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Abstract: This study explores the water inrush phenomenon and its control measures dur-
ing tunnel construction in enclosed karst geological conditions through a real case study. 
Using numerical simulation methods, the study investigates the variations in water level 
drawdown, drainage volume, and the changes in principal stress and displacement at four 
locations (arch waist, left arch waist, left arch foot, and arch bottom) during tunnel con-
struction under three excavation methods (full-face excavation method (FFEM,), bench 
excavation method (BEM), and reserved core soil excavation method (RCSEM)), six water 
head heights (122 m, 162 m, 202 m, 242 m, 282 m, 322 m), and five excavation advances 
(0.5 m, 1.0 m, 1.5 m, 2.0 m, 2.5 m). The results show that, compared to controlling excava-
tion advance, water level drawdown and drainage volume are more sensitive to increases 
in initial water head height. The reserved core soil method results in the smallest drainage 
volume and water level drawdown, effectively controlling stress increase and signifi-
cantly mitigating arch bottom uplift. The RCSEM has the smallest drainage volume, mak-
ing it an ideal choice for ecological protection. 

Keywords: enclosed karst geological structure; tunnel excavation; numerical simulation; 
fluid–structure interaction 
 

1. Introduction 
In the mountainous regions of Southwest China, there exists a unique geological 

structure known as the enclosed karst geological structure. This structure is characterized 
by highly permeable rock layers rich in groundwater that are tightly encased by less per-
meable rock layers, forming a special hydrogeological unit with strong water storage ca-
pacity and significantly elevated water pressure. When tunnel construction passes 
through the boundary zones of such formations, the disturbance to the mountain’s equi-
librium caused by excavation may lead to sudden and high-intensity water inrush. This 
poses risks to construction safety, project progress, and the long-term stability of the tun-
nel structure. At the same time, the system balance between groundwater and the ecolog-
ical environment around the tunnel construction area is disrupted, potentially resulting 
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in incidents such as groundwater level decline, reduced effective stress of the surrounding 
rock, ground subsidence, and surface vegetation wilting [1–14]. These issues can lead to 
difficulties in accessing water, environmental degradation in the surrounding construc-
tion area, and significant safety risks to the lives and properties of nearby residents. 

The seepage field refers to the dynamic hydrological phenomenon of groundwater 
flow within the pores and fracture networks of rock and soil masses. It has a significant 
impact on the physical properties, mechanical behavior, and safety of engineering con-
struction in these materials. To investigate the disturbances to the seepage field caused by 
tunnel excavation, some researchers have employed finite element software to conduct 
refined numerical simulations of the tunnel construction process [15–22]. These studies 
explored the distribution characteristics and dynamic changes of the seepage and stress 
fields in the surrounding rock before and after excavation, providing a theoretical basis 
for understanding and predicting seepage responses during excavation. On this founda-
tion, new approaches to addressing tunnel seepage issues have been proposed. Many re-
searchers, starting from theoretical perspectives, have optimized key parameters in seep-
age models for rock and soil masses. A novel alternate analytical method was introduced 
to obtain an exact solution for the steady-state seepage field around underwater twin tun-
nels in a semi-infinite saturated aquifer, accurately accounting for the influence of lining 
or grouting zones and the interaction of tunnel seepage [23]. An analytical solution for the 
seepage field in water-rich rock layers composed of surrounding rock, grouting rings, and 
primary support was derived [24]. Additionally, analytical solutions for the impact of tun-
nel construction on seepage fields have been developed, enabling further prediction of 
tunnel water inflow rates [25–32]. 

Although the issue of water inflow in tunnels has garnered significant attention, re-
search on steady seepage and water inflow in water-rich karst tunnels is still in its early 
stages and requires further exploration. This study focuses on the Wufu Tunnel in Chong-
qing, establishing a three-dimensional fluid–structure interaction model of the tunnel ex-
cavation process. The research systematically investigates the impact of tunnel construc-
tion on the stability of the surrounding rock and the groundwater environment. This not 
only enriches the theoretical understanding of the design and construction of enclosed 
karst tunnels but also provides practical reference guidelines for the planning and imple-
mentation of similar engineering projects. 

2. Project Overview 
The Wanzhou to Kaizhou Expressway is a section of the G5012 National Highway 

Network’s transverse connection line. It is located in the northeastern Chongqing region, 
connecting Wanzhou and Kaizhou districts. The route begins at Lushan in Wanzhou, con-
necting to the G5012 (Wanzhou South Ring) Expressway, passing through Lihe Town, 
crossing Tiefeng Mountain, continuing through Nanmen Town and Jiacao Mountain, then 
through Tieqiao Town, and finally reaching the Nanya Interchange near Nanya, where it 
connects to the Kaikai Road to enable traffic transitions. The total route length is 47.481 
km. The entrance to the Wufu Tunnel is located in Shengji Village, Nanmen Town, Kai-
zhou District, and its exit is in Yuhe Village, Tieqiao Town. The tunnel features a twin-
tube design with a distance of 15–30 m between the left and right lanes. The tunnel has a 
slightly arched alignment extending to the southwest, with an overall direction of approx-
imately 328°. The tunnel is designed for a speed of 100 km/h, with a structural clearance 
width of 10.75 m. The radius of the tunnel arch waist is 5.80 m, and the cross-sectional 
area is 67.08 m2. 

