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Fault-crossing tunnels are vulnerable especially when the fault dislocation happens. The fault dislocation affects

the deformation on ground surface and failure on underground structures, and it is vital for crossing-fault tunnel
to reveal dislocation mechanisms. Thus, based on different fault parameters such as width of fault fracture zone
and fault dip, three experimental tests were carried out to obtain the ground deformation and failure of tunnel
with a self-designed large-scaled model box. The test results firstly show that the fault parameters affect ground
deformation and tunnel structures. Under the fault dislocation effects, four sub-regions were identified on ground
surface as stability region in footwall, coordination region, severe deformation region and stability region in
hanging wall. The parameter influence from fault fracture zone will be sensitive for tunnel and the tunnel near
fault fracture zone is most damaged. Typical damage types can be divided into four categories according to the
degree of damage and moderate damage or serious damage should be avoided as far as possible to guarantee the

normal operation of the tunnel.
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1. Introduction

Current studies suggest that co-seismic dislocation of faults is the
main cause of earthquakes, and surface movement and permanent
deformation caused by fault movement will cause damage to surface and
underground buildings in the affected area (Hashimoto et al, 1996). In
Wenchuan earthquake, In the 2008 Wenchuan earthquake, both the main
fault and the secondary fault produced surface tilt and rupture parallel to
the fault strike, resulting in offset or collapse of surface buildings in
Beichuan and Yingxiu towns (Zhou et al.,, 2010), as shown in Figure 1, and
dislocation damage of related tunnel projects.

i 43a
T T T T T T T T T T T T

5 10 15 20 2 5 10 15 20 25 30 35 40 45
Distance (m) Distance (m)

Height (m)
'

(a) Beichuan County in Wenchuan (b) Yingxiu Town in Wenchuan

Fig. 1 Photos of surface deformation caused by faults (Zhou et
al., 2010)

Active fault is an important geological phenomenon related to a series
of theoretical problems such as structural geology, seismology and
geodynamics. From a technical and economic point of view, the tunnel
route will be avoid crossing from the adverse geological zone to ensure the
safety of the tunnel during construction and operation (Li et al,, 2023; Bao
etal, 2023). The development of traffic tunnel engineering, especially long
tunnel, is bound to provide the necessary premise for the balanced
development of economic construction in various regions of China.
However, the route design of long tunnels is sometimes inevitably close to
or through active faults. The deformation of overlying soil caused by
bedrock fault dislocation will inevitably cause catastrophic and
irreversible damage to ground surface and underground structures
(Scholz et al,, 2019).

The study of ground deformation features and tunnel damage is very
important for engineering safety. The statistical analysis method was used

2. Model test

to study the width of surface deformation caused by different types of
active faults and concluded that the width of active fault avoidance zone
was 30 m (Xu et al,, 2007). Dai et al. (2008) studied the effects of critical
fault displacement and critical sedimentary layer thickness on the fracture
propagation characteristics of strike-slip faults and reverse faults through
simulation experiments. Bo etal. (2019) and Shen et al. (2022) studied the
surface deformation under the reverse fault dislocation by centrifuge test
and then predicted the surface rupture by logistic regression analysis.

For understanding of tunnel deformation and failure under bedrock
dislocation, scholars have carried out a lot of research works on the
influence of fault dislocation on tunnel. Lin et al. (2007) studied
deformation mechanism and structural safety of tunnel through model
test. Wang et al. (2016) and Han et al. (2021) studied the deformation and
failure of tunnels under fault dislocation through model tests and
numerical analysis respectively. The influence of fault fracture zone and
structure mechanical response were investigated. Kiani et al. (2016)
carried out a series of model tests on the problem of dislocation of shallow
buried tunnels under normal faulting, and analyzed the phenomenon
caused by surface soil collapse. Liu et al. (2015) simulated the failure
characteristics of tunnel structures under the stick-slip dislocation of
normal faults with dip angles of 60°, 65° and 70° through indoor sand box
tests, and explored the interaction of stratum and structure.

