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ABSTRACT Based on significant improvements in engineering materials, three advanced engineering measures have
been proposed—super anchor cables, high-strength concrete anti-fault caverns, and grouting modification using high-
strength concrete-to resist fault dislocation in the surrounding rock near tunnels crossing active strike-slip faults.
Moreover, single- or multiple-joint advanced engineering measures form the local rock mass-anti-fault (LRAF) method.
A numerical method was used to investigate the influence of LRAF methods on the stress and displacement fields of the
surrounding rock, and the anti-fault effect was evaluated. Finally, the mechanism of action of the anchor cable was
verified using a three-dimensional numerical model. The numerical results indicated that the anchor cable and grouting
modification reduced the displacement gradient of the local surrounding rock near the tunnels crossing fault.
Furthermore, anchor cable and grouting modifications changed the stress field of the rock mass in the modified area. The
tensile stress field of the rock mass in the modified anchor cable area was converted into a compressive stress field. The
stress field in the modified grouting area changed from shear stress in the fault slip direction to tensile stress in the axial
tunnel direction. The anti-fault cavern resisted the dislocation displacement and reduced the maximum dislocation
magnitude, displacement gradient, and shear stress. Among the three advanced engineering measures, the anchor cable
was the core of the three advanced engineering measures. An anchor cable, combined with other LRAF measures, can
form an artificial safety island at the cross-fault position of the rock mass to protect the tunnel. The research results
provide a new supporting idea for the surrounding rock of tunnels crossing active strike-slip faults.

KEYWORDS anti-fault effect, engineering measures, LRAF method, stress and displacement field, tunnel-crossing active
faults

1 Introduction displacement-distribution patterns is preserved [1,2],

based on the strike-slip and creep displacement modes.
An active strike-slip fault is a horizontal dislocation fault Dislocation along a strike-slip fault is represented by an
formed by two rock masses under the action of horizontal ~apparent suddenness, periodicity, strong instantaneous
shear tectonic stress (Fig. 1(a)). The geological history of ~energy release, wide range of influence, and large
instantaneous destructive force. For example, during the
Article history: Received Sep 12, 2022; Accepted Dec 5, 2022 San Francisco earthquake in 1906, the surrounding rock
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in the Wrights tunnel crossing the San Andreas fault zone
in the United States was a staggering 1.7-1.8 m [3].
During the Wenchuan earthquake in 2008, the
surrounding rock in the Youyi tunnel crossing the
Longmenshan fault zone in China was 0.8 m (Fig. 1(b))
[4]. However, creep fault dislocation is slow and
continuous, and the dislocation displacement accumulates
annually. For example, the Claremont tunnel across the
Hayward active fault slipped by 330 mm over 79 years
[5]. The San Andreas et al. [6,7], Hayward et al. [8,9],
Jinshajiang, and Ganzi—Yushu [10] fault zones in China
are typical strike-slip creep active faults that can reach
meter-level dislocations during the service life of a tunnel
project. Because the supporting structure of the tunnel has
a weaker ability to resist shear than axial deformations,
the dislocation of both sides of the rock mass in the active
fault zone causes movement and vibration of the
surrounding rock. This causes severe fault disasters at
tunnel crossings [11-13]. Moreover, this poses significant
challenges for the safe and stable operation of tunnel
projects. Therefore, the design and construction of tunnel
lines should avoid crossing active faults as much as
possible.

In recent years, many tunnel projects have been built on
the edge of the Asia—Europe plate in southwest China to
alleviate transportation and resource shortages in the
western region of China. Among these, some tunnels
inevitably cross-active fault zones. For example, the
Sichuan-Tibet Railway, which is currently under
construction, is expected to cross the Xianshuihe and
Litang fault zones, with average annual dislocation
displacements of 10 and 4-5 mm, respectively. Therefore,
research on anti-fault measures for active fault tunnel
crossings is crucial.

Domestic and foreign studies on the safety of active
fault tunnel crossings have focused on the displacement
pattern, stress-field distribution of the surrounding rock,
deformation and internal force of the tunnel, support
measures, and support effect evaluation. Some resear-
chers have found that the displacement pattern of the
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tunnel axis exhibits an S-shaped curve in active fault
dislocations [14-17]. In addition, some scholars have
performed experiments and simulations to study the
influence of the active fault dislocation-displacement
mode on tunnel deformation and internal force distribu-
tion. The results indicate that under fault dislocation, the
affected range of the lining is mainly concentrated near
the fault fracture zone [18,19], and the peak stress in the
tunnel appears at the junction of the fault fracture zone,
hanging wall, and footwall [20,21]. In addition, some
scholars have studied the stress-field distribution pattern
of the surrounding rock in tunnels crossing active faults
[22-24]. Additionally, based on research results on
displacement patterns and stress-field distributions, some
scholars have proposed an advanced support method to
improve the tunnel-support structure. Advanced support
methods include hinged linings combined with flexible
concrete [25-27], lining segments, and open pipes in
tunnel [28-31]. In addition, supporting methods have
been proposed to improve the mechanical properties of
tunnel surrounding rock, such as applying a buffer layer
between the lining and the surrounding rock or grouting
reinforcement in the weak surrounding rock [32]. Given
these tunnel anti-fault measures, researchers have studied
the principle of a supporting structure containing fault
displacement [33-36] and evaluated its supportive effect
[29,37].

In summary, most current research is based on
experimental and numerical analyses. The cross-active
fault tunnel displacement pattern, deformation, internal
force of the tunnel, and stress distribution of the
surrounding rock mass are thoroughly investigated, and
feasible tunnel support and anti-fault schemes are
proposed. Among them, the anti-fault method of the
tunnel primarily considers the improvement of the tunnel-
support pattern and the hinged structure of the lining.
Anti-fault refers to resisting the dislocation displacement
of the active faults. However, for some active faults with
enormous annual average dislocations that cannot be
bypassed, it remains challenging to adopt current

Pydislocation displacement
0.8m/

(b)

rock mass movement patterns of active strike-slip and tunnel fault disasters: (a) rock mass dislocation pattern of strike-slip fault;

(b) dislocation of the Youyi tunnel lining across the Longmenshan fault zone reached 0.8 m during the Wenchuan earthquake [4].
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engineering measures to resist fault dislocations of tunnel
crossings. Therefore, advanced engineering measures
should be implemented to prevent fault dislocations. With
remarkable progress in material science, the emergence of
high-performance techniques and ultrahigh-performance
engineering materials has provided novel ideas for
designing tunnel anti-fault methods such as anchor cables
[38-40], anti-fault caverns [41-43], and rock mass
grouting modifications [44—46]. Compared to improving
the anti-fault measures of tunnel-supporting structures,
these advanced engineering measures can change the
maximum dislocation magnitude and bearing capacity of
the rock mass. Additionally, the cost is lower, action time
is longer, and construction is easier.

Single or multiple-joint local rock mass-anti-fault
(LRAF) methods have been proposed using three advan-
ced engineering measures—sizable constant resistance
force and large deformation ability anchor cables,
ultrahigh-strength concrete anti-fault caverns, and local
surrounding rock grouting modifications using high-
strength concrete. Furthermore, the Yuanmou—Luzhijiang
fault zone was considered the benchmark for this study.
The influence of three advanced engineering measures
and their combinations on the stress and displacement
fields of the surrounding rock were investigated using a
numerical method, and the anti-fault effect of each
scheme was evaluated. In addition, the application
scenarios of the LRAF methods were combined with
research results.

