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Ground �ssures pose serious hazards to underground, as well as aboveground, structures. In underground railways, which are
near ground �ssures, the potential for disasters is even higher since tunnels face threats from �ssure activities. To determine the
interaction between a tunnel and ground �ssure in the event of an earthquake, �eld surveys and data analysis were applied to study
the activity and damage caused by the �ssure. Shaking table tests and a numerical simulation model were used to understand the
dynamic response of the �ssure site and tunnel.e �ssure site had a clear hanging wall e�ect, where the acceleration ampli�cation
was larger in the hanging wall than that in the footwall both on the surface and at the middle of the �ssure site. e zone of
in�uence was also wider in the hanging wall. e acceleration magni�cation factor increased with the burial depth and peak
acceleration of the input earthquake. e peak ground acceleration (PGA) decreased with the burial depth on both sides of the
�ssure. e greatest PGA coe�cient was obtained at the surface of the site. e vertical soil pressure was in�uenced by the metro
tunnel and �ssure.e vertical soil pressure was larger in the hanging wall, especially in the zone near the �ssure, but was less near
the tunnel.e horizontal soil pressure above the tunnel was less than that near the �ssure.e results of this study are essential for
the safe design of underground railway systems.

1. Introduction

Ground �ssures are a global geological hazard and have
been studied since historical times. Charles Lyell de-
scribed the di�erent types of �ssures and their origins in
Elements of Geology in the 19th century. In the USA, the
�rst ground �ssure was discovered in the Goose Creek oil
�eld of Texas in 1918, with a second �ssure found in the
Picaho Basin of Arizona in 1927. Since then, ground
�ssures have been found in Arizona, California, Texas,
Nevada, New Mexico, and other states in the USA [1].
Ground �ssures have also been observed in other coun-
tries, such as Mexico; Bulgaria; Chamoli, India; Iran;
Japan; and China [2–7].

Monitoring approaches using the integrated global po-
sitional system (GPS) and interferometric synthetic aperture
radar (InSAR) have discovered the activity and development
trends of these ground �ssures [8]. e formation paradigm
of ground �ssures has been studied in the past decades. e
tectonic dynamics, hydrodynamics, and disaster mecha-
nisms have a close relationship with a �ssure’s origin and
activity [9]. Tectonic forces that are driven by crustal stress
control the formation of ground �ssures. Hydrodynamic
forces both intensify and reactivate ground �ssure activity.
Research in the Fenwei Basin has revealed that the ground
�ssure has clear syngenetic fault features. e main ground
�ssures are the outcrops of an underlying structural rupture,
whose location and activity are usually controlled by
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underlying faults. Moreover, their activity is usually dom-
inated by vertical displacement, i.e., twist and stretch have
less influence on activity [9, 10].

-us far, more than 6,000 ground fissures have been
found in China [9]. In the Fenwei Basin, there are 195
fissures, mostly distributed in Xi’an, Xianyang, and Weinan.
-e first fissure in Xi’an was discovered on the Northwest
University campus in 1959. Since then, 14 ground fissures,
with a total length of 160 km, have been found in Xi’an. -e
coverage area is approximately 250 km2. -ese fissures,
termed as f1, . . ., f14 from north to south, are located in the
Fenwei Basin. -ey are developed along the Chang’an–
Lingtong active fault and the edge of groundwater de-
pression cones [8, 9].

Xi’an is the biggest city in Northwestern China and is
one of China’s ancient capitals. Ground fissures have caused
serious damage in Xi’an City. In the affected areas, roads
have been cutoff, pipes broken, farmlands destroyed, and
buildings damaged, including buildings of historical sig-
nificance. For example, the Bell Tower and Dayan Pagoda
Tower, which are landmarks with thousands of years of
history, have been significantly influenced by ground fis-
sures; the former has settled 395mmwhile the latter is tilting
to the northwest by 1,100mm. From a financial perspective,
the damage caused by ground fissures has led to losses that
amount to more than 10 billion Yuan in Xi’an [10, 11].