Although the deformation and failure on ground surface and tunnel
structures caused by fault dislocation have been studied, most studies on
the surface failures are based on specific events. The conclusions are
usually qualitative based on experience and disaster appearance. There is
a lack of in-depth study on the characteristics of surface deformation, so
that it is impossible to quantitatively reveal uniform soil deformation and
failure under normal faulting, especially at the site with fault fracture zone.
In addition, the dislocation response of the cross-fault tunnel structure has
a certain relationship with the fault parameters, that is, the change of the
fault parameters will lead to different dislocation deformation and failure
degree of the tunnel structure. Thus, the deformation failure mechanism
of faulting-crossing tunnel considering different fault parameters under
normal faulting, and the convergence deformation of lining still needs to
be studied. Thus, three sets of large-scaled normal faulting dislocation
model tests were designed and implemented here to analysis the ground
deformation and tunnel deformation and failure mode. The research
results can provide a reference for the prediction of the ground
deformation under different faulting magnitudes and a theoretical
reference for the anti-fault design for fault-crossing tunnels.

2.1  Apparatus for the test
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The test adopted self-designed large scale steel frame structure model
box. A self-designed model box for this test is manufactured specially, as
shown in Figure 2. The length, width and height of this model box, as
shown in Figure 2 are 3.0 m, 1.5 m and 1.5 m respectively. For observation,
a welded steel framework form is used around the box. Four pieces of
transparent plexiglass are bonded on the framework structure tightly.
Steel plate of the model box is divided into two parts, one for moving part,
the other for fixed part. The two parts represent hanging wall and foot wall
respectively. An angle-adjustable and speed-controlled hydraulic jack is
mounted below the steel plate of hanging wall. The jack can automatically
exert an imposed displacement with a low velocity of 0.01lmm/s to
simulate faulting dislocation. In the model test, to simulate normal fault
dislocation, a preset uplift on hanging wall is reserved for jack retracting.
Furthermore, vinyl was laid on dislocation-induced plate gap to prevent
soil leakage during the experiment.
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Fig. 2 Apparatus for model test

2.2 Similarity materials and ratio

The geometric similarity ratio of this model test is set to 1: 40
according to the model box size and site conditions. According to the
similarity theory, the geometric similarity ratio (€;=0.025), the unit weight
similarity ratio (€,=0.8) and the elastic modulus similarity ratio (Cz=0.025)
are taken as the basic similarity ratios of model test. The similarity ratios
of other physical parameters are calculated according to Bockingham 1
theorem. The physical parameters involved in the model test and the
theoretical similarity of each parameter are shown in Table 1.

Table 1. Test similarity ratios

R Designed
Similarity . . T
Parameters Dimension similarity
parameters .
ratio
Length (I) G L 1/40
Elastic modulus (E) Ce FT?L* 1/40
Density (p) Cp FL*? 1/1.25
Poisson’s ratio (u) Cu - 1/1
Strain (g) Ce - 1/1
Cohesion (c) Ce=CgC: FL? 1/40
Friction (¢) Cy - 1/1
The material for tunnel model uses gypsum with brittle

characteristics, which is very similar to the characteristics of quasi-brittle
concrete materials. In order to select similar materials that can better
reflect the lining and surrounding rock, multiple sets of material tests were
carried out before the test to determine the mix ratio of lining,
surrounding rock and fracture zone, so as to ensure the accurate
simulation of the model test. After the preparation of multiple sets of
samples and the determination of uniaxial compression and direct shear
tests, the final test material similarity ratio was determined. The main
determination process and photographs are shown in Figure 3 In the
model test studied in this paper, the materials needed in the model test are
first determined according to the material test. Subsequently, the tunnel
structure model was determined and produced, and maintenance was
carried out. When the curing strength is appropriate, the filling work is
carried out. When the model soil is filled to the tunnel position, the tunnel
is assembled, and the compactness of the soil is tested for each layer of soil.