2 Methodology

2.1 Basic principle of the local rock mass-anti-fault
method

There are several ways to limit the relative movement of
two objects, such as binding two objects with ropes or
wires, installing pin structures on sliding surfaces, or to
reinforce sliding surfaces with glue. However, it is
implausible to restrict or reduce fault dislocations in this
manner. The two sides of the active fault rock mass
extend thousands of kilometers along the strike, and the
constructed tunnel, and the supporting structure is
negligible compared with the scale of the active fault
structure. Therefore, it was impractical to limit the
dislocation displacement of two large rock masses in an
active fault structure by wusing artificial systems.
However, the rock masses on both sides of the fault could
be regarded as semi-infinite spaces. This is a natural
stress- and strain-absorbing container. At the position
where the tunnel passes through the fault dislocation area,
within the local range of 30-50 m relative to the overall
scale of the tunnel, advanced engineering measures were
used to resist dislocation displacement from the enormous
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fault sliding surface within a specific period. The stress
and dislocation displacement concentrated on the local
fault sliding surface were dispersed into the stable
surrounding rock on both sides of the fault. This idea
seems feasible.

With the development of material science, the strength
of materials (such as anchor cables and concrete) has
dramatically improved, and surrounding rock mass
reinforcement technology has also made progress. A
negative Poisson’s ratio (NPR) material anchor cable was
developed with a maximum constant resistance of 850 kN
and maximum tensility between 2 and 4 m [47-49].
Researchers have developed ultrahigh-strength concrete,
such as C130 and ultra high-performance concrete , with
strengths of 130—-150 MPa or higher [50-52]. In addition,
with the development of rock grouting technology, the
strength index of broken rock masses has significantly
improved [53,54]. Most importantly, these technologies
provide possibilities for the implementing of the LRAF
method.

Therefore, the LRAF method was proposed for tunnels
across active faults. This method uses three advanced
engineering measures: local rock mass modification
through anchor cable bundles or giant anchor cables,
local rock mass reinforcement through high-strength-anti-
fault caverns, and local rock mass grouting modification
through high-strength concrete. Based on to the fault
movement characteristics and surrounding rock condi-
tions, an advanced engineering measure or a combination
of various engineering measures was selected as the
LRAF method. Before or during construction, enginee-
ring measures of LRAF are deployed in the rock mass at
the fault fracture zone and fault-affected area to improve
the integrity and strength of weak or fractured rock
masses or to replace inefficient and fractured rock masses
with ultrahigh-strength materials. Thus, the maximum
dislocation magnitude and displacement gradient at the
local position of the tunnel crossing are reduced.

As shown in Fig. 2(a), several giant anchor cables with
high constant resistance and high tensility capacity were
arranged in the rock mass in the vertical direction of the
tunnel crossing the fault position. The two ends of the
anchor cables were anchored to a stable rock mass at the
hanging wall and footwall of the fault. The arrangement
of the anchor cable body has an angle of 45° with the
fault fracture zone plane to minimize the shear effect of
the anchor cable on the rock mass dislocation and give
full play to the high constant resistance advantage of the
anchor cable [47]. The rock mass pulled out the anchor
cable when fault dislocation occurred. The pretension
anchor cable generates a constant resistance to pull the
rock mass in the anti-fault area and transfers the
concentrated dislocation displacement to the stable
surrounding rock of the double plates through the
prominent deformation characteristics of the anchor
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Fig.2 LRAF for tunnels crossing active faults: (a) anchor cables; (b) anti-fault caverns; (c) local rock mass grouting modification.

cable. This process reduces the dislocation concentration
(displacement gradient) in the anti-fault area. This
disperses the concentrated large deformation into a small
local deformation, thus creating better support conditions
for the tunnels. In principle, the anchor cable binds two
plates of the fault rock mass, similar to a bundle of ropes.
However, it is worth noting that the range of influence
and action time of the anchor cable for reducing the
displacement gradient is limited, depending on its
constant resistance force value and maximum

deformation ability. In tunnel engineering, the action time
of an anchor cable should be longer than the service life
of the tunnel.

As shown in Fig. 2(b), the anti-fault cavern structure
commonly used in water conservancy and hydropower
fields is introduced into the LRAF measures [55], which
are set in the rock mass on one or both sides of the fault
dislocation direction of the tunnel. The layout of the anti-
fault cavern is orthogonal to the plate of the fault fracture
zone, and the two ends of the anti-fault cavern are in a
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stable rock mass on both scales of the fault. Simultane-
ously, a steel reinforcement cage was inserted into the
anti-fault cavern and injected into high-strength or
ultrahigh-strength concrete to form one or more pin
structures in the fault fracture zone. When a fault
dislocation occurs, the anti-fault cavern uses the stiffness
difference between its structure and the rock mass to
block and absorb the dislocation displacement. Within
their service life, the maximum dislocation displacement
and dislocation displacement of the tunnel across the fault
fracture zone were reduced.

In addition, as shown in Fig. 2(c), using rock mass-
grouting-reinforcement technology [56], high-strength or
ultrahigh-strength concrete slurry was injected into the
fractured rock mass of the tunnel across the fault position
and within a specific range. After the concrete slurry
solidified in the rock mass joint network, a high-strength
concrete network was formed to improve the strength and
stiffness of the rock mass in the region. When fault
dislocation occurs, the grouting rock mass is similar to
the glue that sticks together with the rock mass of the
hanging wall and footwall. At the same time, the stiffness
of the grouting rock mass is much larger than that of the
broken rock mass and close to that of the hanging wall
and footwall stable surrounding rock. Thus, the
concentrated dislocation displacement was dispersed into
the stable rock mass, reducing the dislocation displace-
ment gradient.

2.2 Methodology of numerical analysis

2.2.1 Numerical modeling and boundary conditions

Based on the LRAF method of the tunnel, as shown in
Fig. 3, under the condition of distributed and concentrated
strike-slip faults, a horizontal range of 300 m in the
vertical direction of the tunnel surrounding rock was
taken as the section. We then established a single and
multi-mean joint LRAF numerical model and set its
control group for a total of 14 groups of models. Figures
3(a)-3(d) and 3(e)-3(h) show the numerical models of the
single LRAF measures for the distributed and
concentrated strike-slip faults, respectively. Figures
3(1)-3(l) and 3(m)-3(p) show the numerical models of
LRAF measures for multi-engineering combinations for
distributed and  concentrated  strike-slip  faults,
respectively. The rock mass model adopted triangular
elements with a unit size of 3 m, and the middle of the
model corresponded to the area in which the tunnel
passed.

Simultaneously, three monitoring lines were set along
the Y-direction in the numerical model of the surrounding
rock. The X-direction displacement of the surrounding
rock with and without LRAF was monitored, and the
displacement gradient was calculated. Based on several
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numerical simulation tests, the influence of dislocations
on the rock mass can be ignored when the distance from
the fault fracture zone is greater than 100 m. Therefore,
the length of the monitoring line was 200 m (100 m in the
hanging wall plate and 100 m in the footwall plate), and
the distance between each monitoring point was 5 m, for
a total of 42 monitoring points.

