengths
and limitations of the CDSPH tunnel model.
2 Numerical simulat ion method

2.1 Discretization of governi ng equations

The foundation of CDSPH method is SPH. The SPH 
method is a powerful meshless technique that possesses 
the capability of simulating both fluids and solids under a
unified framework based on Lagrangian formulations
(Gray & Monaghan, 2004). The conservation equations 
for mass and momentum in fluids and solids, with isen-
tropic or isothermal equations of state, are of paramount
importance (Gray et al., 2001). For convenience of expla-
nation, a and b, i and j are marked as base and adjacent 
particle of water and rock, respectively. For density dis-
cretizat ion, rocks and water are basically based on different
discretization equations, and they can be defined by

dqi 

dt 
qi j 

mj 

qj 
vb 
i v bj W ij b 1

dqa 

dt 
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b 1 
mb v
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where q denotes the density of SPH particles; and x are 
the velocity vector and spatial coordinate v ector, respec-
tively; nd b refer to Cartesian components x and y, sub-

v 

aa 
ject to Einstein summation convention in two dimensions
(Gray & Monaghan, 2004); m represents the mass; t 
denotes calculation time. s a numerical speed of sound; 
The former calculates rock, and the latter calculates water 
based on density correct ion; nd are the kernel func-
tion and its gradient, respectively. H denotes the depth of
the fluid domain. The cubic form (Vacondio et al., 2013) 
is adopted in this study. N denotes the total number of par-
ticles; However, there are some differences between rock 
and water in the dispersion of velocity. For water velocity,
it can be defined by

W
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where P denotes the artificial viscosity (Monaghan, 2005). 
Cauchy stress tensor is caculated as 
and denotes the Kronecker delta (Gray et al., 2001). 
For fluid phases, the hydrostatic pressure can be deter-
mined using an equation of state (EOS), Molteni and 

Colagrossi (2009) expressed as c is 

the numerical speed of sound and the value is determined
according to Molteni and Colagrossi (2009). Deviatoric 
stress are objectively proportional to the shear strain 
rate and viscosity i.e., and adopted 
as 1 × 10–3 m2/s according to Gomez-Gesteira et al. (2012). 

is an external force. For the dispersion of rock mass 
velocity, it described as follows: 
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where T denotes artificial stress (Monaghan, 2005). For 
rock, the pressure an be determined using a linear equa-
tion of state which obeys Hooke’s law (Monaghan, 2005) 
and it is determined b K denotes bulk 

modulus, and the deviatoric stress of rock is objectively
obtained from the material frame indifferent Jaumann rate
(Monaghan, 2005). 
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Moreover, for solving the internal force, there are differ-
ences between rock and water in the dispersion of For 
the disper sion of viscous shear stress in water domain,
it can be described as follows:
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where is the diffusive coefficient, whose value is 0.1 here
according to Molteni and Colagrossi (2009). For the dis-
persion of deviatoric stress in rock domain, it can be
defined by

b
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where represents shear modulus of rock. is volumet-

ric strain rate of rock. and denote strain and rota-
tion rate tensor of rock, respectively. c refers to Cartesian 
compo nents x and y, subject to Einstein summation con-
vention in two dimensions (Gray & Monaghan, 2004). 
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reab 

r 

2.2 Coupled contact and cracking of rock

To address the cracking behavior of rock, the Mohr– 
Coulomb criterion with tensile truncation was adopted to
determine the initiation and propagation of cracks (Xia 
et al., 2024c, 2023). To account for the failure of base par-
ticles, a fracture sign s introduced into the kernel func-
tion derivative. When failure occurs, = 0, signifying the 
breakage of the virtual bond (kernel) between the origin al
particles and the generation of a crack. Otherwise, = 1.
The kernel function derivative of damaged particles and
damage control equation are defined as follows:
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where and denote kernel function and its gradient 
of damaged particles, respectively an denote the 
intac t and damaged particle ensembles, respectively.

ij

R
Rij R 

. U d 

After cracking, a contact strategy following the New-
ton’s second law is proposed to realize the contact behavior 
(i.e., frictional sliding and topping failure) of rock block 
along fracture surface. The damaged SPH particles are 
transformed to discontinuous particles (DPs). The contact 
behavior of intact particle (IP) and DP is active once the 
penetration of influence dom of the particle 

>  0  , The contact threshold is deter-

mined by the relative spatial position of the two particles,
and the contact force is composed with shear contact force

and normal contact for and is expressed as
following:
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where is determined by the normal stiffness nd pen-
etration of the parti cle influence domain, as follows:
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where is the frictional coefficient between the two con-
tact surfaces. Based on coupling the cracking and contact,
the governing equation of rock is rewritten as follows:
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Due to the equal and opposite interactions between IPs 
and DPs based on Newton’s third law, as well as the simul-
taneous transformation of IP into DP upon band loss, the
total mass and momentum of the system remain unchanged
according to Eqs. (14) and (15). 
2.3 Fluid-solid interactions strategy

The fluid–solid interactions are calculated based on an 
adaptive adjacent integral c oupling algorithm considering
both the DPs and IPs in Fig. 2. The fluid particles within 
the influence domain in the solid particles impose the inter-
action forces on the solid particles, which are mainly con-
tributed by the pressure of the surrounding fluid 
particles. Therefore, the interaction forc exerted on
the solid particle due to the neighbouring fluid particles

and interaction force exerted on the fluid particle due
to the neighbouring solid particles.

S
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However, the rock domain consists of IPs and DPs in 
this study due to cracking. The conventional SPH method 
lacks an appropriate FSI framework to reproduce the 
interactions of DPs a nd fluid particles. The interactions
of DPs and fluid should be considered and DP can be
regarded as a repulsive particle (Sheikh et al., 2021) for 
SPH fluid particles referring to the DEM–SPH coupling
treatment (W. Xu et al., 2021). Therefore, the interaction 
forces and are treated as the external force (i.e., pres-
sure), which are an equal and opposite reaction from the

f d 
Ff Fd
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Fig. 2. Schematic view of particle domain searching algorithm.