-e development of Xi’an is limited by these ground
fissures. -e city has a plan to develop 23 underground
railway lines but all intersect the 14 ground fissures,
threatening the safety of the underground railways. Al-
though several measures have been taken to avoid and
mitigate the negative impacts of ground fissures while de-
signing the railway lines, research is still essential to ensure
the safety of the metro in the fissure areas.

To identify the deformation and mechanics of metro
tunnels influenced by ground fissures, large-scale physical
modeling and numerical simulations have been used to
model the underground railways that cross the ground
fissure areas. -e metro tunnels and ground fissures are in
close proximity to the railway line, i.e., this short distance
will influence the safety of the tunnel, especially during
earthquakes.-is study was conducted with the objective of
determining the influence that ground fissures have on
various factors that affect the design of railway tunnels. -e
results of this study may help in the effective imple-
mentation of ground fissure mitigation technologies for
underground railways and other buildings in fissure-prone
areas.

2. The f7 Ground Fissure

2.1. Activity of the f7 Ground Fissure. -e f7 ground fissure
is one of the 14 fissures with strong activity in Xi’an [7].
Beginning from the North ridge in the southwest of the city,
the f7 fissure crosses Xiaozhai, Xiying Road, and ends at the
Fangzhi District in the northeast. With a total length of
28 km and a visible portion length of 13 km, the f7 ground
fissure is the longest of the 14 ground fissures. Figure 1 shows
the f7 ground fissure.

GPS and InSAR monitoring methods have been applied
to identify the distribution and activity of the f7 ground
fissure. Based on dating analyses, the f7 ground fissure has
been reactivated three times due to water pumping in the
past 50 years [10]. Figure 2 depicts the average annual
displacement of the f7 fissure since 1960. -ere are three
periods when serious displacement occurred based on the
recorded data. -e first period was from 1960 to 1989, with
an average displacement of 3.2mm/year. -e f7 fissure was
first observed during this period. -e activity increased
sharply to 35.00mm/year in the second period from 1990 to
1996. Groundwater removal was the primary reason for
large displacement during this period. In the third period,
from 1997 to 2005, the average activity decreased to
15.00mm/year with the ban of groundwater removal [11].
-e largest displacement, at 50mm/year, occurred at the end
of the 1980s. Based on the average displacement, the ac-
cumulated total displacement of the ground fissure during
the first period was 97.00mm, which increased to 245.0mm
in the second period, and, then, decreased to 135.00mm
during the third period. -e average annual (Figure 2) and
cumulative displacement indicate that hydrodynamic forces
intensified and reactivated the activity of the f7 fissure [10].

-ere are six monitoring stations along the f7 fissure,
located at Xiwan Road (M1), Jixiangcun (M2), Xiaozhai
(M3), Cuihua Road (M4), Houcui (M5), and Xiying Road
(M6) from west to east (Figure 1(a)). Figure 3 depicts the
data recorded for the accumulated displacement from 1989
to 2007. -e maximum accumulated displacement at M1
was 20.10mm, 24.51mm at M4, 417.43mm at M5, and
309.83mm at M6 during the period from 1989 to 2007. -e
two monitoring stations (M5 and M6) located at the
southeastern zone of the fissure recorded higher displace-
ments than the other four stations. -e M5 and M6 mon-
itoring stations are located at the edge of groundwater
depression cones. -e displacement has a close relationship
with the underground water level in the area [12].

Based on an analysis of the monitoring data from the M6
station from 2001 to 2007 [7, 10–12], we observed that the
displacement consists of vertical displacement, stretch, and
twist. -e fissure stretches by an average of 0.436mm/year.
-e twist is mainly directed to the left with an average value
of 1.38mm/year. -e vertical displacement recorded at
stationM6 is mainly due to hanging wall subsidence, with an
average settling of 2.032mm/year.-e ratio among the three
types of displacement was as follows: vertical displacement :
twist : stretch� 1 : 0.68 : 0. 22. -e vertical displacement was
determined to be the key factor that affects the displacement
of the fissure, i.e., vertical displacement usually dominated
f7 ground fissure movement.

