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Subsea fault fracture zones pose significant stability challenges and heighten the risk of tunnel face collapse and
sudden water inrush during subway construction. Despite the common practice of using grouting reinforcement
to stabilize the surrounding rock, there is limited research on its specific control effects. This study addresses this
gap by investigating the impact of grouting reinforcement on the safety of subsea tunnels crossing fault fracture
zones, using the Qingdao subway project in China as a case study. A coupled numerical model encompassing
seepage, stress, and displacement fields was developed via MIDAS/GTS to analyze changes in porewater pres-
sure, seepage velocity, surrounding rock stress, initial support stress, and tunnel displacement before and after
grouting. The results demonstrate a significant reduction in porewater pressure and stress concentration post-
grouting. The maximum and minimum principal stresses of the initial support were approximately 4.7 MPa
and 3.4 MPa, which were found to be within safe limits, indicating a well-designed reinforcement strategy.
Additionally, settlement and uplift measurements were 12 mm and 14 mm, representing a 54 % reduction
compared to conditions without grouting reinforcement. Both maximum settlement and uplift values were
considerably below standard limits of 20 mm, affirming the effectiveness of the grouting measures. The close
alignment between field test data and numerical model results validates the model’s accuracy. This study pro-
vides critical insights and a scientific basis for evaluating and implementing grouting reinforcement in similar
subsea tunnel projects, contributing to safer and more efficient construction practices.

1. Introduction

In recent years, due to significant economic and social benefits,
urban subway projects have dramatically increased to meet the growing
demand for transportation [1]. Currently, subway projects are being
developed worldwide, with an operating length of approximately 18,
943.31 km [2,3]. However, modern subway tunnels face more compli-
cated construction environments and operating conditions due to the
complex hydrogeological conditions of urban underground space,
existing pipelines, and buildings. For instance, the North Extension Line
1 of Shenyang Metro Line 2 crosses under an overpass [4], Phase 1 of
Wuhan Metro Line 7 crosses under the Yangtze River [5], and Changsha
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Metro Line 3 crosses under the Xiangjiang River [6]. Tunnels that pass
beneath rivers, lakes, or seas face significant challenges from ground-
water caused by the infiltration of upper water pressure and the change
in pore water pressure caused by the excavation of surrounding rock.
This can lead to issues such as settlement, landslides, water seepage, and
in extreme cases, water inrush—especially in areas with karst, joints,
and fracture zones [7,8]. These conditions pose great safety hazards and
increases the difficulty of the construction. The grouting reinforcement
technology enhances the strength and stability of foundations by
injecting grout to fill voids within the soil. This technique exhibits sig-
nificant potential for application across various fields, including infra-
structure construction, geological disaster prevention, and the
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restoration of aging buildings. As urbanization accelerates and engi-
neering environments become increasingly complex, the importance of
grouting reinforcement technology in improving engineering safety and
extending structural lifespan has become more pronounced. Conse-
quently, there is a sustained growth in market demand for this innova-
tive approach.

A notable example is the Jiaozhou Bay subway tunnel in Qingdao,
China. The 7800 m tunnel connects Xuejiadao Subdistrict Office in
Huangdao District to Tuandao in the main city of Qingdao in the north,
crossing underneath the sea at the mouth of Jiaozhou Bay. The tunnel
body traverses 18 faults, with relatively broken rock masses. This poses
significant technical difficulties and high engineering risks for tunnel
construction. Groundwater seepage has a major influence on the stress
field and displacement field of tunnel surrounding rock and lining
structure, especially under high water pressure. This phenomenon leads
to the continuous expansion of the plastic damage zone of surrounding
rock, thereby changing the stress state and the deformation of the sur-
rounding rock and lining structure, thus affecting the stability and safety
of the tunnel.

Advanced grouting reinforcement measures have been proposed to
address these challenges. Grouting reinforcement is influenced by
various factors, including grouting materials, pressure, and technique.
In engineering practice, the commonly used grouting material is cement
slurry, which can form a stable microporous structure in broken rock
and soil, and has a significant effect on improving strength. Usually, the
grouting pressure is within the range of 4-8 MPa. The use of grouting
reinforcement technology is relatively mature and has been applied
multiple times in tunnel engineering projects such as Dalian Metro and
Changsha Metro. At present, the effectiveness of grouting has been
evaluated through theoretical analyses, numerical simulations, and field
tests. The traditional theoretical analysis relies on assumptions without
considering factors such as material defects and objective boundary
conditions. However, field tests require a monitoring or testing space
with specific working conditions to be fulfilled. Therefore, it is more
feasible to predict the effectiveness of grouting reinforcement by
implementing parameter optimization through numerical simulation
before tunnel construction. Numerical simulations are mainly based on
the theory of elastoplastic mechanics. By solving the elastoplastic me-
chanical equations (i.e., physical, geometric, and equilibrium equa-
tions), the deformation, displacement field, and stress field of tunnel
surrounding rock under certain environmental conditions (i.e., dead
weight and load) are calculated. The influence of grouting reinforce-
ment on rocks surrounding tunnels crossing fault fracture zones has
received minimal investigation, and the effect of fluid-solid coupling on
the safety of tunnel excavation has not been considered.