In the model test studied in this paper, the materials needed in the
model test are first determined according to the material test.
Subsequently, the tunnel structure model was determined and produced,
and maintenance was carried out. When the curing strength is
appropriate, the filling work is carried out. When the model soil is filled to
the tunnel position, the tunnel is assembled, and the compactness of the
soil is tested for each layer of soil. When the tunnel model soil is filled to
the top of the model box, the model is allowed to stand for one day and
then the displacement meter is installed, and the dislocation test is carried
out.

The final mix ratio of lining material is water, gypsum and diatomite
=1:0.7: 0.2, in which diatomite is mainly used to adjust weight and elastic
modulus of mixture. Surrounding rock material is mainly river sand, the
test added waste oil to provide the cohesion of the mixture. The final mix
ratio is fly ash, river sand, oil and diatomite = 1: 0.74: 0.25: 0.47. The mix
proportion of fault fracture zone is fly ash: river sand: oil: sawdust: fly ash
= 1: 0.74: 0.25: 0.2: 0.47. The physical and mechanical parameters in the
prototype and model tests of surrounding rock, fault fracture zone and
lining are listed in Table 2.

Rock mass Fault fracture zone

Measurement

sample

v
Mechanism
performance test

v
Direct shear test
Unconfined compression

v
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Filling and test ‘

Fig. 3 The main fault dislocation test process

Table 2. Mechanical parameters of materials

Object Item Density (kg/m3) Elastic modulus (MPa) Poisson’s ratio Cohesion (kPa) Friction (°)
Surrounding Prototype 2000 2,000 - 200 27
rock Model 1620 50 - 4.9 26.8
Ratio - 1.23 40 - 40.8 1.0
Fault fracture Prototype 1700 900 - 150 22
zone Model 1370 22.4 - 3.69 21.3
Ratio - 1.24 40.2 - 40.7 1.0
tunnel linings Prototype 2400 30,000 0.25 - -
Model 1920 750 0.24 - -
Ratio - 1.25 40.0 1.0 - -
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Table 3. Test cases information

Cases Faultdip /° Fault width /cm
1 55 40
2 65 50
3 70 50

In the tests, the segmental tunnels with 15cm are set near the fault
fracture zone to accurately simulate the lining of the prototype tunnel
segment of 6m. The length of tunnel lining segments closed to and away
from the fault fracture zone was set to 22 cm and 30 cm respectively. In
order to consider the reinforcement of the prototype tunnel, the diameter
and spacing of the steel wire mesh for the model are considered as 0.5mm
and 0.5cm respectively. Before the test, the hanging wall needs to be lifted
to the highest point by jack, so as to reserve enough dislocation space.

In the test, the configured model soil needs to be layered into the
model box. Soil compaction needs to be done to ensure accurate
simulation of surrounding rock strength. During the filling process, a white
quartz sand line is set per 10 cm to measure fault rupture. When the filling
height reaches the pre-set height of tunnel, the tunnel model is installed,
and then soil is filled with constantly checking the density of soil. When
the filling height reaches the top of the model box, stop filling. In order to
meet the tectonic stress level required by the model test, the tunnel model

maintains statically for one day. Table 3 shows the test cases. The dip
angles of three common normal faults in the range of 60° ~90 ° were
selected in the test, which were set to 55°, 65° and 70° respectively. Fault
fracture zone width is set to 40cm and 50cm.

23

In the model test, multiple linear differential displacement meters
were used to monitor the settlement displacement of the soil surface and
the vertical relative displacement of the tunnel, and multi-channel
acquisition instruments were used to collect the data. In the study, nine
surface displacement meters were set up along the surface center line,
named DZ1 ~ DZ9. The nine longitudinal displacement meters are
arranged according to the following rules: DZ3 and DZ4 are arranged at
the junction of the surface fault zone and the surrounding rock, DZ7 is
arranged directly above the bottom between the two plates, and the
remaining measuring points are evenly arranged according to the
distance. To measure the absolute and relative displacement of tunnel,
vertical displacement sensors were installed in the tunnel model. A total
of 15 sections were set up in the tunnel, and an in-tunnel displacement
meter was set up in 6 sections E, G, H, J, L and N to monitor the
displacement of the top and bottom of the tunnel structure. The layout of
surface displacement points for measurement is shown in Figure 4.