2.2. Relationship between Earthquakes and the f7 Ground
Fissure. In recent years, Xi’an City and adjacent areas have
periodically experienced earthquakes. For example, an
earthquake, with an intensity of 3.0Ms occurred in the
Yanliang District in the northeastern section of Xi’an on
June 13, 2018. Another earthquake (5.3Ms) occurred in
Ningqiang Town on September 13, 2018. -ere is a close
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relationship between ground fissure activity and earthquake
occurrence. For example, the M6 monitoring station
recorded sudden settling during the Wenchuan earthquake
in 2008 [12]. Land subsidence sharply increased at the time
of the earthquake, which indicates that earthquakes defi-
nitely influence the activity of the f7 fissure. Increased
ground fissure activity caused by earthquakes can usually be
divided into three phases. -e first phase is a sudden settling
that corresponds to the occurrence of the earthquake. -e
second phase is characterized by moderate settling that
usually lasts for several days after the earthquake. -e third
phase is barely noticeable and is comprised of continued

motion that typically lasts for months or years after the
earthquake. -e earthquake can reactivate pre-existing
ground fissures, where associated land subsidence caused by
an earthquake can also lead to the development of new
ground fissures [11].

2.3. Damage Caused by the f7 Ground Fissure.
Underground structures, such as water and natural gas
pipelines, have been broken more than 45 times due to
ground fissure activity since 1976. An investigation revealed
that more than 10 pipelines were broken by ground fissure
activity in 2003 [10]. Since the soil in Xi’an city is
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Figure 3: -e annual cumulative displacement of the f7 ground
fissure from 1988 to 2008.
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Figure 1: -e study area in Xi’an city. (a) -e metro tunnel and f7 ground fissure. (b)-e geological profile of the ground fissure (unit: m).
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predominantly loess, water leakage from the broken pipes
causes the soil to soak and collapse, which leads to secondary
damage, such as serious uneven ground settling and the
deformation of buildings and roads [9].

Figure 4(a) shows the deformation of a road near the M4
monitoring station caused by f7 ground fissure activity. -e
central axis of the road lifted resulting in the subsidence of
the road shoulder, with a vertical displacement of approx-
imately 200mm. Figure 4(b) illustrates wall damage caused
by the f7 ground fissure near the M6 monitoring station.
One side of the wall lifted while the other side subsided.
Similar examples can be observed throughout the city.

3. Experimental Setup and Construction Site

3.1. Physical Description of the Area Used for the Model
Prototype. -e 3rd line of the Xi’an metro runs nearly
parallel to the ground fissures at several sites, as shown in
Figure 1(a). Near Xiaozhai Station, the distance between the
fissure and tunnel is only approximately 20m. Ground
fissure activity easily influences the metro tunnel. -us, the
construction site at Xiaozhai Station, the associated metro
tunnel, and the f7 ground fissure were the prototypes in this
study.

Figure 1(b) shows the strata profile of the study area
based on a field survey. -e dills, as Zk9 to Zk15, were
applied to obtain detailed strata features. Four strata exist
between the ground surface and bottom of the subway
tunnel: postglacial artificial earth fill (Qml

4 ), upper Pleisto-
cene aeolian loess (Qeol

3 ), residual palaeosols (Qel
3 ), and

middle Pleistocene alluvial silty clay (Qal
2 ). Based on the

strata profile, the hanging wall and footwall have different
depths for each stratum along the ground fissure, i.e., each
layer of the hanging wall is lower than that of the footwall.
-is is especially the case at the bottom of the middle
Pleistocene alluvial silty clay layer, i.e., a difference of up to
4.0m. -e landscape of this area is flat, with a ground el-
evation of 409.46–441.43m.-e geomorphic unit consists of
a loess ridge and depression. -e metro tunnel occurs be-
tween a depth of approximately 10–15m and has a horse-
shoe shape, with a height of 9.55m.