Taking the left tunnel as an example, geological survey data indicate that the inter-
face between the impermeable rock layer T2b2 and the permeable rock layer T2b1 is lo-
cated at tunnel position ZK38 (see Figure 1). The surrounding rock is classified as Grade 
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V. The tunnel prototype at this location adopts the S5c-type lining cross-section (see Fig-
ure 2). The initial support for the tunnel uses C25 concrete with a thickness of 0.24 m, 
while the secondary lining uses C35 concrete with a thickness of 0.45 m. The construction 
methods considered include the full-face excavation method (abbreviated hereinafter: 
FFEM), the bench excavation method (abbreviated hereinafter: BEM), and the reserved 
core soil excavation method (abbreviated hereinafter: RCSEM). 

 

Figure 1. Geological profile of the left tunnel. 

 

Figure 2. S5c-type lining cross-section. 

The seepage model assumes isotropy, and the relevant material parameters for the 
model are shown in Table 1 (where “—” stands for infinity). 

Table 1. Model material parameters. 

Materials 
Density 
Ρ (kg·m−3) 

Elastic Modulus 
E (GPa) 

Poisson’s Ratio 
μ 

Cohesion 
C (MPa) 

Internal Friction 
Angle 
φ (°) 

Permeability  
Coefficient 

K (m/d) 
Porosity 

Low-permeability 
rock layer: T2b2 

2550 8.2 0.34 5.87 32.35 0.03 0.35 

Highly permeable 
rock layer: T2b1 

2500 6.2 0.33 3.08 39.30 0.42 0.35 

Initial support 2700 28.0 0.21 — 53.85 8.64 × 10−6 0.21 
Secondary lining 3000 30.0 0.19 — 55.91 8.64 × 10−7 0.19 

3. Establishment of the Three-Dimensional Fluid–Structure Interaction 
Model for Tunnel Excavation Process and Seepage Field Analysis 

This section may be divided by subheadings. It should provide a concise and precise 
description of the experimental results, their interpretation, as well as the experimental 
conclusions that can be drawn. 

  



Water 2025, 17, 389 4 of 34 
 

 

3.1. Establishment of the Three-Dimensional Fluid–Structure Interaction Model for Tunnel 
Excavation Process 

Numerical simulations were conducted using ABAQUS 2022 software. In this study, 
to highlight the characteristics of the enclosed karst geological structure and simplify the 
model, the interface between the weakly permeable rock layer T2b2 and the highly per-
meable rock layer T2b1 was chosen as the research object (Figure 3). A three-dimensional 
fluid–structure interaction model for the tunnel excavation process was established. The 
study analyzed the impact and variation of the stress field, displacement field, and pore 
water pressure field during the excavation process under different working conditions 
and construction methods, and explored reasonable construction plans. 

 

Figure 3. Location of the interface between T2b2 and T2b1. 

To minimize the boundary effect, a distance of 100 m is taken on each side, corre-
sponding to the model depth. The geological layers are symmetrically distributed in the 
front and rear. The red-brown color represents the weakly permeable rock layer T2b2, and 
the light blue color represents the highly permeable rock layer T2b1. According to geolog-
ical survey data, the underground river recharge at this location is 373 m away from the 
tunnel in a straight line, which corresponds to the distance from the centerline of the tun-
nel to the ends of the model. The tunnel depth is 322 m, which corresponds to the distance 
from the tunnel arch waist to the top of the model. The model height is set to 500 m. The 
model dimensions are 746 m × 500 m × 200 m. The front, rear, left, and right boundaries 
of the model are constrained for normal displacement, with a free boundary at the top and 
a fixed boundary at the bottom. 

The seepage model uses an isotropic seepage model, with the bottom and the front, 
rear, and side boundaries set as impermeable. The recharge is set as fixed water head re-
charge on both sides, and rainfall is applied at the surface with a rainfall intensity of 1266.6 
mm, which is the average annual rainfall intensity for the tunnel site. The initial water 
level, or fixed water head recharge, is simulated with different gradient groups according 
to the actual conditions. To simulate the groundwater discharge during the tunnel con-
struction process, the tunnelʹs inner surface is set as a discharge boundary with a pore 
water pressure of 0 MPa, representing a free discharge boundary. The model has a total 
of 142,933 nodes and 135,936 elements, using linear hexahedral elements with element 
type C3D8P. Figure 4 is a schematic diagram of the model, where (a) is a schematic dia-
gram of the model grid; (b) is a schematic diagram of the FFEM; (c) is a schematic diagram 
of the BEM; (d) is a schematic diagram of the RCSEM. Considering the practical engineer-
ing conditions, when using the BEM and the RCSEM for step-by-step excavation, a certain 
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construction step distance needs to be reserved. During one construction cycle, different 
excavation footages are used to excavate the upper step (BEM)/arch-shaped guiding tun-
nel and the left and right sidewall guiding tunnels sequentially (RCSEM). The lower step 
(BEM)/reserved core soil is then excavated in the same manner (RCSEM). 

  
(a) 

  
(b) (c) 

 
(d)  

Figure 4. Schematic of the model(In the figure, (a):Schematic of the model mesh; (b): Schematic of 
FFEM ; (c): Schematic of BEM excavation; (d): Schematic of RCSEM ;cyan represents the surround-
ing rock strata, sky blue represents the soil in the tunnel excavation direction, orange in c/d repre-
sents the rock mass excavated step by step, and red represents the tunnel that has been excavated.). 