Measurement

Footwall Hanging wall

0.60 m 0.40m 1.00 m | 1.00 m
Case-1
SRS .20 0.20 0.20 25 25 025 0.33 .33
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Fig. 4 Displacement measurement points on ground surface and tunnel

3. Test results
3.1

Ground deformation features

Deformation
Unit: mm

B

Deformation
Unit: mm

(c) Case-3

Fig. 5 Ground deformation contours of three cases along longitudinal tunnel
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Figure 5 shows the settlement deformation cloud diagram of the
surface under different dislocations in three working conditions.
According to the surface deformation cloud map under various working
conditions, the displacement consistent zone at both ends and the
displacement transition zone in the middle can be identified. For
convenience, both sides of the displacement transition zone are named as
left transition boundary (TBLes) and right transition boundary (TBright).

Obviously, the range of displacement transition zones is greatly
affected by the dislocation. With the gradual increase of dislocation, the
range of transition zones also increases. In addition, the range of transition
zones with wide fracture zone is larger than that with narrow fracture
zones assuming that the boundary of the tunnel near the foot wall is the
origin of the coordinate and it is positive along the longitudinal direction
of the tunnel. In the Case-1, In the model with a fault dip angle of 55 ° and
a fault fracture zone width of 40 cm, when the dislocation momentum is
20 mm, the interval between the point where the surface fixed plate does
not produce displacement and the point where the surface in the active
plate does not produce uneven settlement along the longitudinal direction
is 115 cm to 167 cm. In the model with a fault dip angle of 65 ° and a fault
fracture zone width of 50 cm, the interval between the points where the
surface fixed plate does not produce displacement and the points where
the surface in the active plate does not produce uneven settlement along
the longitudinal direction is 125 cm to 187.5 cm when the dislocation is 20
mm. In the model with a fault dip angle of 70 ° and a fault fracture zone
width of 50 cm, the interval between the points where the surface fixed
plate does not produce displacement and the points where the surface in
the active plate does not produce uneven settlement along the longitudinal
direction is 110 cm to 170 cm when the dislocation is 20 mm.

The surface transition zones of Case-1 and Case-2 under the initial 20
mm are (115~167) and (125~187.5), respectively. The corresponding
transition zone widths are 52 cm and 62.5 cm, respectively, which are
about 1.3 times and 1.25 times of the corresponding bandwidth. However,
compared with Case-2, the surface transition zone of working Case-3
under small dislocation degree (20mm) is slightly smaller, with a value of
60 cm and a decrease of about 4%. However, when the bedrock dislocation
reaches 60 mm, the surface transition zone with narrow width will
increase more than the range under the previous dislocation level (40
mm), from 63 cm to 95 cm. Combined with the propagation of surface
rupture, this is due to the fact that the fault fracture under the narrow band
deviates from the propagation direction along the fault fracture zone, and
the fan-shaped fault rupture trajectory will be formed. When the loading
continues, the fracture propagates to the ground, which is not on fault. The
surface transition zone under small dislocation will be easily affected by
the fault width.

According to the ground deformation obtained from the cloud map,
the deformation of the ground surface along the longitudinal direction of
the tunnel is fitted. Further, in order to characterize the surface
displacement of the ground from the fixed plate to the moving plate, Figure
6 shows the ground deformation of the three groups of model tests when
the dislocation is 7.5mm, 15mm, 30mm, 45mm and 60mm, and is
expressed by logarithmic coordinates. Under different dislocation
momentum conditions, there is always an intersection point in surface
deformation. The intersection points in the three working conditions
appear at 812 mm, 855 mm and 1125 mm, respectively. With the increase
of fault dip angle, the position of this intersection gradually moves to the
side of the active plate, and the smaller the fault dip angle, the more
significant the intersection. When the fault dip angle is large, the
intersection is not obvious, which may be related to the surface rupture
mode.