3.2. Model Design. A shaking table test was used to simulate
earthquakes for the model of the prototype site, including
the fissure and metro tunnel. -e shaking table is a useful
piece of equipment in earthquake research, which can apply
dynamic earthquake loads to the model developed on the
table. -e shaking table was applied to study the uniqueness
and complexity of the site with the metro tunnel and parallel
ground fissure. -e shaking table was made by MTS, with
electrically controlled power. -e functioning mechanism of
the metro tunnel is essential for safe designs. -e dynamic
response of the tunnel with respect to acceleration and soil
pressure were monitored, compared, and analyzed.

As shown in Figure 5(a), the size of the shaking table was
4m× 4m, with a maximum capacity of 30 t and a maximum
horizontal acceleration of ±1.5 g. -e dimensions of the
laminar shear model container were as follows: 3.0m

(length)× 1.5m (width)× 1.2m (height). -e container was
designed with three types of boundaries to reduce the
boundary effect. -e sliding boundary was parallel to the
shaking direction, the flexible boundary was perpendicular
to the shaking direction, and the friction boundary was at
bottom of the model box (Figures 5(a) and 5(b)).

-e geometric similarity ratio was set to 1/30, based on
the capabilities of the shaking table. -e key characteristics
used to create the dynamic model design included the
geometric similarity constant, the density similarity con-
stant, and the modulus of elasticity; based on the geometric
similarity ratio, these were 30 in total. Other physical
characteristics were determined via Buckingham’s π theo-
rem and dimensional analysis [13–17]. -e soil used in the
model was obtained from the construction site. -e soil was
filled layer by layer into the container following the layers of
the strata profile. We ensured that the water content and soil
density were identical to these parameters at the original site.
-e soil unit weight was 18.6 kN·m− 3. -e filled material in
the fissure was fine sand according to the field survey. -e
width of the model fissure was 25mm, with a tilt angle of 80°.
-e model tunnel was also simulated in accordance with the
similarity relationship. Based on the orthogonal method of
the material, the proportions of the material used to con-
struct the tunnel were plaster : water : barite powder� 1 :1 :
3.95. -e rebar of the tunnel was simulated using aluminum
wire mesh based on the equal ratio strength of the rebar
between the model and prototype tunnel. -e thickness of
the model tunnel was 18mm, in accordance with the
thickness of the prototype tunnel of 550mm. -e overall
dimensions of the prototype tunnel were 9,550mm in height
and 9,400mm in width with a horseshoe-shaped profile.
Other characteristics of the tunnel were as follows: Young’s
modulus (E) of 3,000.0MPa, compressive strength of
4.97MPa, and density of 23.5 kN·m− 3 [16]. Figure 5(c) shows
an image of the model tunnel.

3.3. Data Acquisition System. During shaking table tests,
ensuring that the earthquake simulations are accurate is
important to obtain test results that are reliable. -e syn-
thetic Xi’an earthquake wave was selected for the model
experiment, with characteristics matching the geological
characteristics of the study area. In addition, two other
known earthquake waves, i.e., the El Centro earthquake and
Kobe earthquake waves, were applied. -e El Centro wave
was recorded in Empire Valley, USA in 1940 and the Kobe
earthquake wave was recorded in Japan in 1995. -e El
Centro and Kobe earthquake waves were adjusted in ac-
cordance with the geological characteristics of Xi’an. -e
three earthquake waves were loaded onto the shaking table
via the control system with increasing peak accelerations of
0.1, 0.15, and 0.3 g. A white noise with a peak acceleration of
0.03 g was also loaded to confirm the natural vibration
frequency of the model box at each event before changing
the stage of the earthquake waves.

Acceleration transducers and miniature soil pressure
sensors were used during the test to acquire data from the
soil and tunnel. Figure 5(d) shows the location of the
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equipment and sensors. In Figure 5(d), “A” denotes an
acceleration transducer and “S” represents a soil pressure
sensor.-e total number of acceleration transducers and soil
pressure sensors were 24 and 14, respectively.