A monitoring section is set at the interface between the highly permeable and weakly 
permeable rock layers at Z = 100 m in the middle of the model. Figure 5 shows the ar-
rangement of the surrounding rock monitoring points. Since the model is symmetric, 
monitoring points are only set in the left half of the tunnel, located at the arch waist, left 
arched waist, left arched foot, and arched bottom. The positions of the monitoring points 
are shown in Figure 5. 
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Figure 5. Tunnel monitoring point layout. 

Displacement around the tunnel is a measurable indicator and is the most direct basis 
for assessing tunnel stability after excavation. In this study, the tunnel is buried deeper 
than 300 m and located in a water-rich V-grade surrounding rock area. According to the 
Highway Tunnel Design Code (JTG 3370.1—2018) [33], the allowable relative horizontal 
convergence vault around the tunnel is 1% to 3%, and the allowable settlement vault of 
the arch waist is 0.5 to 1 times 1% to 3%. Due to the highwater pressure and higher risk of 
water inrush in this section, both the allowable relative horizontal convergence vault and 
the allowable arch waist settlement vault are set to the lower limits. Therefore, the hori-
zontal convergence limit vault is 129.8 mm, and the arch waist settlement limit vault is 
64.9 mm. 

Based on the rock physical and mechanical test data from the survey report, the com-
pressive strength of the weakly permeable rock layer in the segment from ZK37 + 900 to 
ZK38 and the highly permeable rock layer from ZK38 to ZK38 + 100 were reduced accord-
ing to the Municipal Engineering Geological Survey Code (BJ50-174-2014) [34]. The com-
pressive strength of the weakly permeable rock layer is 28.17 MPa, and the tensile strength 
is 1.5 MPa; the compressive strength of the highly permeable rock layer is 15.33 MPa, and 
the tensile strength is 1.4 MPa. To ensure tunnel safety, the smaller vault between the 
compressive and tensile strengths of the surrounding rock is taken. Therefore, the com-
pressive strength is set to 15.33 MPa, and the tensile strength is set to 1.4 MPa. If the sur-
rounding rock stress exceeds these vaults after tunnel excavation, it is considered a failure 
or instability. 

3.2. Study on the Variation Law of Drainage Volume and Water Level Drawdown 

Based on the characteristics of the geological formation and the actual project, three 
factors—water head height, excavation footage, and excavation method—were selected 
to discuss the impact of tunnel drainage on the pore water pressure field. The water head 
height is defined as HHH, with six different vaults: H = 122 m, H = 162 m, H = 202 m, H = 
242 m, H = 282 m, and H = 322 m. The excavation footage is defined as L, with five different 
vaults: L = 0.5 m, L = 1.0 m, L = 1.5 m, L = 2.0 m, and L = 2.5 m. Three excavation methods 
were considered: FFEM, BEM, and RCSEM. A total of 90 working conditions were set, 
calculated as 6 × 5 × 3 = 90 groups. 

The pore water pressure field cloud diagrams for each working condition under dif-
ferent excavation methods are shown in Figures 6–8. The initial water level drawdown 
and tunnel drainage volume data for each working condition under different excavation 
methods are extracted and shown in Table 2. 
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(a) (b) 

  
(c) (d) 

(e) (f) 

  
(g) (h) 

 
(i) 

Figure 6. Pore water pressure field under different initial head heights (H) and different excavation 
footage (L) for FFEM. (In the figure, (a): H = 122 m and L = 0.5 m; (b): H = 122 m and L = 1.5 m; (c): 
H = 122 m and L = 2.5 m; (d): H = 242 m and L = 0.5 m; (e): H = 242 m and L = 1.5 m; (f): H = 242 m 
and L = 2.5 m; (g): H = 322 m and L = 0.5 m; (h): H = 322 m and L = 1.5 m; (i): H = 322 m and L = 2.5 
m.). 
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(a) (b) 

  
(c) (d) 

 
(e)  (f)  

  
(g) (h) 

 
(i) 

Figure 7. Pore water pressure field under different initial head heights (H) and different excavation 
footage (L) for BEM. (In the figure, (a): H = 122 m and L = 0.5 m; (b): H = 122 m and L = 1.5 m; (c): H 
= 122 m and L = 2.5 m; (d): H = 242 m and L = 0.5 m; (e): H = 242 m and L = 1.5 m; (f): H = 242 m and 
L = 2.5 m; (g): H = 322 m and L = 0.5 m; (h): H = 322 m and L = 1.5 m; (i): H = 322 m and L = 2.5 m.) 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

 
(i) 

Figure 8. Pore water pressure field under different initial head heights (H) and different excavation 
footage (L) for RCSEM. (In the figure, (a): H = 122 m and L = 0.5 m; (b): H = 122 m and L = 1.5 m; (c): 
H = 122 m and L = 2.5 m; (d): H = 242 m and L = 0.5 m; (e): H = 242 m and L = 1.5 m; (f): H = 242 m 
and L = 2.5 m; (g): H = 322 m and L = 0.5 m; (h): H = 322 m and L = 1.5 m; (i): H = 322 m and L = 2.5 
m.) 
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Table 2. Statistics of water level drawdown and drainage volume under different conditions and 
excavation methods. 