The following numerical simulation process was
designed according to the LRAF method principle, as
shown in Fig. 4.

The first step was to initialize the stress field and
balance the model.

The second step is to impose a fixed boundary
condition on the hanging wall rock mass. Moreover, a
velocity boundary condition in the same direction was set
on the three boundaries of the footwall rock mass to
simulate fault dislocation, similar to the rigid-body
translation. Simultaneously, the existing stress boundary
of the model continues to interact with the velocity
boundary condition to maintain the stress field of the
model until the fault fracture zone reaches a complete
plastic state, and the model calculates the balance.

The third step is to apply the anchor cable element and
reinforcement area at both ends and then use the anchor
cable pretension. If the model does not contain an anchor
cable, skip this step. Owing to the anchor at both ends of
the anchor cable, the hanging wall and footwall plates
continued to stagger to pull the anchor cable to apply
pretension. The calculation step for the anchor cable
before reaching the pretension setting value was not
included in the final calculation results. The formal
calculation begins after the pretension value is obtained.

The fourth step was to apply the other LRAF measures.
After the anchor cable pretensions, were used, other
boundary conditions were applied.

The fifth step calculated the footwall rock mass
dislocation to a predetermined dislocation magnitude.

2.2.2 Parameters

To ensure the coordination of the numerical model
parameters, the mechanical parameters of the surrounding
rock of the Yuanmou-Luzhijiang fault zone in the
Yunnan Province of China were used to establish an
idealized numerical model. The Yuanmou—Luzhijiang
fault zone is a representative shear strike-slip fault zone.
According to relevant geological survey reports, the fault
characteristics include left-lateral slip rates of 4.25 mm/a.
Moreover, the rock mass model adopted the Mohr—
Coulomb ideal elastic—plastic constitutive model, which
can better simulate the creep characteristics of the fault
fracture zone. The simplified mechanical parameters of
the surrounding rock are listed in Table 1.

In the calculation, it was assumed that the service life
of the tunnel was two hundred years. According to the
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Fig. 3 Numerical models of different LRAF measures for distributed and concentrated displacement patterns: (a) control group
(distributed); (b) anchor cable (distributed); (c) anti-fault cavern (distributed); (d) local grouting modification (distributed); (e) control group
(concentrated); (f) anchor cable (concentrated); (g) anti-fault cavern (concentrated); (h) local grouting modification (concentrated);
(i) control group (distributed); (j) anchor cable and anti-fault cavern (distributed); (k) anchor cable and local grouting modification
(distributed); (1) three measures combination (distributed); (m) control group (concentrated); (n) anchor cable and anti-fault cavern
(concentrated); (o) anchor cable and local grouting modification (concentrated); (p) three measures combination (concentrated).

maximum annual average slip rate of the fault, the
maximum dislocation displacement was 1 m after
applying LRAF measures. The dislocation rate was 1 X
10~® m per step after many attempts to avoid the dynamic
effect of the rock mass and to better simulate the
characteristics of rock mass creep and dislocation. The
width of the concentrated fault fracture zone was 7 m,

and the width of the distributed fault fracture zone was
consistent with that of the concentrated structure. The
width of the distributed fault-affected zone was 20 m and
there was no fault-affected zone in the concentrated fault
zone. The dimensions and parameters of other numerical
models are presented in Fig. 5 and Table 2.

In Table 2, D, denotes the anchor cable diameter;
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Fig. 4 Numerical simulation steps of local anti-fault measures: (a) initialized in situ stress field; (b) formation of geological environment
of active strike-slip fault; (c) pretension of anchor cable applied if the model contains anchor cable; (d) continue to creep dislocation to the

preset displacement with LRAF measures; (¢) numerical flow chart.

Table 1 Conventional mechanical parameters of metal specimens

fault geological division 0 (kg/m3) E (GPa) U ¢ (MPa) ¢ () tensile strength (MPa) In situ stress (MPa)
fracture zone 2500 0.5 0.35 0.3 20 0.1 8
fault-affected zone 2600 2.0 0.29 1.3 32 0.3

stable surrounding rock mass 2700 20.0 0.27 15.0 35 2.0

reinforcement area 2500 50.0 0.20 50.0 55 100.0

Lape 15 the length of the anchor cable; « is the angle
between the anchor cable layout axis and the fault
dislocation direction; ¢, ¢, and k are the anchor area
cohesion, internal friction angle, and stiffness,
respectively; o, is the magnitude of the pretension force
of the anchor cable; Hy , is the distance between the
anchor cable end reinforcement area boundary and
boundary of the fault-affected zone; and H., is the
distance between the boundary of the anti-fault cavern
and the anchor cable.

3 Numerical analysis of a single local rock
mass-anti-fault measure

3.1 Influence on the displacement field of the surrounding
rock

After the calculation, the displacement magnitude
nephogram in the X-direction of the model and the

displacement curve in the X-direction of the axial position
monitoring point of the tunnel when the fault dislocation
displacement was 1.0 m are obtained through postpro-
cessing. As shown in Figs. 6(a) and 6(e), when no LRAF
measures were adopted, the dislocation displacement of
the fault was concentrated in the rock mass of the fault
fracture zone with low strength and stiffness. The
dislocation-displacement concentration area showed an
apparent belt shape, in which the dislocation displace-
ment of the concentrated fault was more concentrated
than that of the distributed fault. Furthermore, as shown
in Figs. 6(b)-6(d) and 6(f)-6(h), the LRAF measures had
a considerable influence on the displacement field in the
rock surrounding the strike-slip active fault. With the
application of LRAF measures, the dislocation displace-
ment in the surrounding rock of the fault fracture zone
began to spread to the surrounding rock of the hanging
wall and footwall plates, and the boundary of the
dislocation displacement changed from belt-type to
spindle or ellipse. It can also be observed from Fig. 6 that
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Table 2 LRAF measurement parameter

material properties

constitutive model anchoring parameter

LRAF measure type size and layout mode
anchor cable Dy = 0.08 m
Leqpie =93 m
a=45°

reinforcing area of both ends of
anchor cable 35 m x 5 m
Hy ,=8m
30m x 120 m
He.p28m
30 m x 47 m (distributed)
30 m x 7 m (concentrated)

anti-fault cavern

local grouting modification

80% complete rock strength index

190 GPa linear c¢=50MPa
@ =60°
k=50 x 10’ Pa'm
O pre = 1000 kN
50 GPa linear -

linear

different LRAF measures have different effects on the
displacement field in faults with different displacement
patterns.