3.4. Numerical Analysis Model. -e Fast Lagrangian Anal-
ysis of Continua in 3D (FLAC3D) was used for numerical
simulations of themodel.-e developedmodel was based on
the study area where the f7 fissure is near the tunnel for the
3rd line of the Xi’an Metro. -e size of the simulation model

was 3.0m in length, with a depth of 1.2m. -e soil layers
applied in the numerical model were identical to those used
at the prototype construction site. -e synthetic Xi’an
earthquake wave was applied in the numerical simulation
model, with the selection of peak accelerations for this study
that corresponded to the shaking table test at 0.1, 0.15, and
0.3 g.

Numerical simulations are essential in dynamic exper-
iments. -e shaking table test is expensive and test prepa-
rations require a significant amount of time. On the
contrary, the numerical simulation model may provide

Shaking direction
Shaking table

(a)

Sliding boundary

Flexible
boundary Hanging wall

Friction boundary

Tunnel

Ground fissure

Footwall
Flexible

boundary

500mm

35
0m

m

80°

12
00

m
m

1400mm
1600mm

3000mm

(b)

(c)

Shaking direction

3000
260 300 230 230 260 280 200100 300 300 300 140
A4-1 A4-2 A4-3 A4-4 A4-5 A4-6 A4-7 A4-8 A4-9 A4-10

A0FootwallHanging wall

Ground fissure

12
00

20
0

15
0

15
5

16
5

23
0

30
0

S2-1
A2-1 A2-2 A2-3 A2-4 A2-5 A2-6 A2-7 A2-8

S2-2 S2-3 S2-4 S2-5 S2-6 S2-7

S1-1 S1-2 S1-3 S1-4 S1-5

A1-1 A1-2 A1-3

S1-6 S1-7

A3-4 A3-5

(d)
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useful data with less time and cost restraints. Moreover, it is
an important method to compare and analyze the data
obtained from model tests.

In the numerical simulation model, the finite element
method of plan strain was used to reduce the calculation
time. -e viscous boundary was placed at the bottom of the
model, and a free-field boundary was designed on both sides
of the model. -e boundaries were applied to reduce seismic
wave reflection.-e constitutive soil model was based on the
Mohr–Coulomb yield criterion. -e fissure was simulated
via thin layer elements. Figure 6 shows the numerical
simulation model prepared using the FLAC3D software.

4. Results of Model Tests and
Numerical Simulations

4.1. Acceleration Amplification. We considered the peak
acceleration recorded by the acceleration transducer, A0, as
the basic peak acceleration. Here, A0 was fixed onto the
surface of the shaking table. -e ratio of the peak acceler-
ation from each transducer to the basic peak acceleration is
referred to as the acceleration amplification factor. Figure 7
depicts the acceleration amplification on the surface of the
site when loading the synthetic Xi’an earthquake wave, as
well as the Kobe and El Centro earthquake waves.
Figures 7(a)–7(c) show that the earthquake waves were
amplified onto the surface of the shaking table, particularly
onto the surface of the hanging wall. For the majority of the
monitoring points, the amplification coefficients were larger
than 1.0. -e largest amplification factor was obtained from
the point next to the fissure on the hanging wall. -e am-
plification factor curves decreased towards both sides on the
hanging wall and footwall. In the hanging wall, the decrease
in the amplification factor became gentler at a distance of
1.0m from the fissure while, in the footwall, this phe-
nomenon was observed at a distance of 0.5m from the
fissure. -e amplification factors were larger for the hanging
wall than those for the symmetric component of the foot-
wall. -e width of the influenced zone, as well as the am-
plification factor, was larger in the hanging wall. -is
phenomenon is known as the “hanging wall effect” in
normal faults. In other words, the hanging wall amplifies the
earthquake more than the footwall in a normal fault. Based
on the results shown in Figure 7, we observe the same feature
in the ground fissure area. -us, the ground fissure site also
experiences the hanging wall effect.