 

interacting discontinuous particle d and water particle a 
due to Newton’s third law, and are described using the fol-
lowing formula:
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where denotes the interaction force from fluid to DP; 
denotes the interaction force from DP to fluid particles. In 
general, the cutoff radius is commonly set to be consis-
tent with the initial particle spacing DP according to
Monaghan (2005), is distance between the water particle 
a and discontinuous d. s a constant coefficient typically 
within the same order of magnitude as the square of parti -
cle velocity. Therefore, the final momentum equations for
FSI considering the DPs and IPs are rewritten as
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where and  denote the momentum of IP, fluid par-
ticle and DP, respectively. and are exter nal force
of IP, fluid particle, and DP, respectively.
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2.4 Explicit particle search method

The explicit particle search (EPS) method (Fig. 2)  is
introduced to generate the muti-phase domain (i.e., solid 
and fluid phase), discontinuous surface (i.e., detect, joint,
bedding plane and fault) and crack propagation at any
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angle without the need to refine the mesh in these particle 
domains. By distributing searching particles evenly in the 
generated contours and assigning a searching radius to 
each particle, this algorithm can accurately locate the par-
ticles to be transformed, ensuring that they are located 
inside the muti-phase domain and discontinuous surfaces
or cracks. The process is detailed as follows: Firstly, the
arbitrary discontinuous surfaces Si (i = 1, 2, , n) (indi-
cated by blue in Fig. 2) are prefabricated in the rock-like 
matrix domain. Then the searching points Mi with search-
ing radius Rs, which is equal to the value of smoothing ker-
nel radius h, are located uniformly on each discontinuous 
surface Si. Once the original particles (IPs) are covered 
by the searching domain Xi formed by searching radius
Rs, the IPs in Xi are defined as the DPs or deleted. The
searching treatment of newly generated cracks is similar
to the one of discontinuous surfaces.

Furthermore, the generation of the multi-phase domain, 
including the weak bedding and tunnel excavation surfaces 
and karst water domain, is accomplished through a system-
atic process of searching particles within a specified search-
ing radius Rs. Each target IP within the search domain Xi is 
assigned distinct material parameters based on their respec-
tive roles, with specific attributes assigned to weak bedding 
planes and water bodies. As part of this process, IPs situ-
ated on the tunnel excavation surface are promptly
removed from the simulation to accurately represent the
tunnel opening. Therefore, the EPS method can greatly
reduce the computational cost to model the complex
muti-phase domains (i.e., solid and fluid phase), discontin-
uous surfaces (i.e., detect, joint, bedding plane and fault),
and crack propagation.

3 Benchmark test

The water/mud inrush phenomenon in rock tunnels 
involves intricate failure and FSI processes, encompassing 
rock fracturing, inrush flow, interactions of water–rock, 
and the contact behavior of rock blocks. To validate the 
effectiveness of the CDSPH method, two FSI laboratory 
tests are conducted. The first involves a well-established 
hydraulic fracturing test utilized to verify the FSI and
hydraulic fracturing. The second test comprises a flume
experiment on sliding-induced impulsive waves, aiming to
authenticate the FSI and contact behavior of the SPH rock
model.

3.1 Hydraulic fracturi ng test

To validate FSI and crack behavior in the CDSPH rock 
model, rock samples with specific flaw water pressures from
Mu et al. (2022) were chosen for num erical simulations.
Figure 3 illustrates a rock sample featuring two parallel 
prefabricated flaws, measuring 76.2 mm in length and 
152.4 mm in width, consisting of 18 000 particles. The pre-
fabricated flaws have an dip angle bang = 45°, and the angle
aang = 45° is formed between the connecting line of the
inner tips of the flaws and the extension line of flaw 2. 
The initial particle spacing at DP = 0.8 mm corresponds 
to a smoothing kernel radius of h = 0.7 mm, aimed at pre-
venting SPH kernel interaction between the IPs flanking
the DPs (Chakraborty et al., 2017). In addition, the loading 
rate imposed on the upper and bottom boundary particles 
was 0.5 m/s, and the time step of the calculation was Dt =
5 × 10–8 s. For detailed boundary particle configurations
and parameter, refer to Zhou et al. (2015a). In this section, 
the influence of different inclination angles (h =  0°,  30°, 
45°,  60°,  90°) of weak layer on the hydraulic fracturing
behavior of the rock model was thoroughly investigated.
The weak layer materials parameters are adopted from
Xu et al. (2017). To address rock heterogeneity, a Weibull 
distribution with a shape parameter mh of 20 (Zhou et al.,
2015b) was employed. Table 1 illustrates the SPH parame-
ters for the stratified rock sample featuring two parallel
prefabricated flaws.

In Fig. 4, the crack distributions and stress–strain curves 
(SSC) of SPH models of intact are directly compared. The 
results reveal that apparent elastic modulus (6.12 GPa) and 
uniaxial compressive strength (UCS) (17.6 MPa) obtaine d
from the stress–strain curve of the CDSPH model (intact)
are highly consistent with the results of Total Lagrangian
SPH (TLSPH) (intact) (Mu et al., 2022) and the difference 
is within 1%. Moreover, the crack distributions and failure 
modes of double cracks a re highly consistent with those
obtained by the TLSPH method and experiment (Bi & 
Zhou, 201 7). The result proves the accuracy and feasibility 
of the CDSPH method for simulating fracture and FSI
processes.