At the same time, from the X-direction displacement
curve in Fig. 6, the displacement of the rock mass of the
tunnel axis presents an evident S-type displacement
mode. The slope of the displacement curve of the
distributed fault near the fracture zone was less than that
of the concentrated fault, which conforms to the principle
of tunnel displacement mode obtained in the current test
and engineering. When no LRAF method exists in the
surrounding rock, the dislocation displacement of the
rock mass is concentrated in the fault fracture zone, and
the X-direction displacement curve maximum slope
appears in the fault fracture zone range. When the LRAF
methods are used in the surrounding rock, the maximum
slope of the X-direction displacement curve in the fault
fracture zone range significantly decreases compared with
that without the LRAF method. In addition, the maximum
slope reduction in the X-direction displacement curve
under the distributed fault was more significant than that
under the concentrated fault. Notably, when different
LRAF methods were adopted, the shapes of the

X-direction displacement curves differed.

Figures 6(b) and 6(f) show that the local rock mass
modification through the anchor cable significantly
influenced the displacement field of the strike-slip active
fault rock mass. With an increase in dislocation
displacement, the displacement boundary of the
dislocation zone transfers to the stable surrounding rock
mass, and a diffusion phenomenon occurs. Compared
with the concentrated dislocation of the rock mass
without LRAF methods (Figs.6(a) and 6(e)), the
dislocation displacement of the fault was more dispersed,
and the shape of the dislocation-displacement area
changed from belt to shuttle. Combined with the
displacement vector diagram analysis, the X-direction
displacement value of the anchor cable-modified area in
the hanging wall stable rock mass was significantly
improved compared to that without LRAF measures.
Furthermore, the direction of the displacement vector was
deflected from the X-positive to the Y-negative direction.
At the same time, the dislocation-displacement curve
shows that it begins to transition to the maximum
dislocation magnitude when it is 25 m from the fault
fracture zone (the fault-affected zone range). In addition,
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Fig. 6 X-direction displacement magnitude and resultant displacement vector of different LRAF measures for distributed and concentrated
pattern faults: (a) control group (distributed); (b) anchor cable (distributed); (c) anti-fault cavern (distributed); (d) local grouting
modification (distributed); (e) control group (concentrated); (f) anchor cable (concentrated); (g) anti-fault cavern (concentrated); (h) local
grouting modification (concentrated).

the displacement slope under distributed faults was
smaller than that under concentrated faults, and the
displacement transition range under concentrated faults
was more extensive (as shown in the highlighted area in

the displacement curve in Figs. 6(b) and 6(f)). This
phenomenon occurs because the rock mass stiffness in
the fault-affected zone in the distributed fault is small,
and it is easier to contain displacement. Moreover, both
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sides of the fracture zone of the concentrated fault are
stable rock masses that require a more extensive range of
rock masses to contain fault dislocation displacement.

In addition, there is a small Y-negative direction
displacement in the rock surrounding the reinforcement
area at the upper end of the anchor cable (Fig. 7(a)).
Moreover, the maximum dislocation displacement in the
modified region of the rock mass of the dislocation plate
is significantly reduced (Fig. 7(b)). This phenomenon
shows that the anchor cable pulled the hanging wall rock
mass movement, resisted the dislocation displacement of
the footwall rock mass, and dispersed the concentrated
dislocation displacement to the hanging wall and the
footwall stable surrounding rock mass. This reduces the
displacement gradient of the surrounding rock near the
fault dislocation zone. Simultaneously, the most extensive
concentrated dislocation displacement is dispersed into
small tiny area deformations, which reduces the
maximum dislocation displacement of the anchor cable-
modified area across the strike-slip active faults.

As shown in Figs. 6(c) and 6(g), the influence of the
local reinforcement measures through the anti-fault
cavern on the displacement field of the surrounding rock
is significantly different from that of the anchor cable.
With an increase in the dislocation displacement, the
dislocation-displacement boundary in the anti-fault
cavern diffuses to the interface between the anti-fault
cavern and the stable surrounding rock mass, and the
displacement gradient in the local reinforcement area
decreases significantly. At the same time, it can be seen
from the dislocation-displacement curve that the range of
influence of the anti-fault cavern is much larger than that
of the anchor cable. The range of influence was twice that
of the axial length (Y-direction) of the anti-fault cavern.
Moreover, the influence of the anti-fault cavern on the
rock mass of the hanging wall rock mass is more
significant than that of the footwall rock mass.
Additionally, the displacement gradient in the
surrounding rock on the side of the dislocation direction
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outside the anti-fault cavern decreased significantly, and
the maximum dislocation displacement decreased.

Moreover, the Y-direction displacement contour and
vector diagram (Fig. 8(a)) show that the anti-fault cavern
changed the dislocation direction of the surrounding rock
mass. Furthermore, it causes dislocation displacement in
the X-direction of the hanging wall rock mass to deflect in
the Y-negative direction. The anti-fault cavern blocked
the partial dislocation displacement. Dislocation displace-
ment was transferred to the stable surrounding rock of the
hanging wall and footwall (Fig. 8(b)) to reduce the
displacement gradient of the local rock mass reinforce-
ment area.

As shown in Figs. 6(b) and 6(h), when grouting
modification measures were adopted in the local fracture
rock mass zone, the supporting capacity of the local
fracture zone rock mass improved. The boundary of the
dislocation displacement was transferred to the stable
surrounding rock, and the displacement gradient of the
grouting modification area decreased significantly. The
dislocation-displacement curve of the local reinforcement
with an anti-fault cavern was similar to that of an anchor
cable, and the influence range of the local reinforcement
area was equal to the width of the fault-affected zone.
The slope of the dislocation-displacement curve of the
fracture zone range in the distributed strike-slip fault is
lower than that in the concentrated fault. In addition, the
displacement and displacement vector diagram in the Y-
direction (Fig. 9(a)) show that the rock mass used the
LRAF method of the anti-fault cavern and was similar to
the LRAF method of the anchor cable. In addition, the
grouting reinforcement area changed the direction of the
dislocation displacement of the surrounding rock.

Moreover, under the combined action of shear and
normal stresses, a certain degree of counterclockwise
rotation occurred in the grouting reinforcement area
(Fig. 9(b)), which is reflected in Fig.9(a) as the
displacement concentration in the Y-direction on both
sides of the grouting area. This phenomenon indicates
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Fig. 7 Displacement contour and displacement vector of the rock mass in the X and Y directions with local anchor cable modification:
(a) displacement vector and Y-displacement (YDISP) contour; (b) contour of X-direction (XDISP) displacement.
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Fig. 8 Displacement contour and displacement vector of the rock mass in the X and Y directions with local reinforcement of the anti-fault
cavern: (a) displacement vector and Y-displacement contour; (b) contour of X-direction displacement.
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Fig. 9 Displacement contour and displacement vector of the rock mass in the X and Y directions with local rock mass grouting
modification: (a) displacement vector and Y-displacement contour; (b) contour of X-direction displacement.

that the grouting reinforcement measure improved the
bonding ability of the hanging wall and footwall rock
mass in the modified grouting area. Moreover, the anti-
fault cavern resists dislocation displacement of the two
plates of the rock mass in the dislocation zone. This
dispersed the concentrated dislocation displacement into
two plates of a stable surrounding rock mass.

Notably, the anti-fault effect of the three LRAF
methods on the strike-slip active faults with distributed
displacement patterns was better than that of the
concentrated displacement mode. This occurs because the
existence of fault effects provides a transition for the
stiffness difference between the stable surrounding rock
and fault-affected zone. LRAF methods transfer the
concentrated dislocation displacement to the stable
surrounding rock more easily, and the reduction in the
displacement gradient is more pronounced in the fault
dislocation zone.

