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Abstract

When a highway tunnel intersects a fault fracture zone, the excavation process disrupts the surrounding weak and fragmented rock
mass, compromising the stability of the fault zone. This study compares the deformation and stress distribution of the surrounding
rock using the reserved core soil method, central diaphragm (CD) method, and cross diaphragm (CRD) method during tunnel
excavation through fault fracture zones. Among these, the CRD method is identified as the safest construction technique. Additionally,
to address the significant deformation of the surrounding rock when tunneling through fault zones, the impact of various pre-support
and advance reinforcement techniques on rock mass deformation is analyzed. By comparing the full-ring grouting method with the

optimized reinforcement zone approach, the findings demonstrate that optimized grouting significantly reduces disturbance to the

fault fracture zone during excavation, thereby enhancing the overall stability of the surrounding rock mass.
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1 Introduction

In tunnel construction, it is often unavoidable to encoun-
ter areas with complex geological conditions. When pass-
ing through such regions, particularly fault fracture zones,
the influence of adverse geological conditions on the tun-
nel must be carefully considered. Fault fracture zones are
characterized by their inherent instability, and factors
such as incomplete geological investigation prior to con-
struction and the unpredictable nature of the rock mass
can lead to significant deformation of the surrounding
rock during excavation. If not properly managed, these
challenges pose considerable safety risks to construction
personnel. Therefore, it is critical to adopt a scientifically
sound construction approach that minimizes deformation
of the surrounding rock and ensures the overall stability of
the tunnel. The key challenges lie in selecting appropriate
excavation techniques, implementing effective pre-sup-
port measures, and optimizing construction parameters to
mitigate risks associated with the fault fracture zone and
achieve safe, stable, and efficient tunnel construction.

The surrounding rock condition of the fault fracture
zone is a key factor to be paid attention to during exca-
vation, especially the length, shape and quality of the
fault. Huo et al. [1] put forward a new type of NPR anchor
cable-truss active-passive coupling bracing system is
introduced. The effectiveness of the system in reducing
major deformation and damage at the initial branches of
the tunnel in the fault fracture zone is evaluated. Jiang
et al. [2] and Guo et al. [3] it is pointed out that accu-
rate geological model and considering geological uncer-
tainty are very important to the construction safety of
tunnel through fault fracture zone, and affect the appli-
cation of reinforcement technology such as pre-grouting.
Liu et al. [4] and Tang et al. [5] all emphasized the impor-
tance of numerical simulation technology in tunnel engi-
neering research. Through numerical simulation, the for-
mation response and surrounding rock deformation can be
predicted more accurately when the tunnel passes through
the fault fracture zone, which provides a scientific basis
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for the optimization of engineering design and construc-
tion scheme. At the same time, the numerical simulation
technology can greatly reduce the research cost and time
cost, and improve the research efficiency. Chen et al. [6]
points out that the main reason why the stability of the
surrounding rock in the fault fracture zone decreases after
tunnel excavation is the erosion of the surrounding rock
cracks caused by water seepage.

The application of grouting technology, the proposal of
compensation excavation method and the numerical sim-
ulation analysis of reinforcement effect are presented to
show the importance and diversity of reinforcement and
support technology when the tunnel passes through the
fault fracture zone. These technologies not only help to
improve the stability of tunnel excavation face, but also
effectively reduce deformation and damage to ensure the
safety and smooth progress of tunnel construction [7-9].
Xu et al. [10] explains the influence of inclination Angle
on tunnel structural damage. In the process of tunnel exca-
vation, how many factors such as geological structure,
tunnel spacing, fault Angle and construction steps inter-
act together affect the stability and safety of surrounding
rock and existing structures [11-13] Xue et al. [14] dis-
cussed the impact of different construction schemes on
the safety of undersea tunnel crossing the fracture zone in
a comprehensive way. Li et al. [15] used the material point
method (MPM) to simulate the failure response of rock
tunnel surfaces during excavation in fault fracture zones.

Although existing studies have extensively investigated
the excavation process of surrounding rock in fault fracture
zones, research on optimized construction measures spe-
cifically for fault fracture zones remains limited. Efficient
and safe crossing of fault fracture zones continues to be
a significant challenge in highway tunnel construction.