Sensitive analysis of different h on cracking patterns and 
SSC of SPH are directly shown in Fig. 5 and Fig. 4(c). Pres-
sure is continuously applied in both the bore hole and the 
newly formed fracture surfaces as the fractures propagate. 
It is considered that when a particle is fully damaged and/ 
or the aperture is large enough, the water particles can flow
inside the fracture and the hydraulic pressure is applied on
the fracture surfaces (Douillet-Grellier et al., 2016). The 
results reveal that the particle spacing significantly affects 
the final cracking pattern, particularly in relation to the 
expansion of wing cracks induced by hydraulic pressure, 
quasi-planar shear cracks, and tensile coalescence cracks. 
Furthermore, the presence of weak bedding planes moder-
ately reduces UCS, and the UCS exhibits a U-shaped dis-
tribution with bedding dip angle h increasing. At 
h =  60°, the UCS reaches its minimum value (7.29 MPa), 
representing only 41% of the intact rock strength 
(17.6 MPa). Conversely, at h =  90°, the UCS reaches its 
minimum value (17.2 MPa), accounting for 97% of the
intact rock strength. Therefore, comprehensively consider-
ing the characteristics of bedding planes is essential when
simulating tunnelling processes involving water and mud
in the presence of bedding planes. Their influence on the
cracking pattern and UCS should not be underestimated.
Adequate consideration of bedding plane properties will
lead to more accurate and reliable simulation results, pro-
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Fig. 3. Model configuration of the unconfined compression tests considering the layer structure and heterogeneity (clen and alen represent the crack length
and the length of the rock bridge parallel to the crack extension direction, respectively).

Table 1 
CDSPH parameters of the sample with two parallel prefabricated flaws.

Parameters Rock matrix Water Bedding plane 

Density (kg/m3 ) 2650 1000 2650 
Elastic modulus (GPa) 6 – 6 
Internal friction angle (°
Cohesion (MPa) 50 – 24 
Poisson’s ratio 0.28 – 0.28 
Tensile strength (MPa) 23 – 11 
Friction coefficient tan (35°) – tan (22° )
Normal stiffness (GPa/m) 0.2 – 0.2 
Particle spacing (m) 8 × 10–3 8 × 10–3 8 × 10 –3
Number of IPs 11 966 50 5984 
Kernel function Cubic Cubic Cubic 
Kernel smoothing length (m) 7 × 10–3 7 × 10–3 7 × 10 –3
DP radius (m) 8 × 10–3 × 10 –3
SPH time step (s) 5 × 10–8 5 × 10–8 5 × 10 –8
d-SPH coefficient – 0.1 – 
Shape parameter 20 – 20 
Controlling parameter for artificial viscosityb1 1 1 1 
Controlling parameter for artificial viscosityb2 2 – 2 
Parameters for artificial stresse1 0.3 6.0 0.3 
Parameters for artificial stresse2 4 – 4 
viding valuable insights for dealing with tunnelling under 
challenging geological conditions.

3.2 Flume experiment of sliding induce d impulsive wave

The correctness of the contact and FSI is verified by lab-
oratory flume experiments. The flume experimental test of
sliding induced impulsive wave was carried out in a trans-
parent acrylic plate square tank as shown in Fig. 6(a). 
One side of the acrylic plate was covered with lattice paper, 
and the other side was installed with a high-speed camera 
to capture the process of the block sliding into the water, 
generate pulse waves, and determine the height and posi-
tion of the guided wave. It is used to verify the correctness
of the FSI in CDSPH. The length of the test tank is 1 m,
and the depth is 0.5 m. The bottom of the tank is semicir-
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° 

Fig. 4. (a) Crack distribution of the rock sample calculated by CDSPH (The orange and red colours represent tensile and shear cracks in the CDSPH
results, respectively.) and compared with (b) TLSPH result (Mu et al., 2022), (c) stress-stain data curves of the rock sample with different dip angles h , and
(d) crack distribution of rock sample obtained from experiment (Bi & Zhou, 2017). 

° ° ° 

° ° 

Fig. 5. Final Crack distribution of the rock sample with two parallel prefabricated flaws under normal loading (a= 45°, b= 30°) with different dip angles h.
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Fig. 6. (a) Model configuration and (b) CDSPH model of sliding induced impulsive wave, (c) horizontal and vertical velocity with total distance with 
lfric = 0.2, compression of free surface flow and velocity field (m/s) of the block and water at different moments between (d) experiment and (e) simulation
result.
cle, the radius is 0.5 m, and the experimental fluid is water, 
and the depth is 0.25 m. The material of the square block is
gypsum with a density of about 1850 kg/m3. The tempera-
ture of the sliding block is controlled at about 25 °C. Fric-
tion coefficient lfric between the sliding surface and the
sliding block is 0.2, while the friction coefficient between
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the sliding surface and the semicircular tank is approxi-
mately 0. The dip angle of the sliding plate is k =  60°. Slid-
ing body is about 0.45 m higher than the water surface, and 
the release of the sliding block is controlled by the elec-
trokinetic gate. Wh en the gate is released, the sliding body
slides into the water body along the sliding surface under
the action of gravity, surging waves in tank. Meanwhile,
the corresponding CDSPH model is established as shown
in Fig. 6(b). Square sliding block consisting of IPs with a 
side length of 1 m was simulated sliding freely on a straight 
surface composed of DPs with dip angle of 60° under the
influence of gravity. The specific parameters of the SPH
particles are provided in Table 2. The sliding block was 
uniformly discretized with initial particle spacing of 
DP = 2.5 × 10–4 m, where g = 9.81 m/s2 represented the 
acceleration due to gravity, and t denoted the sliding time
of the block. The SPH time step is set as 5 × 10–6 s.

Initially, Fig. 6(c) illustrates the velocity evolution of the 
square sliding block at sliding plate. The sliding force is 
greater than the maximum static friction force, and the 
veloci ty of the block can be obtained by the analytical solu-
tion according to the Coulomb friction contact theory
(Zhan et al., 2020). Importantly, the CDSPH numerical 
results exhibit excellent agreement with the analytical solu-
tion. This straightforward benchmark test confirms that 
the CDSPH method precisely simulates the frictional slid-
ing behavior of fractures, constituting a critical step
towards reliable modeling of large deformations and con-
tacts in rock masses within karst tunnels.