This study addresses the critical gap in understanding the control
effects of grouting reinforcement in fault fracture zones in the context of
the subway tunnel in Jiaozhou Bay, Qingdao, China. A detailed and
scientifically grounded grouting reinforcement scheme was developed
based on comprehensive geological survey reports. This study aims to
rigorously analyze the effectiveness of grouting reinforcement by
establishing coupled seepage field-stress field-displacement field equa-
tions and proposing a novel numerical simulation method that considers
fluid-solid coupling. The model’s feasibility and accuracy were validated
using actual field data, ensuring the reliability and stability of the re-
sults. This study not only contributes to the current knowledge in the
field but also provides a robust scientific basis for the evaluation and
implementation of grouting reinforcement measures in similar subsea
tunnel projects, significantly contributing to safer and more efficient
construction practices.

2. State of the art
Tunnel excavation first removes the rock mass, and then adds sup-

port structures. The entire process inevitably disturbs the original
geological strata, leading to changes in displacement fields, stress fields,
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and seepage fields of the surrounding rock. The degree of these changes
is due to the coupling effect of excavation unloading, loading from
supporting structures, and variations in porewater pressure [9]. As early
as 1969, Peck proposed the calculation formula for settling tanks and
noted that the lateral settlement of the surface caused by the excavation
of the tunnel entrance follows a normal distribution, providing a basis
for tunnel stability analysis [10]. However, these formulas have limited
applicability and often fail to account for the changes in water pressure
and water-rock coupling effect, and it is even more difficult to reason-
ably evaluate the reinforcement effect of grouting in locally fractured
rock layers. Upon investigation, the experience company considers that
the surrounding rock parameters are mostly homogeneous and homo-
geneous, making it difficult to reasonably define the physical and me-
chanical parameters of the rock mass after grouting reinforcement of the
fractured layer. With the advancement of theoretical research and
computer technology, the analysis of complex tunnels using numerical
models has become increasingly viable. Pan [11] and Fu [12] estab-
lished numerical models that simulated the stress and displacement
caused by tunnel excavation. Their simulations show that the transverse
deformation zone of a tunnel is closely related to the tunnel entrance,
with the main disturbance zone being 2-3 times larger than the diameter
of the tunnel, and the plastic strain zone of the tunnel surrounding rock
mainly locating in the 40°—50° area on both sides of the vault. More-
over, Bernat et al. [13] studied the disturbance laws of the
small-curvature-radius tunnel shield construction for the soil mass close
to the tunnel, including surface settlement and surrounding rock
convergence. Mu et al. [14] examined the damage process and insta-
bility failure characteristics of soft rock tunnels, and explored the
method of using damage indicators to characterize the failure situation.
Di et al. [15] explored the mechanical behaviour of the tunnel sup-
porting structure in fault fracture zones, providing theoretical reference
for grouting reinforcement design.

Current research on tunnels in challenging geological conditions
often focuses on expansive soils, loess, and rock strata in fracture zones,
addressing issues such as the deformation mechanism of tunnel exca-
vation, the reliability of reinforcement measures, and the failure modes
of stress concentration zones [16-21]. Compared to ordinary tunnels,
the tunnel surrounding rock in fracture zones has weaker overall sta-
bility, greater property instability, and higher difficulty in selecting
parameters for calculations. Zones with highly developed water systems
in the rock strata face additional risks of hydraulic seepage failure. Fault
fracture zones with large development scales, soft internal filling me-
dium, and active groundwater are extremely susceptible to instability
failure, water inrush, and mud outburst under the action of engineering
disturbance, ground stress, and hydraulic pressure. The multistage tec-
tonic movements during fault formation led to strong anisotropy in its
internal structure and spatial distribution. This results in highly complex
structural development, filling conditions, and hydrogeological condi-
tions. Researchers have extensively studied the mechanisms of water
inrush and mud outburst in tunnel fault fracture zones, exploring aspects
such as distribution forms, mineral composition, and the relationship
between faults and water-bearing bodies. Ishimaru [22] claimed that
water inrush is more likely when the fault plane is inclined toward the
boundary of the goaf, while Qian et al. [23] identified the mechanism of
water inrush in a fault fracture zone. Wang et al. [24] established a
three-dimensional model test system to analyze the catastrophic evo-
lution law of water inrush and mud outburst in the tunnel within a fault
fracture zone, revealing the response laws of key parameters, such as the
displacement around the tunnel, seepage pressure, stress, strain, and
protrusion mass, over time in the tunnel in the fault fracture zone
without support conditions.

The research work on soil stabilization had been reported by many
researchers [25-26]. The current research mainly concentrates on the
mechanical mechanism, engineering geological characteristics,
groundwater movement law, disaster occurrence mechanism, and
advanced investigation of fault fracture zones. However, research on
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Fig. 1. The subway tunnel in Jiaozhou Bay.

grouting theory and technology in the face of disasters in fault fracture
zones remains insufficient. This limitation is particularly evident from
the lack of theoretical support in the design of post-disaster grouting
schemes, grouting reinforcement technologies, construction methods
and preventive measures, making it difficult to control the construction
period, cost, and construction safety. Therefore, effective implementa-
tion of grouting reinforcement in geological disaster-affected areas
within fault fracture zones has become one of the critical challenges in
tunnel construction. Given the deficiency of the existing research and
considering the subway engineering background in Qingdao, China, the
present study established a seepage field—stress field—displacement field
coupling numerical model via MIDAS/GTS software. In addition, the
control effect of grouting reinforcement for the underwater tunnel
crossing a fault fracture zone was explored by combining the variation
laws of porewater pressure, seepage velocity, surrounding rock stress,
initial support stress, and displacement before and after grouting rein-
forcement. This study provides an important and scientific basis for
evaluating the reinforcement measures and realizing the refined oper-
ation, repair, and maintenance of similar sub-sea tunnels.