Different Conditions FFEM BEM RCSEM 

Excavation 
Footage (m) 

Initial Water 
Head (m) 

Drawdown 
of Water 
Level(m) 

Drainage 
Volume 
m³/(m·d) 

Drawdown of 
Water Level (m) 

Drainage 
m³/(m·d) 

Drawdown of 
Water Level 

(m) 

Drainage 
Volume 
m³/(m·d) 

0.5 122 25.84 13.40 25.70 13.35 22.37 11.63 
0.5 162 27.94 18.07 27.93 18.01 24.92 15.42 
0.5 202 29.60 21.86 29.48 21.80 25.88 19.21 
0.5 242 31.23 26.53 31.13 26.45 27.49 22.99 
0.5 282 33.48 30.86 33.44 30.77 29.32 26.75 
0.5 322 36.79 35.15 36.65 35.05 32.46 30.47 
1 122 26.64 14.76 26.62 14.72 23.50 12.18 
1 162 28.78 18.73 28.62 18.69 25.66 16.15 
1 202 30.58 22.71 30.46 22.66 27.14 20.12 
1 242 32.27 28.06 32.23 28.00 28.65 24.09 
1 282 34.46 32.00 34.44 31.93 30.74 28.02 
1 322 37.91 35.90 37.88 35.83 33.66 31.92 

1.5 122 27.51 14.82 27.19 14.79 24.26 13.07 
1.5 162 29.40 19.16 29.12 19.13 26.55 16.63 
1.5 202 31.21 23.26 31.09 23.23 28.06 20.74 
1.5 242 33.26 28.14 32.91 28.09 29.45 24.83 
1.5 282 35.18 32.73 35.07 32.68 31.65 28.89 
1.5 322 38.89 37.28 38.47 37.23 34.88 32.90 
2 122 27.98 15.75 27.93 15.65 25.65 14.43 
2 162 30.22 20.10 30.14 19.98 26.94 19.16 
2 202 32.78 24.20 32.69 24.09 29.53 23.90 
2 242 33.85 31.09 33.83 30.78 30.93 28.63 
2 282 36.10 34.61 36.04 34.23 33.12 32.70 
2 322 39.68 39.16 39.63 38.78 36.51 37.96 

2.5 122 28.50 16.39 28.46 16.08 28.44 14.60 
2.5 162 30.76 20.59 30.75 20.30 30.72 19.39 
2.5 202 32.69 25.39 32.66 25.10 32.65 24.19 
2.5 242 34.77 31.97 34.45 31.12 34.35 28.98 
2.5 282 36.68 37.20 36.67 36.21 36.62 33.71 
2.5 322 39.76 42.37 39.70 41.24 39.68 38.40 

3.2.1. Seepage Analysis at Different Water Head Heights 

In tunnel engineering, the impact of water head height on drainage volume is a com-
plex but crucial consideration. Its principle involves the basic theory of groundwater flow 
and the effect of tunnel construction on the surrounding geological environment. During 
the tunnel construction process, controlling the drainage volume not only concerns con-
struction safety but also directly affects project quality and environmental protection. This 
study explores the variation law of drainage volume and water level drawdown under 
different initial water head heights, controlling the excavation footage at L=1.5 m, with 
initial water head heights set as H = 122 m, H = 162 m, H = 202 m, H = 242 m, H = 282 m, 
and H = 322 m. To visually describe the stress variation law at monitoring points, the ratio 
of the water level drawdown under different working conditions to the initial working 
condition water level drawdown is defined as the variation rate Δ′, with the following 
formula: 
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0

' 100%s
s

Δ = ×  (1)

where Δ′ is the water level drawdown variation rate; 𝑠 is the water level drawdown in 
meters; 𝑠 is the initial working condition water level drawdown in meters. 

The ratio of the water level drawdown under different conditions to the initial work-
ing condition drainage volume is defined as the variation rate Δ, with the following for-
mula: 

0

' 100%q
q

Δ = ×  (2)

where Δ′ is drainage volume variation rate; 𝑞, drainage volume in m3/(m·d); 𝑞, initial 
working condition drainage volume in m3/(m·d). 

In the analysis of different initial water head heights, H = 122 m is considered as the 
initial working condition. The water level drawdown, drainage volume variation curves, 
and variation rate curves are shown in Figures 9 and 10. 

  

Figure 9. Water level drawdown/drainage volume variation curves at different initial water head 
heights. 

  

Figure 10. Water level drawdown/drainage volume variation rate curves at different initial water 
head heights. 

(1) From the figure, it can be seen that as the initial water head height increases, both the 
water level drawdown and drainage volume increase under all three excavation 
methods. The drainage volume variation rate is higher than the water level draw-
down variation rate for all three excavation methods, indicating that drainage vol-
ume is more sensitive to the increase in initial water head height than water level 



Water 2025, 17, 389 12 of 34 
 

 

drawdown. As the initial water head height increases, the change in drainage volume 
is more significant than the change in water level drawdown. 

(2) Regarding different excavation methods, the increase in water level drawdown and 
drainage volume with rising initial water head height shows little variation among 
the three methods, indicating that the sensitivity of water level drawdown and drain-
age volume to increases in initial water head height is similar across the methods. In 
terms of the magnitude of drainage volume and water level drawdown, the order is 
FFEM > BEM > RCSEM (e.g., L = 1.5 m, H = 322 m, 37.28 > 37.23 > 32.90 (m³/(m·d)); 
38.89 > 38.47 > 34.88 (m)). Additionally, the numerical difference between the BEM 
and FFEM is small. Therefore, the RCSEM, with a smaller drainage volume and water 
level drawdown, is more suitable for water-rich karst tunnels where ecological pro-
tection must be considered. 

3.2.2. Seepage Analysis at Different Excavation Distances 

The variation law of drainage volume and water level drawdown under different 
excavation footage rates, with the initial head height controlled as the average water head 
height H = 282 m for the tunnel segment ZK37 + 900~ZK38 + 100, and excavation footages 
vaults of L = 0.5 m, L = 1.0 m, L = 1.5 m, L = 2.0 m, and L = 2.5 m. 