Subsequently, the interaction between the sliding body 
and the fluid after immersion is examined in Fig. 6(e). 
The CDSPH method reflected the free surface flow of the 
fluid and its impact on the sliding block in Fig. 6(f). Specif-
ically, it accurately represented the presence of voids before 
and after the object. Monitoring the water tongue height
Table 2 
Parameters of CDSPH particles in sliding induced impulsive wave test.

Parameters Block Water 

Density (kg/m3 ) 1850 1000 
Elastic modulus (GPa) 0.01 – 
Poisson’s ratio 0.3 – 
Normal stiffness (MPa/m) 9.6 – 
Friction coefficient of slide plate 0.2 – 
Friction coefficient of water tank 0 – 
Particle spacing (m) 2.5 × 10–4 2.5 × 10 –4
Boundary particle spacing (m) 0.2 0.2 
Number of particles 1512 14 250 
Kernel function Cubic Cubic 
Kernel smoothing length (m) 2.5 × 10–4 2.5 × 10 –4
DP radius (m) 2.5 × 10–4 – 
SPH time step (s) 5 × 10–6 5 × 10 –6
Controlling parameter for artificial viscosity b1 1 1 
Controlling parameter for artificial viscosity b2 2 2 
Parameters for artificial stresse1 0.3 – 
Parameters for artificial stresse2 4 – 
d-SPH coefficient – 0.1 
and its horizontal position via high-speed cameras revealed 
values close to the CDSPH simulation, with errors of 2.3% 
and 3.8%, respectively. The simulated fluctuations of the 
free surface were higher than those observed in the experi-
ments, primarily due to the two-dimensional nature of the
simulation, preventing the spreading of water to the sur-
rounding interface and resulting in a notable elevation of
the two-dimensional water surface compared to the three-
dimensional actual scenario.

4 Numerical simulation of the QYS tunnel

The stratified karst tunnel involves processes related to 
rock damage, contact, and FSI. The validity of CDSPH 
method in realizing rock damage, contact, and FSI is ver-
ified by two experiments. Therefore, we applied CDSPH 
methods to a QYS karst tunnel to comprehensively investi-
gate its progressive failure and hazards associated with sud-
den water/mud inflow considering different dip angles (h)
and karst cave positions.

Passive techniques are employed here to address issue of 
fluid particles penetrating solid particles. Firstly, a level of 
interaction force is introduced between fluid and solid par-
ticles to prevent mutual penetration. Secondly, stability
within the computational domain is maintained through
the implementation of the XSPH algorithm (Monaghan, 
2005), regulating particle velocities. Lastly, the reduction 
of the time step helps to prevent the mutual penetration
of fluid and solid particles.

4.1 Engineering back ground

The QYS karst tunnel, with a total investigated length of 
10.528 km in Hubei Province, China, spans from ZK19 
+005 to ZK22+380 and has a maximum burial depth of
approximately 0.67 km (Z. Xu et al., 2021). The tunnel tra-
verses a stratum comprising medium-thick limestone with 
shale and coal seams, which is marked by layering and is
a typical strong karst aquifer (Fig. 7(a)). As a result, the 
tunnel is surrounded by numerous highly water-rich karst 
caves, which are often fed by surface water from the sur-
rounding QYS area. This has caused severe sudden water 
and mud inflow disasters during heavy rains, such as the 
maximum water inflow of 1.153 × 104 m3 /h observed at 
ZK19 + 750 toZK20 + 150 and YK19 + 740 toYK20 +
155 during the rainy season of 2015, with high water pres-
sure and stress concentration caused by the presence of
karst caves being the primary causes of such disasters.

4.2 Computation model and parameters

A 2D numerical model with a 70 m height and 70 m 
width was established to investigate the mechanical behav-
ior of a tunnel under the influence of a single karst cave
based on FSI, as depicted in Fig. 7(b), based on field inves-
tigation and prior research (Z. Xu et al., 2021). The EPS 
method was employed to simulate the generation of bed-
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ding planes, tunnel excavation, and karst water in the 
numerical model. In this model, the karst cavity with a
high-pressure model was simplified. The radius of the karst
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Fig. 7. (a) Longitudinal geological section along the Qiyueshan tunnel (after G
scenarios of karst cave.
cave on the tunnel face was 6 m and the initial water 
pressure of the karst cavity adjacent to the tunnel was
0.12 MPa. The tunnel face was approximately 9 m in
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ao et al. (2021)), (b) model configuration and base particle, and (c) different
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Table 3 
Parameters of SPH particles used in QYS karst tunnel.

Parameter Rock 
matrix 

Bedding 
plane 

Water 

Density (kg/m3 ) 2500 2500 1000 
Elastic modulus (GPa) 12 4 – 
Poisson’s ratio 0.25 0.35 – 
Cohesion (MPa) 50 30 – 
Tensile strength (MPa) 30 20 – 
Internal friction angle ( °u
Normal stiffness (MPa/m) 9.6 3.2 – 
Friction coefficient tan 30° tan 25° – 
Particle spacing (m) 0.2 0.2 0.2 
Boundary particle spacing (m) 0.2 0.2 0.2 
Number of particles 60 250 10 250 1512 
Kernel function Cubic Cubic Cubic 
Kernel smoothing length (m) 0.2 0.2 0.3 
DP radius (m) 0.2 0.2 – 
SPH time step (s) 1 × 10–4 1 × 10–4 1 × 10 –4
d-SPH coefficient – – 0.1 
Controlling parameter for 

artificial viscosity 
b1

Controlling parameter for 
artificial viscosity 

b2

Parameters for artificial stresse1 0.3 0.3 – 
Parameters for artificial stresse2 4 4 – 

 

height, with a maximum width of 10 m. The karst cave was 
located approximately 2 m above the top of the tunnel face
according to Z. Xu et al. (2021).