3. Methodology
3.1. Project profile

The subway tunnel in Jiaozhou Bay is an important part of Qingdao
Metro Line 1 in Qingdao, China. It affects the cut-through speed of
Qingdao Metro Line 1 to a certain extent and serves as a node controller.
The starting mileage of the line is K23+522, and the ending mileage is
K31+723. The total length is about 8.2 km, the sea section is 3.45 km
long and the maximum water depth at the tunnel axis in the sea section
is 42 m as shown in Fig. 1.

3.2. Hydrogeological conditions and construction conditions

The land section of Xuejiadao area has a groundwater buried depth
of 2.1-14 m, with an elevation of 1.58-34.42 m. The movement of
groundwater in this region is mainly controlled by the topography, with

the water level fluctuating in response to rainfall by about 1-5 m. In the
underwater tunnel area, the groundwater is predominantly rock fissure
water, which generally remains in a nonflowing natural state until it is
disturbed by the tunnel construction. According to the hydrogeological
conditions of the rock strata, structural characteristics such as joints,
fissures, and faults not only affect the design load and support structure
type of the tunnel, but also affect the stability and construction difficulty
of the tunnel. For example, broken rock layers are prone to collapse and
water influx, requiring advanced support or grouting reinforcement. The
permeability of rock layers affects the flow of groundwater, which in
turn affects the construction environment and stability of tunnels,
determining the waterproof and drainage design during tunnel
construction.

The rock core extracted from the M1Z3-TWG-68 borehole (as shown
in Fig. 2) reveals that the rocks within the F4-6 fault fracture zone are
highly fractured, with fractures inclined at a steep dip angle of 75°, and
diabase veins present at the bottom. The diabase appears to have filled
the fault zone during a later geological stage, with the diabase at the
bottom remaining relatively intact and exhibiting weak permeability.
The width of the primary fracture zone is <5 m Moreover, there is an
influence zone on either side of the fracture zone, varying in width from
several meters to several dozen meters. This fracture zone is located at
tunnel sections K27+180-K27+205, with water permeability of 10-20
(L,) and a permeability coefficient of (0.15 m/d), indicating a weak
permeability level.

According to the advanced forecast results, it was determined that
the conditions in the local section of the tunnel are suitable for grouting.
Consequently, an advanced pre-grouting construction scheme was
implemented specifically for the F4-6 fracture zone. The design pa-
rameters for this grouting were developed in compliance with standards
such as the "Technical Specification for Construction of Highway Tun-
nels" (JTG/T 3660-2020) and the "Technical Specification for Cement
Grouting Construction of Hydraulic Structures" (SL 62-2014), as
detailed in Table 1.
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(a)
Project Name: Qingdao Metro Line 1 Engineering survey Section 1
Drilling holc number: M1Z3-TWG-68 Photo Depth 8.5- 12m
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(b)

Project Name: Qingdao Metro Line 1 Engineering survey Section 1
Drilling hole number: M1Z3-TWG-68 Photo Depth 12-16.5m

Fig. 2. M1Z3-TWG-68 rock core obtained from a depth of (a) 8.5-12 m, and (b) 12-16.5 m.

Table 1
Parameter design for advanced pre-grouting in the local section.

Range of reinforcement by ejection for water
plugging

5 m beyond the contour line

Length of grouting section 30 m
Diffusion radius of grouting 2m

Final grouting pressure 1.5-3 MPa
Penetration grouting pressure 0.5-0.7 MPa
Backfilling grouting pressure <0.5 MPa
Range of grouting rate 5-110 L/min

3.3. Numerical analysis of tunnel surrounding rock stability in the fault
fracture zone

3.3.1. Seepage field-stress field coupling equation

A microelement is arbitrarily taken to obtain the basic fluid-solid
coupling equation based on the assumed soil mass material and seepage.
The following assumptions are made in this study:

1) The soil mass is completely saturated, homogeneous, and isotropic.

2) The physical strength and inertia force of the soil mass are ignored,
and the deformation of the soil mass is extremely small.

3) Porewater between soil particles is regarded as an incompressible
object; and

4) The seepage of water in the soil mass follows Darcy’s law.

The static equilibrium equation of the soil mass is expressed as fol-
lows:

9ox | Ot Otax _

ox ' dy oz

06, 0ty Oty

oy 5 T =0, @
002 afm oty 0

0z ox  dy

where oy, 6y, and o, represent the normal stresses in the x-, y-, and z-
directions, respectively; and 7 is the shear stress.
The geometric equation of the soil mass is

L (o
SX_ ax7 }/xy_ ay ax bl
v v ow
Ey:_?y’ }/yz:_<£+@>v (2)
v (ow o
T =T T\ T az)

The physical equations are as follows:

o jli-u(e 1)) v fa
& = % [6'}, - U(U; + 6;)], Tyr = Tyz/G, 3)

1. . ,
SZ:E[azfu<ax+6y)], }/M:TM/G7

where E, u, and G represent the elastic modulus, Poisson’s ratio, and
shear modulus of the soil mass, respectively; o, 03,, and ¢ represent the
effective stresses in different directions. Eq. (4) is acquired through the
soil mass’s static equilibrium equation (Eq. (1)), geometric equation (Eq.
(2)), physical equation (Eq. (3)), and the principle of effective stress
proposed by Terzaghi.

dlaz +d3(azu+i) (d2+d3)(a2 +azw>—@ 0

ay? oxdy  0xoz ox
v v v Pu  Pw\ op
— ) -== 4
dlay +ds (ax2+az2) (d2+d3)(0yax ayaz) oy 0 4
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dl +d3<ﬁ+ﬁ) + (dz +d3)<ﬂ+ﬁy) %=
According to Darcy’s law,
_ _kndp
* T Ty o
kn op
Vy = —— S0 (5)
T oy
_ ko
S

where the unit weight of porewater is y,, = p,,g.
Eq. (5) is substituted into the differential equation of seepage con-
tinuity to obtain Eq. (6):
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Substituting Eq. (5) into Eq. (6) yields:
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Finally, the seepage-stress coupling equation set can be obtained by
using Egs. (4) and (7) simultaneously, as shown as follows:

de, dp
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where, V2 =£(—22+§722+%;e‘, =& tey e = —(%-&-?—,;—&-%—‘;’) and 1 and

G are the Lame’s constant and shear modulus, respectively.