In the analysis of different excavation footages, L = 0.5 m is taken as the initial condi-
tion. The curves of water level drawdown, drainage volume variation, and variation rate 
are shown in Figures 11 and 12. 

  

Figure 11. Water level drawdown/drainage volume variation curves under different excavation 
footages. 

  

Figure 12. Water level drawdown/drainage volume variation rate curves under different excavation 
footages. 
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(1) As shown in the figure, with the increase in excavation footage, both water level 
drawdown and drainage volume increase under all three excavation methods. The 
drainage volume variation rate is greater than the water level drawdown variation 
rate for all three methods, indicating that drainage volume is more sensitive to the 
increase in excavation footage than water level drawdown. 

(2) From the perspective of different excavation methods, the growth rates of water level 
drawdown and drainage volume with increasing excavation footage are similar 
across the three methods, suggesting that controlling excavation footage has a similar 
effect on all three excavation methods. Regarding the magnitude of drainage volume 
and water level drawdown, the sequence is as followsFFEM > BEM > RCSEM (e.g., L 
= 1.5 m, H = 282 m, 32.73 > 32.68 > 28.89 (m³/(m·d)); 35.18 > 35.07 > 31.65 (m)). The 
numerical difference between the BEM and FFEM is small, indicating that controlling 
excavation footage to limit groundwater discharge and water level drawdown is 
more effective with the RCSEM. 

(3) The geological environment changes caused by tunnel excavation directly affect the 
hydraulic properties of the surrounding strata. Specifically, tunnel excavation 
changes the spatial arrangement of geological media, reorganizing the groundwater 
flow paths and altering the distribution of the pore water pressure field. As a new 
spatial void, the tunnel disrupts the hydraulic equilibrium of the original strata, caus-
ing groundwater to converge into the tunnel space, forming new seepage paths. The 
excavation footage size directly affects the speed and direction of the redistribution 
of the pore water pressure field around the tunnel. Smaller excavation footage means 
slower construction, allowing more time for groundwater to adjust, which may result 
in smoother variations in seepage velocity and more uniform water head distribu-
tion. In contrast, a larger excavation footage will rapidly change the seepage condi-
tions, potentially leading to a sudden increase in groundwater flow rate and enhanc-
ing the permeable flow in the surrounding strata. 

3.2.3. Drainage Volume Variation Fitting Formula 

The relationship between tunnel drainage volume and water level drawdown under 
different excavation methods and conditions is shown in Table 2. Through the above anal-
ysis, it is clear that the tunnel drainage volume is related to the initial water head height, 
excavation footage, and water level drawdown. Using water level drawdown as inde-
pendent variable 𝑥ଵ , excavation footage as independent variable 𝑥ଶ , and initial water 
head height as independent variable 𝑥ଷ, the drainage volume is treated as the dependent 
variable 𝑦. Origin2018 software was used for the three-dimensional fitting analysis of the 
data. 

The fitted drainage volume calculation formulas for different excavation methods are 
as follows: the formula for FFEM is Equation (3), for BEM is Equation (4), and for RCSEM 
is Equation (5). 

53 5
3 5 31 1

1 2 2 2 30.2054 1.2939 0.0508 3.3164 0.03761 0.001568 0.1879 1.1536
10 10 200

xx xy x x x x x     = − + + + + + −     
     

 (3)

53 5
3 5 31 1

1 2 2 2 30.1458 1.0089 0.0402 2.8132 0.07252 0.006155 0.1711 0.9537
10 10 200

xx xy x x x x x     = − + + + + + −     
     

 (4)

53 5
3 5 31 1

1 2 2 2 30.1201 0.2267 0.002046 3.0347 1.764 0.2057 0.1055 1.5274
10 10 200

xx xy x x x x x     = − + + − + − + −     
     

 (5)

where y is drainage volume (m3/(m·d)); x1 is water level drawdown (m); x2 is excavation 
footage (m); x3 is initial water head height (m). 
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The goodness of fit for the FFEM, BEM, and RCSEM are R² = 0.9364, R² = 0.9484, and 
R² = 0.9482, respectively, indicating a good fitting result. 

3.3. Stability Analysis of Surrounding Rock Under Different Initial Water Head Heights and 
Excavation Methods 

3.3.1. Stress Field Analysis Under Different Initial Water Head Heights 

This section analyzes the surrounding rock stress field under different water head 
heights. Figures 13–15 show the maximum and minimum principal stress contour maps 
of the surrounding rock at the monitoring section for different excavation methods. 

  
(a) 

  
(b) 

  
(c) 

  
(d) 
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(f) 

Figure 13. Maximum and minimum stress contour maps under different initial head heights using 
the FFEM. (In the figure, (a): H = 122 m; (b): H = 162 m; (c): H = 202 m; (d): H = 242 m; (e): H = 282 
m; (f): H = 322 m.) 

  
(a) 

  
(b) 
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(d) 

  
(e) 

  
(f) 

Figure 14. Maximum and minimum stress contour maps under different initial head heights using 
the BEM. (In the figure, (a): H = 122 m; (b): H = 162 m; (c): H = 202 m; (d): H = 242 m; (e): H = 282 m; 
(f): H = 322 m.). 
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(e) 

  
(f) 

Figure 15. Maximum and minimum stress contour maps under different initial water head heights 
using the RCSEM. (In the figure, (a): H = 122 m; (b): H = 162 m; (c): H = 202 m; (d): H = 242 m; (e): H 
= 282 m; (f): H = 322 m.). 