3.2 Influence on the stress field of the surrounding rock
Furthermore, the four contours of the surrounding rock

mass in the distributed strike-slip active fault used three
LRAF measures with the control group as an example

(where the sign of the principal stress is that the tensile
stress is positive, and the compressive stress is negative).
The maximum principal stress field (Fig. 10) shows that
the LRAF measures significantly influence the stress field
of the rock surrounding the fault.

As shown in Fig. 10(a), when no LRAF method exists
in the surrounding rock, the stress field of the rock mass
near the fault-affected zone and fracture zone is primarily
a compressive shear composite. In addition, during the
continuous dislocation of the fault, the rock mass of the
fault fracture zone and the fault-affected zone are
transformed into a plastic state and lose their support
ability, which complicates tunnel-support work.

As shown in Fig. 10(b), when an anchor cable is
adopted, the continuous dislocation movement of the fault
rock mass drives both ends of the anchorage area to
stretch the anchorage ends of the anchor cable. The
anchor cable produces a resistance force during
stretching, which reacts with the rock mass and causes
tensile displacement. Therefore, a tensile stress zone
appeared near the anchorage ends of the anchor cable,
which was also the main reason for the Y-direction
displacement in the cable-modified area (Fig. 7(a)). The
rock mass around the no-grouting section of the anchor
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Fig. 10 Stress field of the surrounding rock under different LRAF measures: (a) none of the LRAF measures; (b) anchor cable; (c) anti-

fault cavern; (d) local rock mass grouting modification.

cable changes under the action of the reaction force of the
anchor cable, and the absolute value of the maximum
principal stress and the intermediate principal stress
increases (Fig. 11), thus improving the support ability of
the rock mass in this area. This area is known as the
artificial safety island. When the tunnel passes through
the strike-slip active fault from the artificial safety island,
the support state of the surrounding rock is good, and the
displacement gradient clearly decreases, which is
beneficial to the tunnel’s support work.

As shown in Fig. 10(c), when the anti-fault cavern was
adopted, the anti-fault cavern structure deformed under
the shear action produced by fault dislocation. Moreover,
two compressive-stress concentration areas formed in the
rock mass on both sides of the anti-fault cavern. This is
because the stiffness of the anti-fault cavern structure is
much larger than that of the rock mass, resulting in a
reaction force with a large amplitude that prevents fault
dislocation displacement. Moreover, the presence of an
anti-fault cavern improves the supporting capacity of the
surrounding rock mass by increasing maximum principal
stress. When the tunnel passes the fault near the anti-fault
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Fig. 11 Increased area of intermediate principal stress in the
LRAF zone using anchor cable.

cavern, the difficulty of anti-fault in the tunnel is
significantly reduced. Simultaneously, under the shearing
force action of the fault, the shear-stress concentration
area is formed in the anti-fault cavern (Fig. 12).
Therefore, when designing an anti-fault cavern structure,
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Fig. 12 Shear stress distribution in the rock mass and anti-fault
cavern area.

the maximum shear stress in the rock mass should be
considered in the material design.

As shown in Fig. 10(d), when the local rock mass
grouting modification was adopted, the maximum
principal stress field of the surrounding rock was similar
to that when using the anti-fault cavern. Moreover, two
areas of apparent compressive stress concentration
appeared on both sides of the modified grouting area.
Therefore, the grouting-modified rock also has a barrier
effect on the dislocation displacement. However, the
stiffness and strength of the rock mass modified by
grouting are far less than those of the anti-fault cavern.
Thus, the movement trend of tension appears with the
dislocation of the footwall rock mass being pulled.
Therefore, the local modification area was a tensile stress
area. The dislocation displacement in the X-direction of
the modification area is transformed into the Y-direction
displacement (Fig. 9(a)), which reduces the displacement
gradient of the tunnel-crossing area. However, the
displacement and deformation of the tunnel axis also
increased. Therefore, when local grouting modification
measures are adopted, the tunnel should take measures to
control the deformation along the tunnel axis.
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3.3 Evaluation of the local rock mass-anti-fault effect

Furthermore, the displacement gradient and shear plastic
strain were used as indices to evaluate the effects of the
LRAF method. Based on the analysis of the X-direction
displacement of the internal monitoring points of the rock
mass under different LRAF methods and Eq. (1), the
tunnel displacement gradient across the fault range can be
obtained using different LRAF methods.

_ lo4i1 — uil
Ad,

P

Vu (D

where Vu is the displacement gradient (cm/m), u; is the
displacement for a monitoring point (m), u;,, is the
displacement of the next adjacent monitoring point
selected u; (m), and Ad, is the distance between adjacent
monitoring points (m).

Figure 13 shows that the three LRAF methods signi-
ficantly decrease the rock mass displacement gradient
around the tunnel crossing the strike-slip direction
compared with those without LRAF methods. When there
is no measure, anti-fault cavern, and local grouting
modification, the displacement gradient curve is similar
in shape and only changes at the peak. When the local
rock mass modification of the anchor cable is adopted,
the width of the middle peak part of the displacement
gradient curve increases compared with that of the other
three curves. The peak width equals the sum of the fault
fracture zone width and the fault-affected zone width.
Therefore, it is shown that the LRAF method of the
anchor cable achieves the anti-fault effect by dispersing
the concentrated large deformation into the small to
minuscule-range deformation. In addition, the other two
LRAF methods carry fault resistance through blocking
dislocation displacement, which is consistent with the law
shown in Fig. 6. The displacement gradient of the local
rock mass grouting modification is the lowest, followed
by the anchor cable and anti-fault cavern.

For concentrated strike-slip active faults, the principle
of LRAF is the same as that of the distributed fault
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Displacement gradient curves with different LRAF measures: (a) distributed strike-slip faults; (b) concentrated strike-slip fault.
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resistance. However, Fig. 13(b) shows that the anti-fault
effect was slightly worse than that of the distributed
faults. The displacement gradient curve of the anchor
cable under the concentrated fault differed from that
under the distributed fault, and the middle peak part of
the curve did not significantly expand. The main reason is
that the strength of the surrounding rock on both sides of
the fracture zone is high, and its ability to provide
dispersion displacement is weak. Moreover, there is no
corresponding weak fault-affected zone on either side of
the fault fracture zone, which can quickly disperse
displacement.

However, under concentrated strike-slip faults, three
LRAF methods still work, among which the anti-fault
effect of the anti-fault cavern is the best, followed by the
anchor cable and grouting modification. As the
dislocation displacement of a concentrated strike-slip
fault is more concentrated than that of a distributed fault,
the effect of rigid displacement isolation can have a more
significant advantage under this condition. When using
local grouting modification, the grouting area is limited to
the fracture zone and the modification range is small;
thus, the anti-fault effect is poor.