3.3.2. Basic equations of finite element method (FEM)
The FEM-based fluid-solid coupling model is calculated by Galerkin
method, as shown below:

[ramavim + [GNTwN)avime=g [ (Nas @

where [B] is the momentum grade matrix; [C] is the permeability coef-
ficient matrix of the element; {H} denotes the node waterhead vector;
[N] represents the shape function vector; t denotes time; S is the unit area
of the element; {H}t = £ is the time-varying waterhead; 4 = myy,,; and
is the edge quality of the element. Eq. (9) is simplified as follows:

[KI{H} + [M{H}t = [Q] 103

3.4. Constitutive model

The elastoplastic material models in MIDAS/GTS include
Mohr—Coulomb, von Mises, and Hoek-Brown models. In this study, the
Mohr-Coulomb model was mainly adopted, and the yield function is
expressed by Eq. (11).
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The range of the Lode angle in the above formula is 0° < 6 < 60°.
When the Lode angle falls into the range of — 30° < ¢ < 30°, the above
formula will be expressed differently.

3.4.1. Eigenvalue of elastoplastic materials
Table 2 shows the data types of input into the elastoplastic model.

3.4.2. Strain-softening model

The strain-softening constitutive relation of MIDAS/GTS is shown in
Fig. 3. The stress-strain relation curve consists of three parts, namely,
the linear part reaching the maximum shear strength, the softening part
from the maximum shear strength to the residual strength, and the part
maintaining the residual strength.

The yield function of the strain-softening model is expressed as
follows:

Fo.6) = v/3% - V/3a, (12)

whereJ; = ¢ [(ox — ay)z +(oy — 62)2 +(o; — O'x)z} + 1)20, + Tﬁz +12, rep-
resents the second invariant of the stress deviator.

The shear strength varies with the value of the total equivalent
plastic strain.

Cy when e =0
Cc=¢ Ci—Re, whenO< e < gy, (13)
C, when g, > &

where C, is the maximum strength (kN/m?); C, is the residual viscous
shear strength (kN/m?); ¢, is the total equivalent plastic strain, which is
dimensionless; ¢, is the plastic strain at the residual strength line-
—softening line crossing position, which is dimensionless; and R is the
softening rate (kN/m?).

3.5. Numerical analysis: calculation models and key parameters

The fault fracture zone F4-6 of the subway tunnel in Jiaozhou Bay
was modeled and analyzed. The cross-section of the tunnel in this range
is designed as a four-centered circle, with a diameter of 12.4 m and
height of 8.76 m. The tunnel excavation process is simulated without
considering the influence of other constructions on the mechanical
behavior of the main tunnel construction, focusing solely on one main
tunnel as the simulation object. The origin of the model is taken at the
starting point of the tunnel, with the longitudinal direction of the tunnel
as the Y-axis, the direction in the horizontal plane as the X-axis, and the
vertical direction as the Z-axis. The calculation model is shown in Fig. 4,

1 . . n 1 T\ .
f(I,J2,60) = 751151n ¢ + /Josin (90 + §) - ﬁ Jycos (90 + §> sin ¢ — ccos ¢
. . o 11
— Lsing+ {3(1 4 sin ¢)sin 0y + v/3(3 — sin ¢)cos 90} 75 — 3ccos an

=0

where I} = oy 4 0y + 0, is the first invariant of the stress tensor; J
2 2 .

= é [(ax — O'y) +(6y — az) +(0, — ax)z} + T,Z(y + TJZ,Z + r?x is the second

invariant of the stress deviator; J3 = $,SyS; + 2Ty TyzTax — SxT2 2

Tyz = SyTox —

szrﬁy is the third invariant of the stress deviator; 6 = %cos’1 (% J—é) is
72

the Lode angle (°); (sx,sy,sz) is the stress deviator; 6. and o, are the

uniaxial compressive strength (MPa).

and the dimension in direction X x Y x Zis 120m x 40 m x 110 m.
According to the geological survey data, the soil mass in the model
can be divided into three types: weakly weathered layer, slightly
weathered layer, and fault fracture zone. The first layer is the weakly
weathered layer of about 14 m in thickness. The second layer consists of
a slightly weathered layer of about 96 m in thickness, and, lastly, the
fault fracture zone. In Fig. 4, the different geological layers are visually
represented. The light-yellow part indicates the slightly weathered
layer, and the yellowish-brown part is the fault fracture zone, both of
which are 20 m in width. The weakly weathered layer, slightly



H. Zhang et al.

Table 2
Elastoplastic eigenvalue.

Eigenvalue

E

H"

C

P

von Mises and Tresca
Mohr-Coulomb

Peak, c,

residual

shear strength, C,
t

y

strain

Fig. 3. Strain-softening constitutive relation.

weathered layer, and fault fracture zone are simulated by 3D solid ele-
ments that conform to the strain-softening yield criterion. The grouting
reinforcement circle is simulated using 3D solid elements following the
Mohr-Coulomb elastoplastic yield criterion. The initial support is
simulated using 2D plate elements that comply with the elastic yield
criterion. The model uses unit sets for hierarchical assignment based on
actual geological survey data.