The material parameters for rock SPH particles were 
obtained through a site survey and literature review (Lai 
et al., 20 21;  Z  . Xu et al., 2021), as shown in Table 3.  It  is
worth noting that the cohesion and tensile strength values 
require calibration and are greater than the actual values of 
real-world rocks. The kernel length was set at h = 0.2 m to
prevent the SPH kernel interaction of the IPs on the two
sides of the DPs (Shaw et al., 2015), and the boundary of 
the model consisted of virtual particles (Bi & Zhou, 2015) 
to prevent base particles from overflowing the boundary. 
The real gravity acceleration (g = 9.8 m/s2 ) was considered 
to replicate the real flow of water and rock movement after
rock collapse and water inrush.

In consideration of the initial ground stress, and follow-
ing the approach taken by (Z. Xu et al., 2021), the lime-
stone above the model was assumed to be 500 m thick 
with an average overlying density of 2000 kg/m3 . Accord-
ing to the depth of the tunnel, the weight of the rock and
soil above is converted into an equivalent load and added
to the upper boundary of the SPH model (Lai et al.,
2021). Therefore, a normal vertical pr ure of 
10 MPa was applied to the vertical boundary of the model
by setting a vertical velocity of virtual particles (Shu et al.,
2020) while the bottom remained fixed. A lateral pressure 

of 5 MPa was applied to the lateral side of the tunnel. 
Once a desired constant stress magnitude was achieve d
throughout the tunnel, the velocity of the top boundary
was stopped. During the balancing process, the infinite

rvess 

rh 
shear and tensile strength of the rock mass were imported. 
When the expected ground stress was achieved, the actual 
tensile and shear strength were imported, and the calcula-
tion time was set as 0 s. The calculation time step was
5 × 10–5 s, and a total of 40 000 steps were calculated in this
study.

To ensure that the impact of the single karst cave on the 
stratified tunnel is thoroughly analyzed, we considered five 
sets of bedding angles (i.e., 0°,  30°,  45°,  60°, and 90 °) and
four cave locations (i.e., left, right, roof, and bottom of
tunnel), resulting in a total of 18 different scenarios as
shown in Fig. 7(c). In addition, the layer spacing of all bed-
ding dips is set as consistent, and the interlayer thickness is 
controlled to be 3–5 times the bedding thickness. The dis-
placement of the corresponding water-resistant layers at
different locations and the stress, as well as the number
of cracks formed were monitored, as shown in Fig. 7(b). 
It should be noted that this 2D numerical model simplifies 
the actual tunnelling process and does not consider the 
impact of previous construction disturbance on the stress
field, as per the two-band theory proposed by Li et a l.
(2015). Furthermore, we assumed that the stratified tunnel 
was only affected by a single water-filled karst cave, and the
weakened zone caused by karst water fracturing was
studied.

4.3 Calculation results and analysis

Understanding tunnel failure characteristics and accu-
rately predicting the safe relationships between layer dip 
angles and karst cave positions are essential measures for 
identifying and mitigating water inrush hazards. Upon 
reaching the critical threshold of combined bedding dip
angles and karst cave positions, prudent measures such as
advancing support or other protective mechanisms must
be taken in order to avert potential inrush accidents (Gao 
et al., 20 23). It is analytically discerned that varying pat-
terns of the bedding dip angle and the karst cave posit ion
significantly influence the failure mode of the tunnel and
the risks of water inrush.

In this study, to facilitate the presentation of the failure 
mode, we have selected and presented the main failure area 
of the cave (10 m × 20 m). The failure process of the water-
resistant rock between the cave and the tunnel was extre-
mely short and rapid, lasting only 1.25 s. Therefore, the 
precursory behavior of water and mud inrush will be of 
utmost importance. The CDSPH algorithm, which embeds
the Lagrangian method, the contact algorithm and the
improved adaptive adjacent integral coupling algorithm,
has achieved a progressive failure of the stratified water-
resistant rock under high in-situ stress (from crack propa-
gation to contact slip, and even rolling) and the water
and mud inrush process of the karst tunnel.

4.3.1 Analysis of roof failure and water inrush

Figure 8 illustrates the progressive roof failure of the 
water-resistant structure of tunnels with different dip angles
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Fig. 8. Entire process of progressive rock damage and water inrush with different h when karst cave is located at the roof of tunnel.
h when karst cave is located at the roof of tunnel. Intu-
itively, it can be observed that the water-resistant rock sur-
rounding the tunnel with different h experiences varying
degrees of damage and water/mud inrush subject to the
overlying water pressure and high ground stress. Complete
rock fracture and collapse of water-resistant structure with 
dip angles h =  45° and 60° are observed at t = 1.25 s, and 
inrush occurs in a fully submerged manner. The reason is
that the surrounding rock first forms a dominant fracture
surface due to shear cracking before water inrush, which
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propagates along the bedding direction with 60° 2 
denotes internal friction angle) according the Mohr– 

Coulomb failure criterion with a tension cut-off. 
Consequently,water inrush in the overlying cave is more 
possible to occur at h = 45° and 60°. In addition,the
temporary local inrush is observed at h = 0° and 90° for
water-resistant structure.
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Moreover, the water in the karst cave continually 
eroded the cave walls during the rock failure, leading to 
corresponding changes in the karst cave morphology which 
is consistent with the field observation. This strongly 
physical erosion process based on fluid–solid interaction 
in SPH is difficult to be revealed by other block methods 
(like Universal Distinct Element Code (UDEC)). Further-
more, the internal sudden water inrush in the karst cave
not only acted on the water-resistant rock of invert directly
but also caused complete collapse of the sidewalls, such as
the right sidewall of h = 90° at 1.25 s.