To better visualize the stress variation at the monitoring points, the ratio of the prin-
cipal stress under different working conditions to the principal stress under the initial 
working condition is defined as the variation rate Δ′. The specific formula is as follows: 

0

' 100%σ
σ

Δ = ×  (6)

where ∆’ is stress variation rate; σ is principal stress at the monitoring point under differ-
ent working conditions; σ0 is principal stress at the monitoring point under the initial 
working condition. 

In the analysis with different initial water head heights, H = 122 m is used as the 
initial working condition. In the analysis with different excavation methods, the principal 
stress at each measurement point under the FFEM is used as the initial working condition. 
The rock mass principal stress variation curve is shown in Figure 16, and the variation 
rate curve is shown in Figure 17. 

  
(a) (b) 
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(c) (d) 

(e) (f) 

Figure 16. Principal stress at each measurement point for different initial head heights. (In the figure, 
(a): Maximum principal stress at each measurement point under the FFEM; (b): Minimum principal 
stress at each measurement point under the FFEM; (c): Maximum principal stress at each measure-
ment point under the BEM; (d): Minimum principal stress at each measurement point under the 
BEM; (e): H = Maximum principal stress at each measurement point for the RCSEM; (f): Minimum 
principal stress at each measurement point for the RCSEM.). 

  
(a) (b) 



Water 2025, 17, 389 20 of 34 
 

 

  
(c) (d) 

(e) (f) 

Figure 17. Principal stress variation rate at each measurement point for different initial water head 
heights. (In the figure, (a): Maximum principal stress variation rate at each measurement point for 
the FFEM; (b): Minimum principal stress variation rate at each measurement point for the FFEM; 
(c): Maximum principal stress variation rate at each measurement point for the BEM; (d): Minimum 
principal stress variation rate at each measurement point for the BEM; (e): Maximum principal stress 
variation rate at each measurement point for the RCSEM; (f): Minimum principal stress variation 
rate at each measurement point for the RCSEM.) 

(1) As shown in the figures, the maximum and minimum principal stresses at all moni-
toring points around the tunnel increase gradually with the increase in the initial 
water level. Under different excavation methods, the monitoring points at all condi-
tions are in a compressive state, and the principal compressive stress has not ex-
ceeded 15.33 MPa. 

(2) With the increase in the initial water head height, the maximum principal stress at 
the arch waist left arch waist, and arch bottom increases slightly. The maximum prin-
cipal stress is compressive, with a relatively low baseline. However, the maximum 
principal stress at the arch foot is significantly higher than at other monitoring points 
for all three excavation methods, indicating that the arch foot is a sensitive area for 
groundwater, posing a certain risk to the stability of the tunnel surrounding rock. It 
is necessary to apply initial support in time during construction to restrict the in-
crease in surrounding rock stress. Additionally, the maximum principal stress at the 
arch foot in the RCSEM is much lower than that in the FFEM and BEMs, indicating 
that the RCSEM is preferred for this project. 

(3) As the initial water head height increases, the minimum principal stress at the arch 
waist and arch foot increases significantly. Since the minimum principal stress is 
compressive and has a relatively low baseline, even though the minimum principal 
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stress at the arch waist and arch foot increases substantially under high water levels, 
its impact on the stability of the tunnel surrounding rock is not significant. Moreover, 
the minimum principal stress vaults at all monitoring points in the RCSEM are lower 
than those in the FFEM and BEMs, suggesting that the RCSEM is more suitable for 
the tunnel excavation in this project. 

3.3.2. Displacement Field Analysis Under Different Initial Water Head Heights 

Rock mass displacement, as a direct indicator of tunnel stability, undergoes signifi-
cant changes under the combined effects of excavation disturbances and seepage fields. 
This section analyzes the excavation displacement fields of the FFEM, BEM, and RCSEM, 
considering fluid–solid coupling effects. Figures 18–20 show the displacement field con-
tour maps for the different excavation methods. 

  
(a) 

  
(b) 

  
(c) 
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(d) 

  
(e) 

  
(f) 

Figure 18. Vertical (U2) and horizontal (U1) displacement contour maps under different initial head 
heights using the FFEM. (In the figure, (a): H = 122 m; (b): H = 162 m; (c): H = 202 m; (d): H = 242 m; 
(e): H = 282 m; (f): H = 322 m.). 

  
(a) 

  
(b) 
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(d) 

  
(e) 

  
(f) 

Figure 19. Vertical (U2) and horizontal (U1) displacement contour maps under different initial head 
heights using the BEM. (In the figure, (a): H = 122 m; (b): H = 162 m; (c): H = 202 m; (d): H = 242 m; 
(e): H = 282 m; (f): H = 322 m.). 
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(e) 

  
(f) 

Figure 20. Vertical (U2) and horizontal (U1) displacement contour maps under different initial head 
heights using the RCSEM. (In the figure, (a): H = 122 m; (b): H = 162 m; (c): H = 202 m; (d): H = 242 
m; (e): H = 282 m; (f): H = 322 m.). 

To more intuitively describe the variation pattern of surrounding rock displacement, 
the displacement ratio between monitoring points under different conditions and the ini-
tial condition is defined as the change rate ∆. The specific formula is as follows: 

0

' 100%u
u

Δ = ×  (7)

where ∆ is displacement variation rate; u is displacement at monitoring points under dif-
ferent conditions (mm); u₀ is displacement at monitoring points under initial conditions 
(mm). 