3.6. Model parameter selection and boundary conditions

When the tunnel passes through the fault fracture zone, reinforce-
ment measures, such as advanced small pipes and hollow self-drilling
pipe shed, are usually adopted that create a reinforcement zone
around the tunnel. In the simulation, the reinforcement measures are
represented by improving the parameters of the soil mass near the
tunnel excavation. The reinforcing effect of the steel arch and steel mesh
are also incorporated by similarly adjusting the parameters. The influ-
ence of the steel arch and steel mesh is simulated by converting the

(a)
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elastic modulus of steel arch into an equivalent modulus for shotcrete,
and the calculation formula is shown as follows [24]. The boundary
condition is fixed around the tunnel ring.

S X E,
E=Ey+-%, a4)

Cc

where E is the elastic modulus of concrete after conversion, MPa; E is
the original elastic modulus of concrete, MPa; S, is the sectional area of
the steel arch, m?; Eg is the elastic modulus of steel, MPa; and S is the
sectional area of concrete, m2.

The parameters are selected in accordance with the Detailed
Geotechnical Engineering Survey Report of Bid Section 1 of Qingdao
Metro Line 1 and Technical Manual for Railway Engineering Design-
Tunnel. The physical and mechanical parameters of the surrounding
rock and initial support after considering the influence of the steel mesh
and steel arch on shotcrete are listed in Table 3.

3.7. Simulation of tunnel construction conditions

In this study, the tunnel excavation process is simulated via finite
element software MIDAS/GTS to analyze the changes in the seepage
field and surrounding rock stress and strain after tunnel excavation.
Before excavation, the initial seepage field of the surrounding rock is
first analyzed. The excavation process is simulated in two major parts.
First, the seepage field change during excavation is analyzed in the
excavation simulation. Subsequently, the initial support structures are
applied in excavated tunnel face in the simulation.

The basic analysis steps of the stress field are as follows. First, the
initial stress field of the surrounding rock is analyzed before excavation.
Second, the distribution of surrounding rock stress and strain and their
changes induced by excavation are analyzed. Finally, similar to the
seepage field analysis, after each excavation step, initial supports are
applied to the tunnel face. The analysis of the stress and seepage fields is
repeated from Step 1 to Step 2, with the proceeding of tunnel excavation
until the last initial support is installed.

In this study, the stability of surrounding rock in the tunnel crossing
the fault fracture zone is mainly investigated. During simulation, the
tunnel excavation steps are reasonably simplified, and the full-section
tunnel excavation method is adopted. When the slightly weathered
layer is excavated, the excavation footage is 2 m, and every ring is
supported upon excavation. When the excavation proceeds to the fault
fracture zone, the excavation footage is changed to 0.5 m, and the sta-
bility of tunnel surrounding rock in case of excavation by 25 m is
analyzed.

(b)

Fig. 4. Numerical calculation model (a) without grouting reinforcement, and (b) with grouting reinforcement.
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Table 3

Physical and mechanical parameter values of surrounding rock and supporting structure.

Results in Engineering 26 (2025) 104718

Lithology

Volume weight

Elastic modulus (E/GPa)

Poisson’s ratio (i)

Maximum cohesion

Internal friction angle

Permeability

(y/kN-m — 3) (C/MPa) (@/) coefficient (m/day)
Weakly weathered layer 20 7.2 0.312 0.72 24 0.03
Slightly weathered layer 22 10.1 0.28 1.05 24 0.04
Fault fracture zone 21 8.1 0.28 0.8 24 0.15
Grouting reinforcement zone 22 12 0.3 1.2 30 0.01
30-cm C25 shotcrete 22 27 0.2 - - -
25 hollow bolt - 450 0.3 - - -

4. Result and discussions

4.1. Stability analysis of tunnel construction in the fault fracture zone
without grouting reinforcement

4.1.1. Porewater pressure field analysis

The porewater pressure changes of surrounding rock during tunnel
excavation are illustrated in Fig. 5. Without reinforcement, the pore-
water pressure of the surrounding rock is layered before excavation, but
it undergoes significant changes after excavation. This results in the
formation of a funnel-shaped porewater pressure zone around the
excavated face, and a decrease in porewater pressure around the tunnel.
Simultaneously, the porewater pressure of the surrounding rock and
tunnel face gradually decreases as excavation proceeds. When the tunnel
face reaches the fault fracture zone, the porewater pressure values
change greatly, which considerably affects the stability of the sur-
rounding rock. Therefore, monitoring of the deformation of surrounding
rock and the initial support at this position during construction must be
strengthened.
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4.1.2. Stress analysis of surrounding rock

Fig. 6 shows the cloud maps of the maximum and minimum principal
stresses of the surrounding rock during tunnel excavation. It is observed
that due to stress release after tunnel excavation, stress is redistributed,
and the maximum principal stress is symmetrically distributed along the
tunnel axis, and it changes significantly as excavation approaches the
fault fracture zone, reaching a maximum value of approximately 0.4
MPa. As excavation continues, the maximum principal stress decreases
slowly; Meanwhile, the minimum principal stress of the surrounding
rock changes greatly after tunnel excavation, also presenting a sym-
metrical distribution along the tunnel axis. As the tunnel face advances,
the minimum principal stress gradually increases to about —5.5 MPa.
The profile maps of surrounding rock stress indicate that the peak value
of the maximum principal stress appears at the tunnel bottom and vault,
while the peak value of the minimum principal stress appears at the left
and right arch waists. Therefore, these positions require close attention
during tunnel construction to ensure the overall stability of the tunnel.