For further quantification of the impact of dip angles of 
stratified rock tunnels on failure characteristics, the vertical
stress at the measuring points at the top of the tunnel is
° 

Fig. 9. Evolutions of (a) vertical stress, (b) total displacement, and (c) crack cou
of tunnel.
depicted in Fig. 9(a). It can be found that the rock cracking 
and collapse process of the water-resistant structure can be 
divided into four consecutive stages. At the beginning of 
the water–rock interaction simulation, the corrosive effect 
of the water on the karst cave surrounding rock mass 
causes the vertical stress to be relatively stable at 5 MPa 
(Stage I). Under the action of overlying water pressure, 
the surrounding rock enters the elastic strain stage, and 
the blocks lose resistant capacity after reaching the peak 
stress successively. Then, a stress drop occurs, and the 
water-resistant rock fractures until the crack penetrates 
the water-resistant rock (Stage II). Among them, the 
water-resistant rocks with h =  0° and 90° display brittle
failure characterized by a rapid drop in stress during the
post-failure stage. In contrast, rocks with h = 30°, 45°,
and 60° exhibit ductile failure behavior. During Stage III,
which is the block sliding stage, stress rebound is observed
in the case with h = 60°, attributed to multiple frictions
between the separating blocks and the surrounding rock.
This frictional interaction leads to the occurrence of multi-
ple fractures in the rock mass. After the block separates
° 

°

nt of stratified tunnel with different h when karst cave is located at the roof
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from the surrounding rock, water rushes in extensively. 
This stage (Stage IV) is accompanied by the falling of rock 
blocks from the tunnel roof and their deposition at the tun-
nel bottom, with stress gradually returning to equilibrium.
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°

Fig. 10. Entire process of progressive rock damage and water inrush w
By conducting a comparative analysis of peak stresses at 
different dip angles prior to the stress drop, it was observed 
that the peak stresses at 0° and 90° were more substantial
than those at other angles, reaching 46 and 41 MPa, respec-
ith differen t h when karst cave is located at the bottom of tunnel.
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tively, and displayed brittle failure characteristics. The 
peak stress at 30° was comparatively lower at 36 MPa 
and exhibited ductile failure characteristics. For the case 
with h =  45° and 60°, lying between brittle and ductile 
behaviors, the peak stresses were relatively smaller, and 
cracks rapidly propagated during Stage II, resulting in
stress escalation during Stage III frictional sliding. Hence,
the vertical stress obtained by the CDSPH method can pro-
vide a comprehensive understanding of the progressive fail-
ure process of the surrounding rock with different dip
angles.

Figure 9(b) presents the total displacement of the mea-
suring points. It can be found that the rockfall primarily 
occurred during the late stage of Stage IV, and for 
h =  0°, the falling time was relatively delayed compared
to other dip angles, suggesting that horizontal rock layers
offer relatively greater stability. The evolution of crack
count is depicted in Fig. 9(c). The crack count progressively 
increases from Stage II to Stage III and then accelerates ,
eventually reaching a stable state. Importantly, the number
° 

°

Fig. 11. Evolutions of (a) vertical stress, (b) total displacement, and (c) crack 
bottom of tunnel.
of tensile cracks exceeds that of shear cracks, indicating 
that tensile failure dominates during inrush, which is con-
sistent with the site observstion (Lai et al., 2021;  W  . Xu 
et al., 2021). Moreover, the water-resistant structure with 
h =  45° poses the greatest hazard due to highest crack for-
mation, whereas a dip angle of 0° signifies the most stable 
condition. These findings underscore the critical influence 
of dip angles on the behavior and failure patterns of
water-resistant structures in stratified tunnels, offering
valuable insights for engineering safety assessments and
mitigation strategies.

4.3.2 Analysis of bottom failure and water inrush

The entire process of progressive rock damage and 
water inrush at tunnel bottom with different h is depicted
in Fig. 10. The rock damage of the bottom position at 
t = 0.3 s is similar to the bending failure mode in the
three-point bending test of slate (An et al., 2021; Fang
et al., 20 22), and hydraulic fracture starts from the edge 
of the cave and first expands along the weak plane direc-
° 

count of stratified tunnel with different h when karst cave is located at the
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Fig. 12. Entire process of progressive rock damage and water inrush at sidewall with different dip angles. (a) h =  0°, (b) h =  30° , (c) h = 45°, (d) h = 60°,
and (e) h = 90° when karst cave is adjacent to sidewall.

Fig. 13. Evolutions of (a) horizontal stress, and (b) crack count of the stratified tunnel with different dip angles h when karst cave is adjacent to sidewall.
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tion as illustrated by the circular dashed line in Fig. 10. 
This type of crack extension affects the subsequent bending 
failure, mainly manifested in the transformation from mid-
dle extrusion to side extrusion, which partially explains the 
phenomenon of water inrush and mud gushing at the
bottom side of the QYS tunnel due to high dip angle
bedding planes, approximately h = 60°–90°.

Quantitative comparisons of the vertical stress–strain, 
crack development, and displacement at the vault with dif-
ferent h are presented in Fig. 11. Overall, the peak stress 
before rock failure in Stage II gradually increases with 
the increase of h. For stratified tunnels with high dip angle 
bedding planes (i.e., h >= 60°), tunnel bottom simulated by 
SPH is prone to be unstable. Notably, the peak stress with 
case of h =  0° is the highest, mainly due to the high propor-
tion of matrix in water-resistant structure, and the weak 
rock breaking ability of hydraulic fracturing. This indicates 
that the difficulty in damaging the hor izontal stratum at the
top and bottom is greater than other h. However, the accel-
erated movement and extensive squeeze failure in horizon-
tal stratum caused by hydraulic fracture with high pressure
result in extensive water inrush disasters. As the h
increases, the final displacement of Stages II and III grad-
ually increases. Therefore, the stability of the bottom of the
Fig. 14. Evolutions of (a) mean velocities, (b) water pressure in the cave case w
process of stratified tunnel with h = 0°.
tunnel is the worst when h =  60  °–90° in rock tunnel
engineering.