This study, based on practical engineering, uses
a highway tunnel in Northeast China as the research
background. By comparing the deformation and stress
distribution of surrounding rock during tunnel exca-
vation using the reserved core soil method, central dia-
phragm (CD) method, and cross diaphragm (CRD)
method, the most optimal and safe excavation method is
identified. Furthermore, to address the issue of significant
surrounding rock deformation when tunnels pass through
fault fracture zones, pre-reinforcement measures involv-
ing a grouting reinforcement ring and extended reinforce-
ment range were implemented. By comparing the ring
grouting method with the reinforcement range optimiza-
tion method, the effects of optimized grouting measures
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on deformation and stress in the fault fracture zone during
excavation are analyzed.

2 Project overview and model establishment
2.1 Project overview
The length of a special tunnel in Northeast China is 4400 m,
the design speed is 80 km/h, the construction net height is
5.00 m, the net width is 10.25 m. In the process of exca-
vation of this project, a fault fracture zone appeared, and
the rock mass was relatively broken. The surrounding rock
in this fault area was rated as grade V, with grade IV sur-
rounding rock on both sides of the fault, the fault length was
200 m, and the fault inclination was 87°. The average maxi-
mum buried depth at the fault was 320 m, as shown in Fig. 1.
According to the design specifications, the tunnel
crossing the fault fracture zone is excavated using the
CD method. During excavation, pre-support measures
or Advance Support with Small-Diameter Pipes must be
implemented. The thickness of the initial support is set at
0.2 m, and enhanced protection is applied following the
V,-class composite lining standards.

2.2 Material parameters
In the process of tunnel construction, the properties of
materials directly affect the selection of construction
methods and the stability and safety in the construction
process. The physical and mechanical properties of rock,
shotcrete and other materials, such as elastic modulus and
compressive strength, are key factors that need to be accu-
rately considered in design and construction. In this sec-
tion, some of the main material parameters affecting tun-
nel construction will be described in detail:
1. Rock structure:
Rock exhibits unique distribution and strength

characteristics, with significant influences from
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Fig. 1 Schematic diagram of fault fracture zone
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principal stresses. The effects of compressive and
tensile stresses on rock behavior differ considerably.
The Mohr-Coulomb strength criterion is currently
widely applied in rock mechanics calculations. This
criterion considers the maximum shear stress or the
singular shear stress under normal stress or mean
stress, based on shear failure theories. According
to this criterion, the primary failure mode of rock
masses is shear-induced fracturing.
Rocks possess cohesion, frictional coefficients, and
internal friction angles. When the shear stress within
the rock reaches or exceeds the combined value of its
cohesion, frictional coefficient, and internal friction
angle, the rock mass reaches its ultimate state, lead-
ing to yielding and failure.
The expression is: 7 = ¢ + otang, where the formula
of friction force is f= atang is the shear strength, c is
the cohesion force, o is the normal stress, ¢ is the
internal friction angle, so the yield failure of rock is
related to the magnitude of shear stress and normal
stress, as shown in Fig. 2.
As shown in Fig. 2, the tangent point between the
shear strength curve and the Mohr stress circle signi-
fies the limit equilibrium state. When the shear curve
is disjoint from the stress circle, the stress at that
point remains within the safe threshold, not reaching
the critical limit. Conversely, when the shear curve
intersects the stress circle, the stress at the intersec-
tion exceeds the tolerable limit.

2. Elastic modulus of shotcrete:
Equation (1) is used to convert the steel frame into
the elastic modulus of shotcrete by using the equiva-
lent stiffness method:

E=Eg><Sg+EL,><SC
S

g+c

, D
where:

» [E:equivalent elastic modulus;
. Eg: elastic modulus of I-steel;

B _Aqlc

)
ccolw

Fig. 2 Stress circle and shear strength curve

* E_: elastic modulus of shotcrete;
. Sg: cross-section area of I-beam;
* S : shotcrete cross section area;
* §,..: shotcrete and I-steel composite cross section
area.
3. Equivalent elastic modulus of surrounding rock in
the reinforcement area:
Equation (2) was used to calculate the equivalent
elastic modulus of surrounding rock in the grouting

reinforcement area:

E2:pEg+(1_p)Ew’ (2)

where:

* E,: equivalent elastic modulus of grouting rein-
forcement area;

* p = (0.6~0.7)y, n indicates the porosity of sur-
rounding rock;

© E;: elastic modulus of the slurry during
solidification;

* E :elastic modulus of rock mass to be reinforced.

The tunnel involves the initial support, secondary lin-
ing and grouting reinforcement area, and the material
parameters of surrounding rock and supporting structure
should be selected according to the actual geological con-
ditions. The initial support and secondary lining are sim-
ulated by combining C30 concrete and steel arch, and the
concrete material is elastic material.