In short, during tunnel excavation, the maximum and minimum
principal stresses of the surrounding rock change significantly. As the
excavation proceeds toward the fault fracture zone, these stresses
experience notable alterations before gradually stabilizing as the
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Fig. 5. Cloud maps of porewater pressure in surrounding rock (a) before excavation, (b) after excavation by 10 m, (c) after excavation by 20 m, and (d) after

excavation by 25 m.
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Fig. 6. Cloud maps of maximum principal stress in surrounding rock after excavation by (a) 2 m, (b) 10 m, (c) 20 m, (d) 25 m, (e) 20 m (cross-sectional view), and (f)

25 m (cross-sectional view).

excavation continues.

4.1.3. Stress analysis of initial support

The cloud maps of the maximum and minimum principal stresses of
the initial support during tunnel excavation are displayed in Figs. 7 and
8, respectively. Based on Fig. 7, the maximum principal stress in the
initial support changes significantly during construction. This stress
increases substantially as the tunnel face approaches the fault fracture
zone. The maximum principal stress reaches about 2.1 MPa after the
initial support is completed by 10 m and about 11 MPa by 25 m, which is
4.6 times of the original value. Throughout the whole excavation pro-
cess, the maximum principal stress is always considerably greater than
the design tensile strength of the initial support concrete, failing to meet

the safety requirements for the initial support specified in the relevant
code. Thus, the safety and stability of the surrounding rock during
excavation are compromised, posing potential safety hazards.

Fig. 8 shows that the minimum principal stress in the initial support
gradually increases after tunnel excavation. It rises from about —10 MPa
after 10 m of support completion to approximately —13 MPa by 25 m,
increasing to 1.3 times the original value. The profile map in each stage
of the initial support indicates that after the construction of the initial
support, the minimum principal stress always appears at left and right
walls, while the maximum principal stress always appears at the
inverted arch. Hence, these two positions should receive special atten-
tion during tunnel construction, and the monitoring measurement fre-
quency should be increased to ensure that the settlement value in the
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Fig. 7. Cloud maps of maximum principal stress of initial support by (a) 2 m, (b) 10 m, (c) 20 m, and (d) 25 m.
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SHELL STRESS .
S-XINOR PRIN MAX , kN/m'2

1%
3. 77449¢+003
14.5%

-4, 14544e+003
16.44
5. 716394003
14




H. Zhang et al.

process of tunnel construction conforms to the relevant code and design
requirements.

To sum up, as the tunnel excavation progresses, the maximum and
minimum principal stress values of the initial support gradually in-
crease. When the tunnel face reaches the fault fracture zone, the
maximum principal stress of the initial support is considerably greater
than the design tensile strength of the initial support concrete. In such
cases, the safety of the initial support cannot be guaranteed, and the
stability of the surrounding rock fails to meet the design requirements,
resulting in hidden dangers.

4.1.4. Displacement analysis

The displacement cloud maps of the surrounding rock in the Z-di-
rection during tunnel excavation are as shown in Fig. 9. These maps
indicate that during excavation, the displacement at the excavated face
increases rapidly. However, as the excavation proceeds, the surrounding
rock and initial support undergo coordinated deformation, which
eventually stabilizes. After the tunnel excavation is complete, the
maximum displacement in the Z-direction is observed at the top and
bottom of the tunnel, with the maximum settlement at the vault
reaching 26 mm and the maximum uplift at the inverted arch reaching
31 mm.

The analysis shows that the displacement of the tunnel wall pro-
gressively increases during construction. Particularly, as excavation
advances toward fault fracture zones, there is a significant surge in
displacement. However, beyond this stage, the displacement at various
positions along the tunnel wall does not continue to increase propor-
tionally with ongoing tunneling.
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4.2. Construction stability analysis of the fault fracture zone in the
subway tunnel of Jiaozhou Bay under grouting reinforcement conditions

4.2.1. Analysis of porewater pressure field

Fig. 10 shows the changes in porewater pressure of surrounding rock
during excavation. Prior to excavation, the distribution of porewater
pressure in the surrounding rock is relatively uniform. After tunnel
excavation, the porewater pressure of surrounding rock decreases
significantly as compared to the initial porewater pressure, indicating
great seepage force within this range. On the contrary, the porewater
pressure beyond this range shows minimal changes from the initial
conditions, with negligible seepage forces that can be disregarded.
Before the tunnel excavation to the fault fracture zone, the porewater
pressure of the surrounding rock and tunnel face does not change
considerably. Nevertheless, upon advancing to the fault fracture zone,
the porewater pressure at the tunnel face drops sharply and then de-
creases slowly.

To sum up, after grouting reinforcement, the porewater pressure
field of the surrounding rock does not undergo great changes post-
excavation, but it is redistributed within a specific area around the
tunnel. Conversely, the porewater pressure field beyond the range re-
mains largely unchanged compared to the initial state. As the excavation
advances to the fault fracture zone, noticeable changes in porewater
pressure of the surrounding rock occur. Compared to the situation
without grouting reinforcement, the porewater pressure is obviously
reduced after grouting reinforcement, which exerts a positive effect on
improving the stability of the tunnel face and surrounding rock.
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Fig. 9. Displacement cloud maps in the Z-direction after excavation by (a) 2 m, (b) 10 m, (c) 20 m, and (d) 25 m.
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Fig. 10. Porewater pressure cloud maps of surrounding rock (a) before excavation, (b) after excavation by 10 m, (c) after excavation by 20 m, and (d) after

excavation by 25 m.