4.3.3 Analysis of sidewall failure and water inrush

In this section, simulated inrush processes on the side-
wall (i.e., left and right position) at t = 1.75 s are plotted
in Fig. 12. It reveals that at dip angles ranging from 30° 
to 90°, a stable state of the tunnel face is likely to be formed 
when water-filled cave exists adjacent to the sidewalls. 
However, at h =  0°, water-resistant rocks gradually gener-
ate shear cracks and slip along the weak layer, and the 
upper stratified rock of the sidewall is favorable to punch-
ing failure, culminating in a local water inrush at t = 1.35 s. 
Then the generation of secondary cracks and expansion of 
the lower block is formed, resulting in slip-topping failure
under consistent water pressure, drag force along with fric-
tion force of the upper rock mass (t = 1.50 s). It is notable
that some shear and tensile cracks initiate along the weak
plane on sidewalls at h = 30° and 45°. However, the shear
resistance is strong enough to suppress the deformation of
the structure, and the blocks of the structure can still hold
horizontal pressure (Gao et al., 2023). Although no crack 
extension and collapse occur at h =  90°, lateral squeezing
resulting from holding horizontal pressure is observed.
ith different dip angles h during the water inrush process, and (c) the failure
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The corresponding horizontal stress and crack count of the
sidewall are shown in Fig. 13. It is evident that during the 
Stage II, the peak stress of the sidewall is the highest at 
h =  0° due to punching failure, while reaches the minimum
value at h = 90°, primarily caused by stress release resulting
from the rocks’ resistance to squeezing.

5 Discussion and limitations

5.1 Discussion on the flow velocity a nd pressure of water

inrush

The flow velocity and water pressure inside the karst 
cave are easily monitored on-site, allowing for the quanti-
tative assessment of inrush disaster at various stages. In
Fig. 14, the water-resistent rock undergoes a fracturing 
stage, with a slow increase in both mean flow velocity 
and water pressure during Stage II (0.05–0.50 s). As the 
water-resistent rock enters the block sliding stage (Stage 
III), the flow velocity and water pressur e increase sharply
until reaching a critical value, known as the turning point
1 (TP1), such as h = 0° (2.75 MPa). Then, the water-
resistent rock loosens and falls downward (Fig. 14(c), 
t = 1.10 s), resulting in the release of water pressure of 
karst cavities, by contrast, the flow velocity increases 
rapidly during the fast propagation (FP) stage. When the
flow velocity reaches a peak value (PP), such as 0°
(23.5 m/s), the water pressure begins decreasing until a
Fig. 15. Evolutions of (a) mean velocities and (b) water pressure in the c
minimum threshold (TP2), reaching 0° at 1.25 MPa. Subse-
quently, the rock mass enters Stage IV, where the water 
pressure increases in the reverse direction, and the water 
flow velocity gradually decreases during the recovery 
(RP) stage. Therefore, the variations in water pressure 
and flow velocity indicate the stage evolution of the inrush 
disaster, especially for Stages III–IV. These results indicate
that once the monitored flow velocity in the field enters an
FP stage or water pressure reaches a peak value (TP1), the
transition from local initiation to overall inrush is faithfully
predicated by the CDSPH method and immediate evacua-
tion measures are required.

Due to the above analysis, the occurrence of PP of water 
pressure indicated the occurrence of overall water inrush. 
Therefore, the delay effect of water inrush is the most obvi-
ous with h =  45°, by contrast, the weakest delay effect is 
observed at h =  0°. In addition, the peak value of water 
pressure is also affected by different dip angles of bedding, 
the lowest one of 1.25 MPa with h = 90° and the highest
one of 2.82 MPa with h = 0°. We infer that the horizontal
layer of water-resistant rock is stable and is not conducive
to the release of water pressure, resulting in an obvious rise
of water pressure and delay effect of water inrush.

The variations of water pressure and flow velocity over 
time for the cave located at the bottom of the tunnel are
shown in Fig. 15, which exhibits a similar pattern to the 
water pressure and flow velocity variations during top cave
inrush events. When the average water flow velocity with
ave case with different dip angles h during the water inrush process.
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h =  0° reaches its peak value (PP) at 12.9 m/s, the water 
pressure starts to decrease from its peak value (TP1) to 
the threshold level (TP2), which indicates the overall inrush 
disaster. Due to the cave being situated at the bottom of 
the excavation face, the excavation reduces the squeezing 
effect of the overlying load, resulting in relatively lower 
water pressure compared to the situation where the cave 
is located at the top of the tunnel. Similar to top cave
inrush events, the overall flow velocity and pressure are rel-
atively smaller at h = 90°. However, the arrival time of
Stage III is the most pronounced, and it can be deduced
that for bottom-positioned karst caves, water-resistant
rocks with a dip angle of 90° are more likely to induce
inrush events.

The variations of water pressure and flow velocity over 
time for the cave located at the sidewall of the tunnel are
shown in Fig. 16. The decrease in water pressure from
Fig. 16. Evolutions of (a) mean velocities and (b) water pressure in the cave c
failure process of stratified tunnel with h = 0°.

Fig. 17. Comparison result of final water inrush calculated by (a) present me
modeling (without contact algorithm).
TP1 to TP2 clearly indicates the entire process of water-
resistant rock transitioning from localized contact sliding 
to localized gushing and finally to complete water inflow. 
Notably, a significant reduction in water pressure is 
observed for a dip angle of 0°, attributed to punching fail-
ure. For a dip angle of 45°, the hydraulic fractures of the
cave propagate towards the far field of the tunnel, resulting
in a relatively lower water pressure.