Figure 14 shows the variation in the peak displacement
gradient with dislocation displacement of the footwall
rock mass. For the distributed strike-slip active fault (Fig.
14(a)), the displacement gradient increases linearly with
no LRAF measure and with the LRAF methods of anchor
cable and anti-fault cavern measures. However, the
increase in the displacement gradient is nonlinear with the
LRAF method of local rock mass grouting modification,
and the slope increases gradually with the addition of
dislocation displacement. The modified area underwent
gradual shear failure because of the increased dislocation
displacement. The anti-faulting ability of the grouting
rock mass area gradually decreased, and the slope of the
displacement gradient curve increased with the strike-slip
displacement.

For the concentrated strike-slip fault (Fig. 15(b)), in
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Fig. 14 Variation curve of the displacement gradient with the

(b) concentrated strike-slip fault.
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addition to the displacement curve of the local rock mass
grouting modification, a nonlinear phenomenon also
appears at the beginning of the curve when the anti-fault
cavern is adopted. Owing to the concentrated dislocation,
the anti-fault cavern produces considerable resistance to
the dislocation of the surrounding rock, and the stiffness
of the anti-fault cavern is greater than that of the rock
mass. Therefore, the rock mass around the anti-fault
cavern was squeezed, causing a certain degree of plastic
failure. Moreover, the plastic failure only affects some
areas adjacent to the anti-fault cavern, and the curve then
returns to linear growth after a certain dislocation
displacement.

In addition, the equivalent shear plastic strain was used
to evaluate the anti-fault effects of the three LRAF
methods. Figure 15 shows the contour of the equivalent
shear plastic strain, which is compared under different
LRAF methods, as shown in Fig. 16.

Figures 15 and 16 show that for strike-slip faults under
distributed and concentrated faults, the shear plastic strain
is the lowest when local anchor cable modification is
adopted, and the anti-fault effect is the best. The shear
plastic strain decreases by 64.7% and 46.9%,
respectively. Moreover, local grouting modification has a
better anti-fault effect on distributed strike-slip faults, but
the concentrated anti-fault effect is weak. The anti-fault
effect of the anti-fault cavern on both the distributed and
concentrated displacement modes is similar, with a
decrease of approximately 20%.

In conclusion, the anti-fault effect of the anchor cable
in the three advanced engineering methods is better than
that in the other two methods, and the mechanical
properties of the anchor cable are more suitable for tunnel
anti-fault engineering. The anti-fault cavern and local
rock mass grouting modifications have a better anti-fault
effect on specific fault displacement modes (e.g.,
concentrated strike-slip active faults). Therefore, it will
play a better role in multiple-LRAF joint measurements
in a particular geological environment.
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Fig. 15 Equivalent shear plastic displacement of distributed and concentrated strike-slip active fault fracture zones under different LRAF
methods: (a) distributed fault without LRAF methods; (b) distributed fault using local anchor cable modification; (c) distributed fault using
an anti-fault cavern; (d) distributed fault using local rock mass grouting modification; (e) concentrated fault without LRAF methods;
(f) concentrated fault using local anchor cable modification; (g) concentrated fault using an anti-fault cavern; (h) concentrated fault using
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Fig. 16 Summary of the shear plastic strain of the strike-slip
active fault zone under different LRAF methods.

4 Numerical analysis of multiple-joint local
rock mass-anti-fault methods

4.1 Influence on the displacement field of the surrounding
rock and stress law of the anchor cable

According to the abovementioned research, the anti-fault
effect of a single LRAF method has not yet achieved
ideal results for faults with concentrated dislocations and
significant dislocation velocities. Therefore, combining
anchor cables with one or more measures of the anti-fault
cavern or local rock mass grouting modification may
achieve better results. The model in Figs. 3(1)-3(p) is
used to study the influence of multiple-joint LRAF
methods on the displacement field.

After the calculation, Fig. 17 shows the X-direction

displacement nephogram and X-direction displacement
curve of the tunnel axis. The anti-fault effect of multiple-
joint LRAF methods on dislocation displacement was
better than that of a single LRAF method, and the
reduction in the displacement gradient in the fault zone
was more pronounced.

Figures 17(b) and 17(f) show that the multiple-joint
LRAF methods of the anchor cable and anti-fault cavern
have a better effect than the single LRAF method,
especially for concentrated strike-slip faults. The anti-
fault cavern acts as a rigid barrier to fault displacement,
and the displacement gradient of the surrounding rock
near the anti-fault cavern has already decreased before the
anchor cables exist. When an anchor cable is adopted for
joint LRAF methods, the decrease in the displacement
gradient is more significant because of the recovery of the
specific support capacity of the surrounding rock. The
displacement vector diagram shows that the anti-fault
cavern contains a partial barrier displacement from the
X-direction displacement transformed into Y-direction
displacement. The displacement in the Y-direction of the
tunnel-crossing area was further reduced compared to that
using the single LRAF method.

In addition, the shape of the X-direction displacement
curve (Fig. 17) changes compared with that using the
single LRAF method, and the effect range and degree of
displacement in the surrounding rock are significantly
expanded. Figures 17(c) and 17(g) show that the strength
of the rock mass in the grouting area was improved
through the LRAF method by combining the anchor cable
and local grouting modification. Therefore, the diffusion
degree of the dislocation displacement is significantly
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(concentrated).

enhanced compared with a single anchor cable or
grouting modification (Figs. 6(b), 6(d), 6(f), and 6(h)).
Figures 17(d) and 17(h) show that when the three-joint
surrounding

LRAF methods work in

the

rock

simultaneously, the displacement diffusion range expands
compared to the first two combined control methods, and
the slope change of the displacement curve is more
pronounced.
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Among the aforementioned three-joint LRAF methods,
the anchor cable is a key anti-fault for the tunnel.
Therefore, the stress resistance of the anchor cable is also
the focus of joint LRAF methods. Figure 18 shows that as
the dislocation displacement increased, the equivalent
tensile force of the anchor cable continuously increased
after pretension application. Furthermore, the equivalent
tensile force of the anchor cable reached its peak when
the footwall rock mass reached a predetermined
dislocation displacement. In addition, the equivalent peak
tension force of the anchor cable obtained using the joint
LRAF method was lower than that obtained using the
single LRAF method. Therefore, when the joint LRAF
method is adopted, the surrounding rock shares part of the
fault displacement and reduces the equivalent peak
tension of the anchor cable, thereby providing conditions
for applying LRAF methods in engineering.

Under a distributed strike-slip fault, when the joint
LRAF methods of the anchor cable and local grouting
modification are adopted, the bearing capacity of the
grouting area is continuously reduced under continuous
dislocation. Furthermore, the fault dislocation resistance
gradually transitions to that of an anchor cable with a
weakened anti-fault effect of the modified area on the
fault. Hence, the tension-force curve of the anchor cable
is nonlinear. Under the concentrated strike-slip fault, the
reinforcement zone area was small and the anti-fault
effect on the fault was poor. Therefore, the anchor cable
operates in the anti-fault process, and its tension force
increases linearly. Moreover, for the multiple-joint LRAF
methods of the double displacement patterns, the tension
force of the anchor cable is the smallest when the three-
joint LRAF methods are adopted; thus, it is the optimal
choice when the tensile strength of the anchor cable is
limited.