Figure 8 depicts the acceleration amplification coefficient
at a depth of 505mm. According to Figure 5(d), a burial
depth of 505mm corresponds to the tunnel arch. -e ac-
celeration transducers were A2-1, A2-2, and up to A2-8
(Figure 5(d)). -e ratio of the peak acceleration, from the
transducers, to the basic peak acceleration is known as the
acceleration amplification coefficient. Except for different
peak accelerations of 0.1, 0.15, and 0.3 g, the amplification
curves had similar characteristics. Figure 8 shows that the
amplification coefficient was largest at a distance of − 0.5m
from the fissure, i.e., the point located next to the right arch
tunnel, where the amplification factor decreased towards
both sides. -e amplification factor decreased with a

corresponding increase in the peak acceleration, whose
influence was more prominent in response to the synthetic
Xi’an earthquake wave. -e main reason for this result was
that the low-frequency portion of the synthetic Xi’an
earthquake wave was larger than that of the two other
earthquake waves. -e ground fissure site also amplified the
acceleration in the hanging wall during the earthquake at a
depth of 505mm. -e hanging wall effect was observed at a
depth of 505mm, as well as at the surface of the site.

Figure 9 indicates the relationship between the accel-
eration amplification factor and depth along the hanging
wall. -e acceleration amplification coefficient is the ratio of
the peak acceleration to the peak acceleration at the basic
acceleration transducer A1-1 (i.e., the transducer at the
bottom of the model). Figure 9 illustrates that the ampli-
fication coefficient decreased with depth in the hanging wall
for all three types of earthquake waves, with peak acceler-
ations of 0.1, 0.15, and 0.3 g. When the peak acceleration of
the earthquake was 0.1 g (Figure 9(a)), the amplification
coefficient of the El Centro wave was the largest. -is shows
that the amplification coefficient depends on the frequency
and spectrum characteristics of the earthquake since the El
Centro wave had a higher frequency than the other waves.
-e amplification was consistent with the three wave spectra
bandwidth.

When the peak acceleration of the earthquake was 0.15
and 0.3 g (Figures 9(b) and 9(c), respectively), the amplifi-
cation coefficient of acceleration was altered. -e accelera-
tion amplification coefficients of the synthetic Xi’an wave
were the largest, followed by that of the Kobe and El Centro
waves.-is difference is related to the nonlinearity of the soil
when exposed to significant deformation. -e magnification
factor of the acceleration decreased with the burial depth and
the range of the acceleration magnification factor decreased
continuously with an increasing peak earthquake accelera-
tion. -e difference in acceleration response gradually
decreased.

4.2. Rules of Peak Ground Acceleration (PGA). Figure 10
indicates the peak ground acceleration (PGA) coefficient
curves at the surface and at a burial depth of 505mm based
on the numerical simulations and shaking table experi-
ments. Figure 10(a) indicates that the PGA curves obtained
via both approaches are similar. -e area from − 0.48 to
0.4m near the fissure had the largest PGA coefficient. -e
area shown in Figure 10(a) includes 14m of the hanging
wall and 12m of the footwall, which corresponds to the
construction zone at the prototype site for the model as the
major influence area. -e PGA data from the numerical
simulation were slightly larger than those obtained from
the shaking table test, but the difference was not obvious.
While the area above the tunnel had little effect on the PGA
coefficient, the tunnel structure did affect the propagation
of seismic waves in the soil, which caused scattering and
wave reflection in the structure of the tunnel and soil. -is
reduced the acceleration response above the tunnel com-
pared to the response in other areas surrounding the tunnel
and fissure.
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As shown in Figure 10(b), the results from the
shaking table test and numerical simulation model are in
good agreement. -e curves have a clear crest, where the

PGA magnification factor in the middle of the right arch,
which is near the ground fissure, is the largest and
gradually decreased on both sides. -e acceleration
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Figure 7: -e acceleration amplification at the surface. (a) A� 0.1 g. (b) A� 0.15 g. (c) A� 0.3 g.
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response of the hanging wall and footwall near the
ground fissure were different, with a hanging wall ac-
celeration response that was larger than that of the
footwall.