3.2 Ground distribution zones

By observing the final deformation characteristics of the surface, the
surface deformation changes abruptly in a certain range and tends to be in
a non-deformation state away from the fault plane. In view of this, the

T

Fig. 7 Diagram of ground deformation distribution zones

surface deformation can be divided into four sub-regions: stability region
in footwall (Rs in footwall), coordination region (R and severe
deformation region (Rsd). and Stability region in hanging wall (Rs in
hanging wall), as shown in Figure 7 Although the stable area of the hanging
wall has declined, as a whole with the dislocation of the bedrock, there is
no change in the slope of the surface, and it is still at a general level. The
deformation coordination zone is the transition zone between the surface
stability zone and the severe deformation zone. The surface within the
range has both settlement deformation and slope change, but the degree
of deformation is small. The severe deformation zone is the central area
affected by the fault dislocation. The surface subsidence in the area is large,
and the tilt deformation is severe, which belongs to the range that needs
to be paid attention to in the project.
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Fig. 6 Ground deformation fork point analysis under different
fault dislocation
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According to the research result, the surface rupture caused by the
reverse fault can be divided into four stages: the overall uplift period, the
uplift deformation period, the scarp translation period and the
deformation lag period (Shen et al,, 2020). Compared with the reverse
fault, there is no obvious hysteresis trend in the process of normal fault
dislocation. The surface deformation caused by the normal fault in this
paper can be summarized into four stages: (1) The overall subsidence
period: when the dislocation momentum is less than 10 mm, the surface of
the hanging wall decreases as a whole, but there is no obvious deformation
on the surface, and the surface subsidence is less than 8mm; (2) Settlement
deformation period: dislocation 10mm-20mm, the fault plane extends, the
surface deformation curve appears obvious inflection point, began to
occur local deformation; (3) Settlement expansion period: the dislocation
momentum is 20mm-50mm, the surface subsidence value of the hanging
wall is increasing, and the deformation zone is not significantly increased;
(4) Steep inclination increase period: the dislocation momentum is 50
mm~80 mm, the settlement continues to increase, and the steep
inclination of the surface near the fault surface increases significantly.

According to the deformation and failure characteristics of the surface,
it can be seen that with the gradual increase of the fault dip angle, the
surface deformation changes, especially the coordination region (R.) and
severe deformation region (Rsa). As the fault dip angle increases, the
severe deformation region (Rsd) gradually narrows. Coordination region
(Rc) did not change significantly

4. Tunnel deformation and failure

41 Longitudinal deformation pattern

Affected by fault dislocation, the tunnels are bound to be disturbed
and deformed and even damaged. An S-typed longitudinal deformation of
tunnel appears. This typical longitudinal profile has been verified in Case-
1, as shown in Figure 8 The concentrated severe deformation area
produces obvious separation between the segments. The most serious
deformation is concentrated on the I, ] and K segments in fault fracture
zone, in which torsional deformation of the segments and the obvious
amount of dislocation between the segments appeared. Under the effect of
fault dislocation, these sections with more serious deformation show the
displacement transition from the footwall to the concentrated settlement
area of hanging wall. A deflection of about 15° from the horizontal
direction occurs when the fault dip is small and the width of the fault
fracture zone is 40 cm. All these local defections lead to the opening and
dislocation between tunnel sections. The deformation mode of the
segment of the tunnel structure changes significantly after the change of
the fault dip angle of 5 degrees in Case-2 and Case-3, and the overall
performance is the deflection of segment K, but the longitudinal direction
of the tunnel structure is more uniform when the dip angle is larger.