In the analysis of the same excavation method under different initial water head 
heights, an initial water head height of 122 m is used as the reference condition, while 
other water head heights are considered as different working conditions. The displace-
ment variation curves are shown in Figure 21, and the displacement variation rate curves 
for different excavation methods are shown in Figure 22. 

  
(a) (b) 
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(c) 

Figure 21. The displacement with the different initial head heights. (In the figure, (a): FFEM; (b): 
BEM; (c): RCSEM.). 

  
(a) (b) 

 
(c) 

Figure 22. The displacement variation rate with the different initial head heights. (In the figure, (a): 
FFEM; (b): BEM; (c): RCSEM.). 

(1) From the displacement curves of different monitoring points for various excavation 
methods, it can be seen that their vaults have not exceeded the horizontal conver-
gence limit of the surrounding rock (129.8 mm) and the arch waist settlement limit 
(64.9 mm). The vault displacement increases significantly with the rise in initial water 
head height. The convergence vaults at the arch waist and arch foot are less affected 
by changes in the initial water level compared to the vault and bottom. 
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(2) The sensitivity of different excavation methods to initial head height is ranked as 
follows: for the FFEM, the sensitivity is: arch bottom uplift > left arch waist conver-
gence > arch waist settlement > arch foot convergence; for the BEM, the sensitivity is: 
arch bottom uplift > arch waist settlement > arch foot convergence > left arch waist 
convergence; for the RCSEM, the sensitivity is: arch bottom uplift > arch waist settle-
ment > left arch waist convergence > arch foot convergence. It is clear that all three 
excavation methods are most sensitive to arch bottom uplift, which is most affected 
by the groundwater level. Therefore, during the construction of high-pressure water-
rich tunnels, it is essential to promptly drain the water from the arch bottom and 
decide whether to advance the construction of the arch waist arch based on the de-
formation of the surrounding rock to prevent excessive deformation and potential 
instability or failure. 

3.4. Stability Analysis of Surrounding Rock with Controlled Excavation Progress Using the 
RCSEM 

Based on the conclusions from Sections 3.2 and 3.3, the RCSEM is more suitable for 
the excavation of the ZK37 + 900 to ZK38 + 100 section of the Wufu Tunnel. However, for 
this section, with an average water head of 242 m, the minimum principal stress at the left 
arch waist exceeds the surrounding rock’s tensile strength vault of 1.4 MPa. Therefore, the 
excavation progress will be controlled to ensure the stability of the surrounding rock. The 
size of the excavation progress has a significant impact on surrounding rock stability. The 
larger the excavation progress, the greater the proportion of displacement released from 
the current excavation clearance in the total displacement, leading to a larger final defor-
mation of the surrounding rock. Conversely, smaller excavation progress results in less 
disturbance to the surrounding rock and greater stability improvement. This section de-
fines the excavation progress as L and takes five different vaults: L = 0.5 m, L = 1.0 m, L = 
1.5 m, L = 2.0 m, and L =2.5 m. The stress and displacement field changes in the surround-
ing rock for the RCSEM are simulated under these five conditions to determine appropri-
ate excavation progress for guiding the construction. 

3.4.1. Stress Field Analysis at Different Excavation Progresses 

Tunnel excavation causes a redistribution of the surrounding rock stress. Controlling 
the excavation footage can reduce the degree of stress concentration, promote a more uni-
form redistribution of stress, and reduce surrounding rock failure and tunnel structural 
damage caused by stress concentration. This section analyzes the surrounding rock stress 
field under different excavation progress for the RCSEM. Figure 23 shows the maximum 
and minimum principal stress contour plots of the surrounding rock in the monitoring 
section. 

  
(a) 
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(b) 

  
(c) 

  
(d) 

  
(e) 

Figure 23. Maximum and minimum stress contour maps under different excavation progress using 
the RCSEM. (In the figure, (a): L = 0.5 m; (b): L = 1.0 m; (c): L =1.5 m; (d): L = 2.0 m; (e): L = 2.5 m.) 

In the analysis of different initial water head heights, the excavation progress of L = 
0.5 m is taken as the initial condition. In the analysis of different excavation methods, the 
main stress at each measurement point under the FFEM is used as the initial condition. 
The main stress variation curve of the surrounding rock is shown in Figure 24, and the 
variation rate curve is shown in Figure 25. 
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(a) (b) 

Figure 24. Principal stresses at each measurement point for the RCSEM under different excavation 
footages. (In the figure, (a): Maximum principal stress at each measurement point; (b): Minimum 
principal stress at each measurement point.) 

  
(a) Maximum principal stress variation rate at each meas-

urement point 
(b) Minimum principal stress variation rate at each meas-

urement point 

Figure 25. Variation rate of principal stress at each measurement point under different excavation 
footages using the RCSEM. (In the figure, (a): Maximum principal stress variation rate at each meas-
urement point; (b): Minimum principal stress variation rate at each measurement point.) 

(1) According to the figures, the maximum and minimum principal stresses at the mon-
itoring points of the surrounding rock increase gradually with the increase in exca-
vation footage. All monitoring points are in a compressive state, with the principal 
compressive stress not exceeding 15.33 MPa. As the excavation footage increases, the 
maximum and minimum principal stresses at each monitoring point also increase. 
The magnitude of the increase in maximum principal stress at the monitoring points 
follows the order: invert > left arch foot > left arch waist > arch waist. For the mini-
mum principal stress, the magnitude of increase follows the order: invert > left arch 
waist > arch waist > left arch foot. 