4.3. Relationship between PGA and Depth. Figure 11 shows
that the PGA coefficients changed with depth in the
hanging wall and footwall. Data from the shaking table
tests were recorded from the acceleration transducers
closest to the fissure on each side: A1-1, A2-5, A3-4, and
A4-6 in the hanging wall and A1-3, A2-6, A3-5, and A4-7
in the footwall. -e data were obtained from the same
positions used in the numerical model. -e curves were
similar in the numerical simulations and shaking table
tests, both in the hanging wall and the footwall. -e
curves indicated that the PGA decreased with depth on
both sides of the fissure. -e largest PGA coefficient was
2.2, which occurred at the surface of the hanging wall
site.

4.4. Soil Pressure Increment. Figure 12 depicts the increments
in the soil pressure after the synthetic Xi’an earthquake with
peak accelerations of 0.1, 0.15, and 0.3. Figure 12(a) shows the
vertical soil pressure increments recorded by the miniature
soil pressure sensors located at a burial depth of 670mm.-e
depth is approximately the same as the bottom of the model
tunnel, as shown in Figure 5(d). -ere were a total of seven
soil pressure sensors (S1-1 to S1-7), with four sensors in the
hanging wall and three sensors in the footwall.

-e vertical soil pressure shows incrementation with the
earthquake intensity in the hanging wall and footwall. In-
crements in the vertical soil pressure were the smallest at the
bottom and left side of the tunnel while they were larger in the
footwall, as shown in Figure 12(a). As a result, due to settling
of the hanging wall, as well as the resistance of the tunnel itself
to the subsidence in the soil above it, a void space appeared
under the tunnel. -e vertical soil pressures changed little
near the tunnel in the hanging wall. In the footwall, the
vertical soil pressures were larger, primarily due to the
earthquake.
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Figure 8: -e acceleration amplification at a depth of 505mm. (a) A� 0.1 g. (b) A� 0.15 g. (c) A� 0.3 g.
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Figure 10: -e PGA as a function of the distance to the fissure. (a) Surface of the fissure site. (b) Depth of 505mm.
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Figure 9: -e relationship between the acceleration amplification and depth. (a) A� 0.1 g. (b) A� 0.15 g. (c) A� 0.3 g.
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Figure 12(b) shows the increments in the horizontal soil
pressure for the synthetic Xi’an earthquake wave at different
peak accelerations. -e soil pressure sensors S2-1 to S2-7
were located at a burial depth above the tunnel. -e hori-
zontal soil pressure increments above the tunnel were less
than the pressure increments elsewhere due to the influence
that the tunnel had on the earthquake wave. -e horizontal
soil pressure had larger values both to the left of the tunnel
and near the fissure in the hanging wall. -e horizontal soil
pressure increments decreased sharply near the tunnel; the
earthquake energy loss in the tunnel structure may be re-
sponsible for this effect.

5. Conclusions

(1) -e f7 ground fissure was analyzed by monitoring
the data from past decades. -e displacement has a
close relationship with water pumping and

earthquakes. -e vertical displacement is more
dominant than twist and stretch displacements.

(2) -e ground fissure site is characterized by a
hanging wall effect. -e acceleration amplification
of the hanging wall was larger than that of the
footwall at the surface and at a burial depth of
505mm. -e width of the influenced zone was
30.0 m in the hanging wall and 15.0 m in the
footwall.

(3) -e magnification factor of the acceleration in-
creased with the burial depth and peak acceleration
of the earthquake waves.

(4) -e PGA coefficient illustrated that the influenced
area was 14 and 12m in hanging wall and footwall,
respectively.

(5) -e vertical soil pressure was influenced by the
tunnel and fissure during the earthquake. -is
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Figure 11: -e relationship between the PGA and depth. (a) Hanging wall. (b) Footwall.
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pressure was larger in the hanging wall, particularly
in areas near the fissure. -e horizontal soil pressure
above the tunnel was less than that in the sur-
rounding area.
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