4.2.2. Stress field analysis of surrounding rock

The cloud maps of the maximum and minimum principal stresses of
the surrounding rock during excavation are exhibited in Figs. 11 and 12,
respectively. After grouting reinforcement, the maximum principal
stress and tensile stress within the tunnel cavern are reduced, alongside
a decrease in the low-stress zone. The maximum principal stress value of
the surrounding rock around the tunnel also decreases. Similarly, the
minimum principal stress zone of the tunnel surrounding rock reduces
after grouting, as well as the minimum principal stress values. The
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profile maps of the surrounding rock stress indicate that the maximum
principal stress still appears at the vault and tunnel bottom after
grouting reinforcement while the minimum principal stress is located at
the left and right arch waists.

In summary, grouting reinforcement effectively reduces the
maximum and minimum principal stress zones of the surrounding rock
around the tunnel, allowing the surrounding rock to utilize its natural
bearing capacity. In addition, grouting can favorably improve the me-
chanical properties of the surrounding rock in the tunnel and reduce the
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Fig. 11. Cloud maps of maximum principal stress of surrounding rock after excavation by (a) 2 m, and (b) 10 m.
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Fig. 12. Cloud maps of minimum principal stress of surrounding rock after excavation by (a) 20 m, and (b) 25 m.

external load on the tunnel structure.

4.2.3. Stress analysis of initial support

Figs. 13 and 14 are the cloud maps of the maximum and minimum
principal stress of the initial support during tunnel excavation. The
maximum principal stress value of the initial support varies as the tunnel
excavation progresses, but as shown in Fig. 13, the changes are not
particularly large. After the initial support of the tunnel is completed by
10 m, the maximum principal stress is about 2.1 MPa. Once the initial
support is extended to 25 m, the maximum principal stress increases to
approximately 4.7 MPa, giving a rise of 2.6 MPa. During excavation, the
maximum stress value of the initial support remains lower than the
initial support stress without grouting reinforcement, thereby ensuring
the stability of the surrounding rock during tunnel excavation. As
tunneling proceeds, the minimum principal stress gradually increases.
After the initial support is completed by 10 m, the minimum principal
stress is about —2.9 MPa. When the initial support is completed by 25 m,
the value is approximately —3.4 MPa. The minimum principal stress
value of the initial support remains negative during tunnel excavation,
and it is consistently lower than the design compressive strength of
concrete.

From the profile map of the minimum principal stress cloud map of
the initial support (Fig. 14), it is seen that after the construction of the
initial support, the minimum principal stress consistently appears at the
left and right side walls, while the maximum principal stress occurs at
the inverted arch. These two positions should be closely monitored
during construction, and frequent measurement should be done to
ensure that the settlement value during tunnel construction conforms to
the relevant standard and design requirements.
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Overall, the maximum and minimum principal stresses caused by the
initial support gradually increase as the excavation progresses. Upon
advancement to the fault fracture zone, the maximum principal stress of
the initial support is about 4.7 MPa, while the minimum principal stress
is about 3.4 MPa, both of which are smaller than the design strength of
concrete. Compared to the situation before grouting reinforcement, the
stress value of the initial support after grouting reinforcement constantly
meets the design and code requirements, and the stability of the sur-
rounding rock satisfies the relevant requirements.

4.2.4. Displacement analysis

The displacement cloud maps of the surrounding rock in the Z-di-
rection during tunnel excavation are displayed in Fig. 15. After grouting
reinforcement, the maximum settlement in the Z-direction of the sur-
rounding rock is 12 mm, and the maximum uplift is 14 mm. These values
represent a reduction of approximately 14 mm (54 %) in settlement and
17 mm (54 %) in uplift compared to the conditions without grouting
reinforcement. Besides, the areas with relatively large settlement and
uplift of the surrounding rock in the Z-direction are reduced to some
extent after grouting.

This indicates that the displacement of the surrounding rock is
effectively controlled after grouting reinforcement. Upon excavation to
the fault fracture zone, the maximum settlement of the tunnel vault is 12
mm, and the maximum uplift is 14 mm, neither of which exceeds the
allowable displacement limit of 20 mm, demonstrating that the stability
of the surrounding rock meets design and code requirements after
grouting reinforcement.
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Fig. 13. Maximum principal stress cloud maps of initial support by (a) 2 m, and (b) 10 m.

12



H. Zhang et al.

SHELL STRESS A
S-MAJOR PRIN MAX , X/n"2

+2. 26563e+003
L]
+2. 03621 e+003
i}

+1. 80678e+003

Results in Engineering 26 (2025) 104718

SHELL STRESS )
S-NAJOR PRIN MAX , KN/n"2

(b)

Fig. 14. Minimum principal stress cloud maps of initial support by (a) 20 m, and (b) 25 m.
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Fig. 15. Displacement cloud maps in the Z-direction after excavation by (a) 2 m, (b) 10 m, (¢) 20 m, and (d) 25 m.

4.3. Comparative analysis of field monitoring data and simulation results

Considering the topography, landforms, and the special geological
conditions of tunnel engineering, data of the K27+180 section, located
in the F4-6 fault fracture zone, are collected during the excavation of the
subway tunnel in Jiaozhou Bay. In this section, in this section, moni-
toring data primarily focuses on vault settlement and clearance
convergence. The collected data are then sorted to summarize and
analyze the deformation patterns of the surrounding rock and the sup-
port structures during tunnel excavation. Through this analysis, the
stability of the tunnel cavern is assessed to ensure it met safety and
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design standards.