In this paper, reference is made to the code for design
of highway tunnel [16], code for design of railway tun-
nel [17], and standard for classification of engineering
rock mass [18], in which the division of tunnel surround-
ing rock and the scope of materials at all levels are spec-
ified, and material parameters are reasonably selected.
The material parameters of this study are shown in Table 1.

2.3 Finite element modeling

During tunnel excavation, the excavation of rock mass is
relatively small compared to the overall model. In order to
accurately reflect the influence of excavation on the sur-
rounding rock mass, the grid encryption area is set during
grid division. The surrounding rock outside the encrypted
area is divided by a larger grid. In this paper, solid 45 units
are used to simulate surrounding rock, secondary lining
and grouting reinforcement area, and shell surface units
are used to simulate steel support and initial support [19].
A grid of 0.5 x 0.5 x 0.5 is used to divide the encryp-
tion area, and a grid of 2 x 2 x 1.5 is used for other parts,
as shown in Fig. 3.
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Table 1 Parameters of tunnel modeling materials

Soil type Natural weight (y) Modulus of Poisson's ratio (1) Angle of internal ~ Cohesion force (c)
P (KN/m?) elasticity (E) (GPa) # friction (@) (°) (MPa)

V-grade crushing zone surrounding rock 18 1 0.4 17 0.08

Crushlr}g zoge surrounding rock advance 185 15 037 20 016

small pipe reinforcement area

Class IV surrounding rock 23 5 0.31 35 0.5

Primary support 24.5 33 0.2 - -

Secondary lining 24 31.5 0.2 - -

Fault fracture zone
Grid encryption area|€—

Fig. 3 Model stereogram

Contact unit processing:

* When simulating the contact surface between fault
and non-fault, the contact unit is used to reflect the
actual situation of surrounding rock more truly. This
distinction helps to optimize the accuracy and effi-
ciency of the simulation. The cohesion force and
friction Angle of the contact surface unit can be
taken up or down 0.5 times of the surrounding rock
parameters according to relevant experience [20].

» Fault contact interface method phase stiffness, tan-
gential stiffness and cohesion force can be calculated
according to the following equation [21]:

K,=E/d,, 3
Kt = Gi/dv > (4)
Gi = RGsoil’ (5)
E
G, =———,
soil 2 (1 + Vmi] ) (6)
where:

* G,: interface shear modulus;
* G, shear modulus of soil and soil;

Sol

V. :1is Poisson's ratio;

soil*

* E,:interfacial elastic modulus;

* d:virtual thickness coefficient, generally 0.1;
* R: strength reduction factor, generally 0.3.

3 Simulation study of different excavation methods
Through the simulation of the process of the core earth res-
ervation method, CD method and CRD method passing
through the fault fracture zone, the displacement and defor-
mation of the fault fracture zone and the stress distribution
of the tunnel supporting structure during the excavation pro-
cess are analyzed, and the influence of different excavation
methods on the stability of surrounding rock is explored.

The CD method is a construction method in which one
side of the tunnel is first excavated in a large-span tun-
nel with weak surrounding rock, and a central diaphragm
is constructed, and then the other side is excavated. By
dividing the tunnel into two parts, the disturbance range
of the surrounding rock is reduced, and the stability of the
tunnel is improved.

CRD method is to excavate one or two parts on one side of
the tunnel, apply the middle septum and the transverse par-
tition, and then excavate one or two parts on the other side
of the tunnel to complete the construction of the transverse
partition. Then excavate the last part of the first construction
side, and extend the construction method of the middle next
door, and finally excavate the remaining part. This method
can effectively control the deformation and settlement of
surrounding rock by dividing large section tunnel into sev-
eral small sections for partial excavation and support.

As shown in the Fig. 4, the three drawings respectively
represent the excavation schematics of CD method, CRD
method and reserved core soil method.

(@ (b) ©
Fig. 4 Diagram of different excavation methods; (a) CD method;
(b) CRD method; (c) Core land reservation method
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As shown in the Fig. 5, we added the diorama diagram in
order to observe the key points of the tunnel more directly.
The monitoring and analysis of surrounding rock defor-
mation and supporting structure stress distribution are
helpful to evaluate the influence of different excavation
methods on surrounding rock, and provide an important
basis for the optimization of construction methods:
1. Displacement and deformation of surrounding rock
In the process of simulated tunnel excavation,
the excavation is carried out step by step along the
Z axis from the origin of coordinates. In the pro-
cess of excavation, it is found that the surround-
ing rock has obvious deformation near the contact
plane between the fault and the IV grade surround-
ing rock, and the most significant deformation is the
central section of the fault, as shown in Figs. 6 to 8.
As shown in Fig. 6, the displacement of surround-
ing rock at each monitoring point changes in a simi-
lar trend during excavation with different excavation
methods, and the displacement curves of each mon-
itoring point change greatly near the fault contact
section and then tend to be flat. In the central area of
the fault, the displacement of each monitoring point
reaches its maximum value.
According to Fig. 7 before tunnel excavation reaches
the central fault section, the displacement change
curve of each monitoring point on the central fault
section presents a slow growth trend. When the