4.2 Anti-fault effect evaluation of multiple-joint local rock
mass-anti-fault methods

Figure 19 shows that the slope of the displacement curve’s
middle section significantly decreases when the multiple-

3500 T I T T
—&— cable

—o&— cable & anti-fault cavern
—&— cable & grouting modification
—%— cable & anti-fault cavern &
grouting modification

[9%)
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(=3
CID

cable tension force (kN)
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dislocation displacement (m)
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joint LRAF methods are adopted. Figures 19(a) and 19(b)
show that the displacement gradient presents an
increasing linear trend with the dislocation displacement.
When grouting modification is added to multiple-joint
LRAF methods, the damage degree of the modified area
gradually increases with dislocation displacement. The
fault resistance is weakened, and the displacement
gradient increases nonlinearly.

Furthermore, the multiple-joint LRAF methods achie-
ved an excellent anti-fault effect for distributed strike-slip
faults (Fig. 19(c)). Among them, the displacement
gradient of the three advanced engineering measures in
the joint LRAF methods was the lowest. At the same
time, the other two combinations of multiple-joint LRAF
methods have the same effect. For the concentrated
strike-slip fault (Fig. 19(d)), the degree of decline of the
displacement gradient and the degree of displacement
diffusion using the combination of the two methods for
multiple-joint LRAF methods were better than those
using a single method. The use of the three-joint-anti-
fault measures can still achieve a better effect.

Notably, under the concentrated strike-slip active fault,
the multiple-joint LRAF methods have a better dispersion
effect on the concentrated dislocation displacement. The
displacement curve (Fig. 19) shows that the diffusion
range of concentrated dislocations is often limited to the
fault fracture zone and fault-affected zone when using a
single LRAF method. Moreover, the displacement
diffusion range can be extended to a stable surrounding
rock when wusing multiple-joint LRAF methods.
Therefore, it plays the LRAF role of a stable rock mass
better, creating better supporting conditions for the
tunnel.

At the same time, Fig. 20 shows the contour of the
equivalent shear plastic strain, and Fig. 21 evaluates the
anti-fault effect of different multiple-joint LRAF
methods. Under the distributed fault, Fig. 20 shows that
the equivalent shear plastic strain is the lowest when the
anchor cable and anti-fault cavern are used for the
multiple-joint LRAF method. Because the anti-fault
cavern blocked most of the dislocation displacement,
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Fig. 18 Relationship between the tension force of the anchor cable and the dislocation magnitude: (a) distributed; (b) concentrated.
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continued use of the anchor cable for LRAF can achieve
satisfactory results. Figures 20(c) and 20(f) show that
when the three methods were adopted for the joint LRAF
methods, the equivalent shear plastic strain increased
slightly. Because the dislocation displacement of the
tunnel position has been reduced to a low magnitude
under the action of the anti-fault cavern and local rock
mass modification, in this case, the tensile elongation of
the anchor cable is reduced because the resistance force
value is low. The anti-fault role of the anchor cable was
small, and the dispersion of the fault displacement was
reduced accordingly. Therefore, the shear plastic strain
rebounded.

In summary, the anti-fault effects of the multiple-joint
LRAF methods were evaluated. When three advanced
engineering measures of joint LRAF methods are
adopted, the displacement gradient is the smallest, and the
anchor cable tension force is the smallest. Furthermore,
the joint LRAF method for anchor cables with a single
anti-fault cavern or local rock mass grouting modification
are the best under distributed strike-slip active faults.
Under concentrated strike-slip faults, anti-fault caverns
can play a more significant role. Its combination with
anchor cables in the LRAF method can achieve a better
effect. Therefore, the selection of the LRAF method in
engineering must consider many factors and determine
the LRAF scheme.

5 Verification of anchor cable local
modification under the three-dimensional
model

Based on the methodology and results of the two-
dimensional calculation, the effect of the anchor cable on
the displacement and stress fields of the surrounding rock
was verified. A three-dimensional numerical model was
established according to the two-dimensional numerical
model, and the mesh of the anchor cable modification
area was mesh densified. In total, 550000 tetrahedral
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elements were generated in the model, as shown in
Fig. 22. Subsequently, the methodology and boundary
conditions of the two-dimensional LRAF simulation were
adopted, and the maximum dislocation displacement was
set to 1 m. After the calculation, the following results
were obtained.

anchor cables

Fig. 22 Three-dimensional numerical model of the anchor
cable LRAF method.

The simulation results were analyzed by selecting the
cross-sections of the X- and Z-direction at the center of
the model. Figure 23 shows that the local modification
area of the anchor cable significantly reduces the
displacement gradient in both the Y- and Z-direction
compared with the two-dimensional calculation.
Moreover, the peak displacement gradient of the tunnel-
crossing position is 3.55 cm/m, which was 53.10% lower
than that without the LRAF method. The maximum
principal stress nephogram in Fig. 24 shows the same law
as the two-dimensional calculation results (Fig. 10(b)),
which verifies the reliability of the two-dimensional
calculation.

Figure 23 shows that the displacement gradient in the
Y- and Z-direction decreases in the modified area of the
anchor cable. Therefore, there is a region where the
concentrated dislocation displacement is significantly
diffused in the modified area. The displacement gradient
of the tunnel passing through the region is lower than that
directly passing through the active fault zone, called the
artificial  safety island. The iso-surfaces with
displacements of 0 and 1 m are extracted, and the three-
dimensional model of the artificial safety island area is
drawn, as shown in Fig. 25. This shows that the artificial
safety island area has an ellipsoid shape. The area size is
equal to the local modification area of the anchor cable.
The displacement gradient decreases when the tunnel
passes through the artificial safety island area. The
surrounding rock outside the area maintains the
maximum dislocation magnitude, which verifies the
theoretical feasibility of the LRAF methods.
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Fig. 23  X-direction displacement contours of the X- and Z-direction sections in three-dimensional numerical model.
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6 Discussion

It should be noted that the influence of single- or
multiple-LRAF methods on the displacement and stress
fields of the surrounding rock has specific characteristics.
This study provides theoretical guidance for the
application of the LRAF method in engineering. From
this study, the core idea of the LRAF method is obtained,
allowing fault displacement, using single or multiple
advanced engineering measures to disperse the concentra-
ted large dislocation deformation into tiny local
deformations, and reducing the fault displacement
gradient. The anti-fault ability of the existing latest
support technology is fully exerted, and the surrounding
rock is used as a container for displacement transfer,
which guarantees the anti-fault support of tunnels
crossing strike-slip faults.

Through this research, it can be noted that the core of
single- and multiple-joint LRAF methods is the anchor
cable. It changes the stress and strain fields of the
surrounding rock in the modified area through its
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Maximum principal stress contours of the X- and Z-direction sections in three-dimensional numerical model.

mechanical characteristics, improves the support ability
of the rock mass, and reduces the difficulty of tunnel
support. Moreover, the concentrated fault dislocation is
dispersed in the fault-affected zone and the stable
surrounding rock owing to its prominent deformation
characteristics. This minimized the displacement gradient
of the tunnel crossing the fault. Figure 18 shows that the
equivalent tensile force is the largest when the anchor
cable is adopted alone for the LRAF method, reaching
3000 and 4000 kN (300 and 400 t, respectively) under the
conditions of distributed and concentrated strike-slip
active faults. The maximum constant resistance force of
the NPR anchor cable can reach 850 kN; thus, arranging
three or four anchor cables in the same position is
necessary to realize the LRAF effect. When multiple-
LRAF methods are adopted jointly, the required constant
resistance of the anchor cable decreases. Therefore, the
same anti-fault effect can be achieved by arranging a
smaller number of NPR anchor cables, which creates the
possibility of the engineering realization of LRAF
methods.

