
Soil Dynamics and Earthquake Engineering 136 (2020) 106239

Available online 13 June 2020
0267-7261/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Analysis of the surface rupture process of strong earthquakes based on 
centrifuge tests 

Chao Shen a,**, Jingshan Bo a,b,*, Wenhao Qi b, Xuedong Zhang c, Jingyi Huang a, Feng Qiao b 

a Department of Geological Engineering, Institute of Disaster Prevention, Sanhe, Hebei, 065201, China 
b Key Laboratory of Earthquake Engineering and Engineering Vibration, Institute of Engineering Mechanics, China Earthquake Administration, Harbin, 150080, China 
c State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water Resources and Hydropower Research, Beijing, 100038, China   

A R T I C L E  I N F O   

Keywords: 
Earthquakes 
Centrifuge model test 
Reverse fault 
Upper fault tip 
Surface deformation 

A B S T R A C T   

Surface ruptures caused by strong earthquakes are one of the most concerning issues for construction projects. In 
this paper, geotechnical centrifuge model tests is performed to successfully simulate the reverse faulting process. 
Using a linear laser displacement sensor (LLDS) and the particle image velocimetry (PIV) technique, the surface 
deformation process and faulting behaviours are studied in dry and wet sand with a thickness of 40 m above a 
bedrock surface. Based on an analysis of high-precision surface monitoring data, the soil rupture process is 
divided into four stages: the overall uplift period, inclination deformation period, scarp growth period, and 
deformation slowdown and lag period. In addition, the characteristics of the soil deformation and the propa-
gation behaviour of the upper fault tip are obtained. This experiment and related achievements can provide 
references for further understanding the deformation of thick soil layers caused by reverse faulting.   

1. Introduction 

The neotectonic activity in China is strong, and strong earthquakes 
can rupture the surface; moreover, as active faults are widely distrib-
uted, various long-distance linear engineering projects are being con-
structed across faults [1]. Movement along a fault associated with a 
strong earthquake can rupture and deform the surface, causing great 
damage to structures (such as buildings on the surface), underground 
pipelines and tunnels and seriously threatening people’s lives and 
property [2]. As examples, the magnitude 7.6 Chi-Chi earthquake in 
1999 and the magnitude 8.0 Wenchuan earthquake in 2008 caused 
large-scale surface ruptures, and numerous dam foundations, road 
bridges and underground pipelines were damaged [3]. 

For active faults exposed directly at the surface, relevant studies have 
presented empirical formulas describing the relationship among the 
earthquake magnitude, displacement, active fault length and slip rate 
[4–6]. Nevertheless, it remains challenging to evaluate the extent of the 
influence of the surface rupture zone resulting from movement along a 
concealed fault and to understand the geometric and kinematic char-
acteristics of surface rupture zones caused by concealed faults in future 
earthquake events. Therefore, this issue, which requires further 

exploration, continues to constitute a major focus of active fault evalu-
ations [7]. In particular, with the development of active fault detection 
systems in cities, it is urgently necessary to provide both a basis for 
evaluating the surface ruptures of strong earthquakes and a method to 
evaluate the geometric and kinematic characteristics of surface rupture 
zones for engineering construction projects. 

Numerous previous studies have addressed these problems via post- 
earthquake survey statistics [8,9], the 1g sandbox model test method 
[10,11], the numerical simulation method [12,13] and the geotechnical 
centrifuge test method [14,15]. Unfortunately, due to the lack of mea-
surements of the damage caused by surface ruptures, a large number of 
experiments are needed to obtain relevant data. In the natural world, the 
overlying soil layer can be as thick as several tens of metres or even 
hundreds of metres. Only at high-g centrifugal accelerations can a 
small-scale physical model be generated that can realistically reflect the 
stress state under natural conditions and simulate the natural change 
process of soil at different depths; thus, the geotechnical centrifuge test 
is favoured by researchers in China and elsewhere. 