4.3.1. Monitoring data analysis of clearance convergence

The change curves of the clearance convergence displacement and
rate of monitoring points at the K27+180 section is shown in Figs. 16
and 17. Several key patterns can be observed from the clearance
convergence monitoring at this section.

The first pattern observed was the significant deformation of the
surrounding rock after excavation. The monitoring results indicate that
the vault settlement changes particularly during the early stage from 1
day to 20 days after the instruments are installation. During this time,
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Fig. 17. Clearance convergence rate curve.

the settlement is about 0.2-0.4 mm per day. As the tunnel face moves
further away from the monitored section, the influence on the section
where the monitoring points are arranged is gradually weakened. From
25 day to 35 day, the horizontal displacement stabilizes at around 0.1
mm, with minimal change, indicating stable clearance convergence.

In addition, rapid initial deformation and high deformation rate are
observed. The deformation rate is high in the early and middle stages
after excavation, but it tends to be stable in the later stage. The
maximum clearance convergence rate reaches 1.31 mm per day. The
high deformation rate reveals the fast pressurization and relatively high
pressure of the surrounding rock in the tunnel carbon, as well as its poor
stability and self-stabilization ability.

Furthermore, the deformation takes a long time to be stable. The
surrounding rock continues to deform over an extended period before
reaching stability. Even after the completion of supporting works, the
deformation of the surrounding rock does not cease immediately, and
the deformation rate decreases gradually.

This analysis implies that after tunnel excavation, the surrounding
rock undergoes large and fast deformation, with high initial deformation
rate, and a prolonger stabilization period. The changes become pro-
nounced as excavation approaches the fault fracture zone, highlighting

Results in Engineering 26 (2025) 104718

the need for enhanced monitoring and measurement efforts in these
areas to ensure the safety of the tunnel construction.

4.3.2. Comparative analysis of simulation results

The field monitoring and measurement data of the K27+180 section
of the subway tunnel, which crosses the fault fracture zone, are
compared with the numerical simulation results obtained both with and
without grouting reinforcement. Without grouting reinforcement, the
numerical simulation predicted a final vault settlement and horizontal
convergence value are 25 and 27 mm, respectively. After grouting
reinforcement, the simulation results showed a significant reduction in
these values, with the final vault settlement decreasing to 12 mm and
horizontal convergence value to 13 mm. When these simulated results
are compared with the actual field monitoring data, there is a strong
correlation between the post-grouting reinforcement simulation and the
field observations. Both the field data and the numerical simulation
indicate a similar pattern: the displacement of the surrounding rock
around the tunnel increases progressively as excavation advances. This
correlation is visually depicted in Figs. 18 and 19.

Despite some differences between the field monitoring data and the
numerical simulation results, both methods reveal a consistent pattern
of gradual increase in the displacement of the surrounding rock around
the tunnel with tunnel excavation. The differences between field
monitoring data and numerically simulated data might be attributed to
the restriction caused by the construction conditions as the initial sup-
port and field monitoring points are not installed timely.

5. Conclusion

In this research integrated field monitoring and advanced numerical
simulation techniques to thoroughly investigate the engineering stress
and deformation patterns of surrounding rock within the fault fracture
zone of the Qingdao subway tunnel project. The effectiveness of
advanced pre-grouting measures in controlling these factors are also
assessed. Ultimately, this study yielded the following key conclusions:

e Without grouting reinforcement, the porewater pressure and seepage
velocity changed significantly due to the instability of the sur-
rounding rock in the fault zone during tunnel excavation. The
maximum principal stress value of the initial support was 11 MPa,
which was considerably greater than the design tensile strength of
concrete, indicating severe potential safety hazards during con-
struction. After grouting reinforcement measures were taken, the
changes in the porewater pressure and seepage velocity decreased
significantly. The maximum principal stress value of the initial
support reduced to 4.7 MPa, a decrease of 57.27 % compared to the
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Fig. 18. Simulated value of vault settlement, and horizontal convergence.
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scenario without grouting reinforcement. This finding clearly dem-
onstrates that grouting reinforcement markedly enhances the safety
and stability of tunnel construction in faults fracture zones.
Comparison of the results with and without grouting reinforcement
indicated that the maximum principal stress of the surrounding rock
in the tunnel consistently appeared at the vault and tunnel bottom,
leading to the subsidence of the tunnel vault and the uplift of the
tunnel bottom. The minimum principal stress was observed at the left
and right arch waists, resulting in inward extrusion of side walls and
displacement. The findings provide a theoretical basis for key point
monitoring and support strengthening during tunnel construction.
The field-monitored maximum clearance convergence value and the
vault settlement value were 7.81 mm and 7.2 mm, respectively,
aligning with the three numerical results after progressive grouting
treatment under the seepage field-stress field-displacement field
coupling action. This cross-validation indicates that the grouting
reinforcement measures have a good control effect, ensuring tunnel
construction safety. The numerical modeling and careful parameter
selection demonstrated high accuracy, providing a robust theoretical
foundation for future engineering practice in similar environment.

This study is valuable for ensuring the construction safety of the
subsea tunnel crossing the fault fracture zone. However, given the
complexity of this engineering problem and the limitations in the nu-
merical calculation boundary and parameters, this simulation only
considered the influence of grouting reinforcement on the stability of the
surrounding rock in the tunnel, without accounting for other construc-
tion. Future research should explore the stability of surrounding rock
under varying construction conditions to gain a more comprehensive
understanding of how tunnel rock stability is influenced by multiple
factors, beyond just grouting reinforcement.
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