In addition, Fig.26 shows the peak displacement
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Fig. 25 Artificial safety island model: (a) three-dimensional model of an artificial safety island in the Y-positive direction; (b) three-
dimensional model of an artificial safety island in the Y-negative direction; (c) three-dimensional model of an artificial safety island.

gradient and equivalent shear plastic strain using the
single- and multiple-joint LRAF methods. When the fault
creep rate is not too high for distributed strike-slip faults,
local anchor cable modification, local rock mass grouting
modification, or two-joint LRAF measures can achieve a
better anti-fault effect. Moreover, the engineering costs of
the two LRAF methods are low and easy to realize. When
the fault creep rate is high, the anti-fault cavern should be
set to prevent dislocation displacement and the anchor
cable should be combined to achieve a better anti-fault
effect. When the fault rate is high and the constant peak
resistance force of the anchor cable is insufficient, the
multiple-joint LRAF method of the three advanced
engineering measures should be considered. However, the
construction cost and implementation of the multiple-
joint LRAF method of three advanced engineering
measures are challenging; thus, it should be considered
when the fault conditions are highly unfavorable. In the
case of distributed strike-slip active faults, two-joint
LRAF methods are better in terms of supporting effect
and cost, which should be prioritized.

An anti-fault cavern can play a better role under a
concentrated fault. Therefore, the anti-fault cavern should
be preferentially set and combined with the anchor cable
in the LRAF method to achieve a better anti-fault effect.
When the fault condition is unfavorable to the support,
the multiple-joint LRAF method of three advanced
engineering measures is preferred to reduce the displace-
ment gradient.

In addition, the influence of LRAF measures on the
tunnel structure is a critical issue that needs to be
considered. According to relevant research, a change in
the fault dislocation magnitude will change the tunnel
displacement mode, resulting in different failure forms of
the tunnel-supporting structure, and the failure position
usually appears at a position with a large displacement
gradient [1,57,58]. According to previous research
results, different LRAF measures will have different
effects on the tunnel displacement pattern, particularly as
shown by the shape of the S-shaped displacement curve
on the tunnel axis. For example, when the local
modification of the anchor cable is adopted (Figs. 6(b)
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Fig. 26 Summary of peak displacement gradient and peak equivalent shear plastic strain under single and multiple-LRAF methods:

(a) peak displacement gradient; (b) peak equivalent shear plastic strain.

and 6(e)), the concentrated dislocation displacement is
dispersed in the local modification area of the anchor
cable. Thus, the peak displacement gradient decreases,
but the range of the displacement gradient increases.
When an anti-fault cavern is adopted (Figs. 6(c) and
6(g)), the anti-fault cavern structure transfers the
concentrated dislocation displacement to the stable rock
mass of the hanging wall rock mass; thus, the peak
displacement gradient decreases, but the dislocation
displacement of the rock mass in the hanging wall rock
mass increases. Therefore, different tunnel-supporting
structures must be redesigned according to different
LRAF measures, and this constitutes new research topic.

7 Conclusions

Based on single or multiple-joint forms of three advanced
engineering measures—Ilocal anchor cable modification,
local reinforcement of anti-fault, and local rock mass
grouting modification—this study proposes an LRAF
method for tunnels crossing strike-slip active faults with

two displacement patterns. The influence of the LRAF
method on the displacement of the surrounding rock and
the stress field of the tunnel under two- and three-
dimensional conditions was investigated using a
numerical method, and the anti-fault effect was evaluated.
The following conclusions are drawn.

1) The concept of LRAF methods is to allow
dislocation displacement of the rock mass on both sides
of the fault. However, in the local area of the tunnel
crossing the active fault, single- or multiple-joint
measures in the local modification of the anchor cable,
local reinforcement of the anti-fault cavern, and local
rock mass grouting modification are adopted to disperse
the concentrated large dislocation displacement into a
small local deformation. Thereafter, corresponding
support measures can be taken to protect the tunnel
without damaging the dislocation displacement.

2) Three advanced engineering measures significantly
changed the displacement field distribution of the
surrounding rock in the cross-fault area of the tunnel.
Local modification of the anchor cable dispersed the
dislocation displacement into the stable surrounding rock
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of the hanging wall and the footwall rock mass. It
transformed the concentrated large dislocation deforma-
tion into a small-gradient dislocation deformation, which
reduced the difficulty of supporting the tunnel across the
fault position. The anti-fault cavern strongly resisted
dislocation displacement through ultrahigh-strength
concrete. It absorbed the dislocation deformation using
the stiffness difference between the anti-fault cavern and
the surrounding rock. This reduced the maximum
dislocation magnitude and displacement gradient of the
local surrounding rock mass. Local rock mass grouting
modification improved the supporting capacity of the
fault-fracture and fault-affected zones surrounding the
rock, thereby resisting the maximum dislocation
magnitude of the modified area to a lower extent and
reducing the displacement gradient.

3) Three advanced engineering measures significantly
changed the stress-field distribution in the rock
surrounding the cross-fault tunnel. The anchor cable
converted the tensile stress field of the modified local
area into a compressive stress field. This improved the
support ability of the surrounding rock in the modified
area by increasing the intermediate principal stress. In
addition, the anti-fault cavern absorbed the shear stress
generated by fault dislocation into the anti-fault cavern
structure. This reduced the shear force on the tunnel
structure. Moreover, the local rock mass-grouting-
modified area improved the supporting capacity of the
surrounding rock, thereby increasing the sliding
resistance force of the fault in the modified local area.
Furthermore, the stress field in the grouting modification
area was transformed from shear stress in the fault slip
direction to tensile stress in the axial tunnel direction,
thereby reducing the displacement gradient.

4) The effects of the multiple-joint LRAF method were
evaluated. For distributed strike-slip faults, anchor cables
combined with local grouting modifications or anti-fault
caverns exhibited better economic and anti-fault effects.
For a concentrated strike-slip fault, the anti-fault cavern
can play a more significant role, and the anchor cable
combined with the anti-fault cavern in the LRAF method
can have a superior anti-fault effect.

5) The anchor cable is the core of the LRAF method. A
combination of anchor cables and other advanced
engineering measures for the LRAF method can form an
artificial safety island at the tunnel cross-fault position of
the surrounding rock mass. The rock mass in this area has
an excellent bearing capacity and low displacement
gradient, which provides tunnel protection. In addition,
three-dimensional numerical results verified this conclu-
sion.

This study verified the theoretical feasibility of
applying LRAF methods for tunnels crossing strike-slip
faults. However, further studies are required before this
method can be adopted for engineering applications. In
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future, further experimental and engineering research
should be conducted to solve the problems associated
with applying the LRAF method in engineering, and to
provide innovative ideas for tunnel anti-fault measures.
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