Previous studies that conducted centrifuge tests of reverse faults 
mainly investigated the deformation characteristics of different types of 
soil and the impacts of soil compaction and soil-structure interaction. 
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However, it difficult to obtain continuous deformation characteristics of 
the soil due to the low monitoring accuracy, the sparsity of surface 
monitoring points, and the broad spacing between two adjacent moni-
toring points; consequently, most previous studies offered only quali-
tative conclusions that could not be analysed quantitatively. In addition, 
fewer centrifuge tests have been applied to reverse faults than to normal 
faults, and the simulated maximum thickness of a reverse fault is smaller 
than that of a normal fault [16]. The main reason may be that reverse 
fault centrifuge simulation tests need to overcome a force of n times the 
gravity generated by the overlying soil under high-g loading, which 
imposes strict requirements on the stability of the simulator and relative 
equipment; furthermore, because additional uncertain factors are pre-
sent, this requirement will be very difficult to achieve. In this experi-
ment, a self-designed reverse fault simulation device and the 
geotechnical centrifuge simulation technique are used to successfully 
increase the simulated thickness of the soil overlying a reverse fault to 
approximately 40 m. At the same time, by using a high-precision linear 
laser displacement sensor (LLDS) and a high-speed camera during 
deformation, continuous and accurate depictions of the soil deformation 
process are obtained. Accordingly, the data presented in this study 
further reveal the characteristics of the changes in soil caused by reverse 
faulting. 

2. Test equipment and method 

2.1. Introduction to the centrifuge and instrument layout 

The experiment is performed in the geotechnical centrifuge at the 
China Institute of Water Resources and Hydropower Research (IWHR), 
as shown in Fig. 1a. The centrifuge has a payload of 1.5 t, an effective 
radius of 5.03 m, a capacity of 450 g-ton, and a test basket size of 1.5 m 
� 1.0 m � 1.5 m (length �width � height). The centrifugal acceleration 
used in this reverse faulting test is 100g, so the ratio between the model 
and prototype dimensions is 1:100. 

After the soil sample is prepared, it is hoisted into the centrifuge 
basket. Two digital high-definition (HD) cameras (Fig. 1b) are installed 
on the inner side of the basket and the top of the model box to record the 
soil deformation and fracture (fault) propagation in real time. The 
recording speed at which these HD cameras monitor the deformation 
and faulting of the soil profile in real time is 5 frames/s. Additionally, 
the displacement fields during different soil deformation periods are 
calculated and analysed by the particle image velocimetry (PIV) tech-
nique [17]. The LLDS (shown in Figs. 1b–2b) is placed at the centre of 
the top of the model box to monitor the surface changes in real time. The 
sampling interval is approximately 0.05 s, and the sampling point 

spacing of the linear laser is 0.25 mm. The number of effective sampling 
points in dry sand is 872, and that in wet sand is 928; thus, deformation 
processes in the range of 21–23 cm on the surface of the soil can be 
obtained accurately. 

2.2. Centrifuge test procedure 

According to the statistics of reverse fault centrifuge tests conducted 
over the years, the dip angle of the reverse fault in centrifuge tests is 
typically set between 45� and 60� [16]. In addition, based on the sta-
tistics of faults in China, the fault dip is concentrated mostly between 
50� and 70� [2]. Therefore, a dip angle of 60� is selected for the fault 
plane in this test. On the one hand, this dip angle makes it easy to 
compare and analyse these results with those of previous reverse fault 
centrifuge tests under the same fault dip; on the other hand, the chosen 
dip angle is in accordance with the actual situation and therefore has 
broad representativeness. Accordingly, a hydraulic jack is employed to 
set the bottom of the model box to an angle of 60� relative to the hori-
zontal to simulate the reverse faulting process. The maximum lift of the 
jack is 5 cm, and the average rate of uplift is approximately 0.26 cm/s at 
100g. Table 1 shows the basic similarity laws of the centrifuge model’s 
physical parameters. According to the imposed centrifugal acceleration, 
the imposed bedrock offset is 5 m, so the maximum vertical displace-
ment is 4.33 m. 

The centrifuge test is divided into the following four steps. ①The 
centrifuge enters the acceleration phase and reaches the target value of 
100g after approximately 20 min. During the transition from 1g to 100g, 
the LLDS is turned on to obtain the surface subsidence caused by the 
increase in the g value. ② When the centrifugal acceleration reaches 
100 g, the model is allowed to consolidate for 10 min ③The two cameras 
and the LLDS are turned on to obtain relevant images and data. Then, the 
hydraulic pump is switched on to drive the jack and push the hanging 
wall to simulate the reverse fault displacement process until the 
maximum offset reaches 5 cm ④ After the completion of the simulation 
test, the machine is shut down, the model box is unloaded, and model 
observations and analysis are subsequently carried out. 