(®)

Fig. 5 Model stereogram; (a) Model stereogram; (b) Model excavation

diagram

Displacement change of tunnel vault (mm)

Displacement change of tunnel invert (mm)

Displacement change of tunnel side wall (mm)
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Fig. 6 The final displacement curve of the key points of the fracture

zone along the excavation direction; (a) Vault; (b) Invert; (c) Side walls

excavation was about 75 m, the displacement curve
of the side wall of the central section of the fault sud-
denly changed, and the displacement change of the
monitoring point began to increase significantly.



With the completion of section excavation, the initial
support of the tunnel forms a closed loop, and the
displacement curve of each monitoring point tends
to be flat and no longer increases significantly.
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As shown in Fig. 8 at the position of the contact
section between the fault and the non-fault the dis-

placement change law of each

monitoring point in

different sections is similar. During the excavation
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with CRD method, the displacement change of each
monitoring point is the smallest, because during the
excavation with CRD method, the section is divided
into 6 parts for excavation, and the middle partition
is applied at the same time, thus reducing the distur-
bance effect on surrounding rock.
Among the three construction methods, CRD method
produces the smallest displacement change at each
monitoring point during excavation, followed by CD
method, and reserved core soil method is the largest.
2. Stress distribution of supporting structure
By comparing the stress distribution of the excava-
tion support structure with the reserved core soil
method, CD method and CRD method, the reason
is that the existence of the middle septum affects the
stress of the tunnel lining structure during excava-
tion. Table 2 shows the stress distribution.
According to Table 2, the maximum princi-
pal stress generated by different excavation
methods is CD method > reserved core soil
method > CRD method, and the minimum principal
stress generated is CD method > reserved core soil
method > CRD method. According to the code for
design of highway tunnels [16], the ultimate tensile
strength R = 2.0 MPa and the ultimate compressive
strength of C25 concrete is 25 MPa according to the
damage stage method, the maximum tensile stress
and maximum compressive stress of the tunnel sup-
porting structure are both within the safe range.

4 Optimization of grouting reinforcement

In this tunnel, a top grouting reinforcement method is applied
in the fault fracture zone. The reinforcement range covers
120 degrees, with a grouting thickness of 1.5 m, using cement
mortar as the grouting material. This study proposes the use
of the ring grouting method and the reinforcement range
optimization method to optimize the originally designed

Table 2 Stress distribution

Maximum Minimum
Excavation  principal  Distribution  principal  Distribution
method stress position stress position

(MPa) (MPa)

Reserve
core soil 0.47 Invert -1.87 Hogging
method
€D 0.77 Vault -1.99 Corner
method
CRD 0.38 Vault -1.41 Corner

method

reinforcement range and grouting thickness. As shown in
Fig. 6, the optimized parameters are detailed in Table 3.

As shown in Fig. 9 (a), the ring grouting method is imple-
mented based on the CD excavation method by applying
a grouting reinforcement ring for advanced pre-grouting
reinforcement. The primary approach involves pre-grout-
ing reinforcement of the surrounding rock mass around
the tunnel prior to excavation.

As shown in Fig. 9 (b), the grouting range is expanded
compared to the original grouting method. The grouting
range is increased from 1.5 m to 2.0 m, enhancing the
overall reinforcement effectiveness.

4.1 Displacement and deformation of surrounding rock
According to the calculation results of the model, it is
found that the displacement and deformation of surround-
ing rock at different monitoring points are different when
different grouting reinforcement methods are used for
excavation, as shown in Figs. 10 and 11.

Table 3 Grouting reinforcement measures

Grouting Grouting material Reinforcement Reinforcement
method J range (°) thickness (m)
Reinforced
by grouting at Cement mortar 120 1.5
the top
Ring grouting Cement mortar 360 1.5
method
Reinforcement
range Cement mortar 120 2.0
optimization
Top grouting Ring groauting ring
e
e ;,-"’.