5.2 Compared with other crack ing strategies

In contrast to other crack propagation metho ds such as
IKSPH (Yu et al., 2021b), general particle dynamics 
(GPD) (Bi & Zhou, 2015; Zhou et al., 2015a), and the 
pseudo-spring method (Chakraborty et al., 2017; Shaw
et al., 2015), CDSPH exhibits greater potential for simulat-
ing contact behavior on fracture surfaces in various appli-
ase with different dip angles h during the water inrush process, and (c) the

thod (with contact algorithm), and (b) the IKSPH (Yu et al., 2021b) for 
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cations, including rock avalanches, excavation collapse, 
and foundation settlement due to the simplified contact
search and contact methods (Xia et al., 2024a, 2024b). As 
a comparison, the results calculated by CDSPH and the 
IKSPH method with case h = 0° in Section 4.3. 3 are shown 
in Fig. 17, using identical geometrical and parameter set-
tings. The IKSPH model exhibits overall cracking without 
considering contact behavior due to the direct deletion of
damaged particles, providing a pathway for crack propaga-
tion (Yu et al., 2021a). However, IPs on both sides of the 
fracture surface still interact within the influence region 
of the kernel function when subjected to pressure, which 
results in a non-physical phenomenon of interaction on
the fracture surface, as often mentioned in the pseudo-
spring method (Chakraborty et al., 2017; Shaw et al.,
2015). To address this defect and accurately model large 
deformation problems in fractured systems, DP particles 
arranged on the fracture surface are introduced, imple-
menting contact algorithms that consider both normal 
and tangential interactions. Additionally, a reasonable
SPH kernel radius is used, typically set to be DP/h = 0.9–
1.1 to construct the fracture surface and non-continuous
contact interfaces effectively (Chakraborty et al., 2017;
Shaw et al., 2015). By doing so, the undesired interaction 
between IPs on both sides of the fracture surface under 
pressure is significantly reduced, thereby achieving realistic 
contact behavior during the block-to-block contact 
process. The introduction of contact algorithms into crack-
ing models is essential for dealing with large deformation 
problems in fractured systems and enables a more accurate 
representation of the behavior of fractured materials dur-
ing block-to-block interaction, toppling, and detachment
processes. This enhances the overall reliability and applica-
bility of the model for studying complex geological and
engineering problems involving rock fracturing and
deformation.

5.3 Limitation and future study

Based on the Mohr–Coulomb failure criterion with ten-
sile cut-off and the explicit particle search method, the 
CDSPH approach can effectively simulate the cracks with 
high accuracy without grid re-modeling and re-meshing.
However, more complex failure criteria such as the
Hoek–Brown failure criterion (Hoek & Brown, 1997) need 
to be incorporated which are predominantly suitable for 
estimating the brittle fracture of rock masses.

This study utilizes the CDSPH method to model the fail-
ure process of a karst tunnel, while the weakly compress-
ible SPH method simulates the propagation stage of 
water inrush. The SPH method offers an intriguing alterna-
tive for solving problems with large deformation. Con-
versely, mesh-based methods are better suited for
problems with small deformation due to certain drawbacks
associated with the SPH method, such as boundary defi-
ciency, tensile instability, and boundary conditions. Our
computational framework operates on the R9000P plat-
form, utilizing an AMD Ryzen 7-5800H CPU paired with 
Radeon graphics featuring 8 cores. The CPU operates at a 
base frequency of 3.2 GHz, with the capability of turbo 
boosting up to 4.2 GHz. For a single-core, single-
threaded calculation of the 2D tunnel water inrush process 
over 4000 steps, the computational time ranges from 35 to 
45 min. There is a pressing need to augment computational 
power to accommodate the intricacies of three-dimensional 
simulation scenarios. Hence, the implementation of a GPU 
or CPU programming for the SPH framework is of para-
mount importance to enhance computational efficiency.
Additionally, in order to further improve the model’s com-
putational performance, the development of multi-
resolution CDSPH models will be necessary. These
advancements will enable us to efficiently handle a larger
number of particles while maintaining high accuracy, facil-
itating the simulation of more complex, large-scale and
three-dimensional engineering problems in a time-efficient
manner.

Moreover, this CDSPH framework is well-suited for 
tackling explicit dynamic problems, effectively simulating 
rock mass fracturing, motion, and free-surface flow of flu-
ids. However, it currently does not account for implicit 
transient seepage in rock matrix and implicit seepage in 
joints. The former requires incorporating implicit Darcy 
seepage, while the latter necessitates introducing the frac-
ture flow and non-Darcy seepage treatment. Hence, in 
future research, we plan to integrate the corresponding 
implicit seepage equations for both tunnel rock matrix 
and joints to better capture real-world engineering scenar-
ios. By incorporating these additional features, the model
will be enhanced to encompass the complexities of rock
mass behavior, accounting for both fracturing and seepage,
making it better suited to represent realistic engineering
conditions. This advancement will offer a comprehensive
and reliable simulation tool for a wide range of engineering
applications involving fractured rock masses and fluid
interactions, significantly extending the practical utility of
the proposed framework.
(2)

6 Conc lusions

This paper employed CDSPH method for investigating 
rock failure and FSI processes of QYS karst tunnel consid-
ering layer dip angles and karst cave positions. The main
conclusions are detailed as:

(1) 

ing induced impulsive wave test. 

The reliability and accuracy of the CDSPH model in 
modeling the free surface flow, rock damage, FSI and 
co ntact between rock blocks assembly were examined
and verified by hydraulic fracturing test and slid-

The evolution of water inrush in QYS karst tunnel 
calculated by the CDSPH method is divided into four
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stages based on vertical/horizontal stress characteris-
tics including hydraulic fracturing of karst caves 
(Stage I), hydraulic fracturing of water-resistant rock 
(Stage II), rock sliding and local inrush (Stage III),
and rock collapse and overall inrush (Stage IV).

(3) The dip angle of the weak layer planes significantly 
influences the hydraulic failure characteristics of 
water-resistant rock. When the cave is located at 
the top of the tunnel, the water-resistant structure 
with a dip angle h of 45° poses the highest risk, while 
h =  0° provides the most stability. When the cave is 
situated at the bottom of the tunnel, the tunnel’s bot-
tom stability is the weakest for h = 60°–90° in rock
tunnel engineering. When the cave is present in the
sidewall of the tunnel, a dip angle of 0° leads to sig-
nificant water inrush and slip-topping failure of the
tunnel sidewall.

(4) The decrease in water pressure and the occurrence of 
maximum flow velocity within the cave can predict 
the transition from localized water inrush to extensive 
flooding, which is easily monitored on-site, allowing
for the quantitative assessment of various stages for
water-resistant rock failure and inrush disaster risk.
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