A B cp EFGH |

K L M N o

Fig. 8 Longitudinal deformation along the tunnel axis

To further analysis the typical tunnel longitudinal deformation in
Figure 8, the absolute and relative displacements of the tunnel lining
invert and crown with different fault dislocations detected by the internal
tunnel displacement meters are given in Figure 9(a) and Figure 9(b) are
the absolute displacement and convergence deformation curves of the
structural vault and arch bottom distributed along the longitudinal
direction of the tunnel under different displacement conditions
respectively. Apparently, the absolute displacements of the tunnel invert
and crown arch increase simultaneously with the dislocation levels. With
the increase of dislocation, the tunnel invert and crown located in hanging
wall have different settlements. With the gradual increase of dislocation,
the relative displacement of the tunnel invert and the crown located in
section ] gradually increased, but the growth rate seems to be decreasing.
The maximum relative displacement is 25 mm, at which the tunnel radial
compression deformation is more significant.
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4.2 Transverse failure patterns

When the fault dislocation occurs, the tunnel will have a large overall
deformation in the longitudinal direction, and it will also cause damage to
thelocal part of structure. The damage is usually manifested as lining crack
propagation and local falling of blocks. Figure 10 shows the actual
damages of the most severely damaged sections of H, [, ] or K in the three
test cases.

. Quiside crack >
Outside crack ~
Thorough crack i

& e
Whole uplift ©

Uplift

Fig. 10 Typical deformation and failure of sectional tunnel linings
(a) Case-1; (b) Case-2; (c) Case-3

What can be seen from Figure 10 is that the uplift of inverted arch and
the extension of tensioned cracks at arch feet are main characteristics in
tunnel damage. It is noteworthy that the damage locations of lining are not
concentrated in same sections in the three test cases. The most severely
damaged sections are located at section ], I and K. This difference may be
caused owing to the inconsistency of the fault parameters.

Based on the above test results, the damage types can be roughly
classified into three types according to the degree of damage. First type is
the penetrating cracks along the longitudinal tunnel on inverted arch such
as the segments K (C1), H, K (C2) and I (C3). This damage type is attributed
to the resistance of the inverted arch to the soil during the overall
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downward movement of hanging wall, which results in a large tensile
effect inside arch crown and the inverted arch. The unloading effect of the
arch structure keeps it in a safer state. Therefore, longitudinal cracks
appear and penetrate the position of the inverted arch. For convenience,
this damage type is defined as Type 1, which is slight damage. Type 2 refers
to that the section shape is gradually changed from a horseshoe shape to
an oval shape on deformation. The failure behave is manifested as
longitudinal cracks in the inverted arch, arch crown or arch foot. The
representative segment is section I (C1, C2). The degree of damage is
considered moderate damage. Finally, when the inverted arch has serious
buckling, the floor will produce partial or total uplift. In this case,
compression deformation is the most serious, and several cracks will
appear. This damage type is concepted as Type 3, which is serious damage.
The typical failure states of Type 3 are shown in] (C1),1(C2), ] and K (C3).
Obviously, the existence of faults will seriously affect the safety
performance of tunnels. The tunnel is more susceptible to fault fracture
zone.

5. Conclusions

Through large-scale model tests, the deformation and rupture
features of ground surface and the deformation characteristic of tunnel
under normal faulting were investigated and the safety performance of
fault-crossing tunnel is examined. Results are obtained from the study as
follows:

1. Under different dislocation momentum conditions, there is
always an intersection point in surface deformation. The
intersection points appear at 812 mm, 855 mm and 1125 mm,
respectively. It can be seen that with the increase of fault dip
angle, the position of this intersection gradually moves to the side
of the active plate, and the smaller the fault dip angle, the more
significant the intersection.

2. The surface deformation can be divided into four subregions,
named stability region in footwall (Rs in footwall), coordination
region (Rc), severe deformation region (Rsd in footwall), and
stability region in hanging wall (Rs in hanging wall). As the fault
dip angle increases, the severe deformation region (Rsd)
gradually narrows. Coordination region (Rc) did not change
significantly.

3. The tunnel near fault fracture zone will be the most seriously
damaged part. Elliptical horseshoe shape is presented in
transverse deformation subjected to normal faulting. Typical
damage types can be divided into four categories according to the
degree of damage: Type 0 (no damage), Type 1 (slight damage),
Type 2 (moderate damage) and Type 3 (severe damage)
respectively. In tunnel engineering, moderate damage or serious
damage should be avoided as far as possible to guarantee the
normal operation of the tunnel.
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