(2) Considering the stability of the surrounding rock and construction safety, it is rec-
ommended to adopt the RCSEM with excavation footage of L = 0.5 m for construction 
in complex geological conditions with high water pressure and karst geology, ensur-
ing the safety and stability of the surrounding rock. 

3.4.2. Displacement Field Analysis Under Different Excavation Footages 

Reducing the excavation footage can slow down the deformation rate of the sur-
rounding rock, allowing construction personnel to promptly install support measures, 
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thereby effectively controlling rock displacement. Smaller excavation footages helps re-
duce the peak deformation of the surrounding rock, minimizing instability and displace-
ment in the ground around the tunnel. This section analyzes the displacement field of 
surrounding rock under different excavation footages using the RCSEM. Figure 26 shows 
the vertical and horizontal displacement contour maps of the monitored cross-section. 

  
(a) 

 
(b) 

  
(c) 

  
(d) 
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(e) 

Figure 26. Vertical (U2) and horizontal (U1) displacement contour maps under different excavation 
footages using the RCSEM. (In the figure, (a): L = 0.5 m; (b): L = 1.0 m; (c): L =1.5 m; (d): L = 2.0 m; 
(e): L = 2.5 m.) 

In the analysis of different initial water head heights, the excavation footage of L = 
0.5 m is used as the initial condition. In the analysis of different excavation methods, the 
displacement of each monitoring point under different conditions is used as the initial 
condition. The curves of rock mass displacement variation and variation rate are shown 
in Figure 27. 

  
(a) (b) 

Figure 27. Displacement variation patterns at each monitoring point for different excavation footage 
using the RCSEM. (In the figure, (a): Displacement variation curves for each monitoring point; (b): 
Displacement variation rate for each monitoring point.) 

(1) From the displacement curves at each monitoring point, it can be seen that the max-
imum vaults do not exceed the limit vaults of the surrounding rock horizontal con-
vergence (129.8 mm) and the arch waist settlement (64.9 mm). The displacement 
vaults at the monitoring points are ranked as follows: arch waist settlement > arch 
bottom uplift > left arch waist convergence > arch foot convergence. 

(2) It can be observed that the sensitivity of the RCSEM excavation to the increase in 
excavation footage is in the following order: arch bottom uplift > arch waist settle-
ment > arch foot convergence > left arch waist convergence. This indicates that con-
trolling the excavation footage can effectively reduce the displacement at each mon-
itoring point. Specifically, for the arch waist settlement and arch bottom uplift, which 
have larger displacement bases, using a smaller excavation footage can effectively 
improve the stability and safety of the surrounding rock during the RCSEM. 
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4. Conclusions 
Based on the engineering and geotechnical data, the flow–solid coupling numerical 

simulation was conducted using ABAQUS 2022 software to analyze the changes in the 
stress field, displacement field, and pore water pressure field during tunnel construction 
under different excavation methods and initial water head heights: 

(1) The study shows that under different excavation methods and initial water head 
heights, the drainage volume and water level drawdown exhibit significant changes. 
The contact zone between weakly permeable and highly permeable rock layers is the 
area with the highest risk of water inrush, where the drainage volume from the tun-
nel face is the major contributor. The RCSEM is the most effective in reducing the 
risk. The increase in initial water head height leads to an increase in both water level 
drawdown and drainage volume. Reducing the excavation footage can reduce 
groundwater loss to a certain extent. Compared to controlling excavation footage, 
water level drawdown and drainage volume are more sensitive to increases in initial 
water head height. The RCSEM results in the smallest drainage volume and water 
level drawdown and is more sensitive to increases in excavation footage. 

(2) Stress field analysis shows that an increase in water head height significantly raises 
the stress on the surrounding rock, particularly the maximum principal stress at the 
arch foot, which increases significantly. The RCSEM can effectively control the in-
crease in stress. Displacement field analysis reveals that the uplift displacement at 
the arch bottom is significantly affected by the groundwater level, especially when 
the groundwater level is high, with a marked increase in displacement. The RCSEM 
has a significant effect on controlling the uplift at the arch bottom. Combined with its 
advantage in controlling groundwater discharge, the RCSEM is superior to the FFEM 
and the BEM. Considering these factors, the RCSEM is recommended. 

(3) Further control of excavation footage with the RCSEM shows that reducing the exca-
vation footage further stabilizes the surrounding rock and improves safety. Consid-
ering the actual engineering situation, an excavation footage of 0.5m is recom-
mended. According to the geotechnical report, the average water level of the sur-
rounding rock in this section of the tunnel is 242 m. The corresponding drainage vol-
ume and water level drawdown fitting formula for this excavation scheme is shown 
in Equation (5). 

The above three conclusions show that the RCSEM has a positive effect on the FFEM 
and the BEM in reducing the drainage volume because the reserved core soil method can 
better reduce the deformation and displacement around the tunnel and better maintain 
the stability around the tunnel. This will reduce the impact of disturbances in the sur-
rounding rock of the tunnel due to excavation. The drainage volume of the surrounding 
rock will not change greatly, which reduces the possibility of water inrush in the tunnel, 
which is an ideal choice for ecological protection. It also demonstrates the potential of 
RCSEM as a benchmark for sustainable tunneling methods in water-rich areas. The find-
ings provide new ideas for solving similar geological or infrastructural challenges around 
the world. 
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