@

L8
P & 2
m—— U
(b)

Fig. 9 Optimization diagram of grouting method; (a) Optimization of
reinforcement range; (b) Optimization of grouting range
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According to Fig. 10 compared with ordinary grout-

ing method, circular grouting method has better rein-

forcement effect. After adopting this grouting method, it

can effectively improve the stability of surrounding rock,
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improve the control effect of surrounding rock deforma-

tion

during excavation, and reduce the overall deformation

of surrounding rock during excavation.
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As can be seen from Fig. 10, after the grouting range is
increased, the invert uplift and side wall convergence gen-
erated by tunnel excavation decrease, but the arch roof set-
tlement remains basically unchanged. It can be seen that
the deformation of surrounding rock caused by excavation
can be reduced to a certain extent by increasing the rein-
forcement range of grouting.

According to Fig. 11, during the excavation of the cen-
tral section of the fault, tunnel excavation significantly
reduces the deformation of surrounding rock generated by
the central section of the fault. Thus, this grouting rein-
forcement method can effectively ensure the overall safety
of the construction, and is recommended for the excava-
tion of weak surrounding rock belt.

4.2 Stress distribution of supporting structure

Through comparison of model calculation results, it is
found that the maximum and minimum principal stresses
of 2.0 m grouting at the top and ring grouting methods are
reduced, as shown in Table 4.

As shown in Table 4, the ring grouting method can
improve the overall stability of surrounding rock, thereby
reducing the tensile stress and compressive stress borne
by the tunnel supporting structure, and keeping the stress
borne by the tunnel supporting structure within the safe
range. Such strengthening measures effectively improve
the stability and safety of the structure.

5 Conclusions

This paper addresses the critical engineering challenges
of poor surrounding rock stability and low construc-
tion safety during tunnel excavation through fault frac-
ture zones. A comparative analysis of the deformation
and stress distribution of the surrounding rock is con-
ducted for three commonly applied excavation methods:
the reserved core soil method, the CD method, and the
cross CRD method. The analysis identifies the excava-
tion method that offers the highest level of safety under
these complex geological conditions. Furthermore, the
study evaluates the feasibility and effectiveness of the ring
grouting method and the optimization of grouting rein-
forcement range. Results demonstrate that optimizing the

reinforcement zone significantly enhances surrounding
rock stability and minimizes construction risks, providing
a robust framework for safe and efficient tunnel construc-
tion in fault zones:

1. The settlement displacement of the arch roof caused
by different excavation methods follows the order:
reserved core soil method > CD method > CRD
method. Similarly, the uplift displacement of the
invert and the convergence displacement of the side-
walls also follow the same trend: reserved core soil
method > CD method > CRD method. These find-
ings indicate that the CRD method demonstrates
superior control over surrounding rock deforma-
tion when excavating through fault fracture zones.
The effectiveness of the CRD method in deformation
control can be attributed to its use of a central par-
tition during excavation and its smaller excavation
volume. This method significantly reduces the dis-
turbance to the surrounding rock near the excavation
face, effectively minimizing displacement during
tunnel construction.

2. When different excavation methods are employed,
the displacement trends of the surrounding rock at
each monitoring point along the central section of
the fault exhibit similar patterns. Significant dis-
placement changes are observed at each monitoring
point during the excavation of the central fault sec-
tion, with a marked increase in displacement mag-
nitude. However, the rate of displacement stabi-
lizes and tends to level off after the initial support
is completed.

3. Under different excavation methods, the tunnel sup-
porting structure usually has a large tensile stress in
the vault, while the maximum compressive stress is
mainly concentrated in the side wall or corner. Before
the implementation of the optimization grouting
reinforcement measures, the supporting structure
may be subjected to tensile stress beyond its maxi-
mum tensile strength, which may lead to the failure
of the supporting structure and affect the stability
of the tunnel. After ring grouting method and rein-
forcement area optimization method, the maximum

Table 4 Stress distribution

Excavation method Maximum principal stress (MPa)

Distribution position

Minimum principal stress (MPa) Distribution position

Top grouting 1.5 m 0.77 Vault
Top grouting 2.0 m 0.75 Vault
Ring grouting 0.45 Vault

-1.99 Corner
-1.95 Corner
—1.81 Corner




tensile stress and compressive stress of the support-
ing structure are reduced, and can be maintained
within the safe range of the tensile strength and com-
pressive strength of the supporting structure. Such
strengthening measures effectively improve the sta-
bility and safety of the structure.
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