3. Model design and soil preparation 

The test model box is rectangular (Fig. 2a) with internal dimensions 
of 132 cm � 41 cm � 80 cm (length �width � height), and the simulator 
is made of aluminium alloy plates to simulate the hanging wall of a 
reverse fault with a dip angle of 60�. The foot wall on the right remains 
stationary during the test. The middle of the front of the model box 
consists of a transparent observation window with dimensions of 76 cm 

Fig. 1. Test equipment and monitoring arrangement.  
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� 46 cm (length �width), through which it is possible to clearly observe 
the internal soil change process. 

In this test, the weight of the soil is 343 kg, so the total weight of the 
overlying soil can reach 34.3 t at 100g. To successfully achieve the stable 
lifting of the soil at such a high g value, the load on the top of the jack 
and the resistances caused by various contact surfaces should be reduced 
as much as possible. Therefore, the rising disc boundary in the fault 
simulation device is simplified (Fig. 2b); that is, the rising wedge-shaped 
boundary used in previous experiments is not adopted [19]. The 
advantage of this simplified treatment is that it can minimize the load on 
top of the jack and further increase the thickness of the soil while 
reducing the frictional resistance generated by areas of contact during 
the lifting process; the disadvantage is that the soil within a certain 
distance from the left end of the model box will deform accordingly. 
However, subsequent measurements reveal that this simplified treat-
ment affects the soil only within 20 cm (the prototype is 20 m) from the 
left boundary of the model box. The length of the soil model in this 
experiment is 1.32 m, and thus, the model can simulate 132 m at 100g, 
indicating that the edge of the disturbed soil at the left end will be 
approximately 60 cm (the prototype is 60 m) from the surface rupture of 
the reverse fault being investigated. According to the results of field 
investigations, the damage occurring outside the range of 20–30 m on 
either side of the surface rupture zone of a strong earthquake will be 
significantly reduced [20,21]; therefore, the deformation of the soil near 
the left end of the model box will not affect the soil within the moni-
toring range. In addition, the laser monitoring data during the test show 
that the soil surface within the monitoring range continues to rise 
steadily without interruption or anomaly. In summary, the simplified 
processing scheme employed for this kind of boundary is feasible when 
the model box is sufficiently long (the length should exceed 1 m). 

The specimens are prepared by simulating rainfall on the sand from a 
specific height with a controllable mass flow rate to create homogeneous 
conditions in the sand. In this experiment, two types of soil samples, dry 
sand and wet sand, are prepared, and the water contents are 0.1% and 
6%, respectively. After preparation, the soil model dimensions are 132 
cm � 41 cm � 40 cm (length � width � height), and according to the 
centrifugal acceleration, the prototype dimensions are 132 m � 41 m 
(length � width) at 100g. Consolidation and settlement occur in the soil 
model from 0g to 100g; therefore, the basic physical parameters of the 

soil also change due to the corresponding decrease in soil volume. The 
final physical parameters of the soil samples and the depth of the 
simulation are listed in Table 2. The amount of non-dimensional bedrock 
offset is defined as C¼(hv/H0) � 100%, where hv is the vertical bedrock 
offset, H0 is the soil thickness after consolidation and stable settlement at 
100g, hmax is the maximum bedrock offset, hv-max is the maximum ver-
tical bedrock offset, and d50 is the median diameter of the sand. It should 
be noted that in the wet sand centrifuge test, a small amount of sand 
begins to leak downwards along the lateral wall of the model when the 
rising disc is moved to h ¼ 4.6 cm. To ensure the reliability of the data, 
all subsequent monitoring data are discarded; therefore, the maximum 
bedrock offset of wet sand does not reach the designed maximum. 

4. Evolution of the deformation and failure of the overburden 
layer caused by faulting 

4.1. Establishment of the soil model coordinate system 

To analyse the deformation behaviours of the soil and upper fault tip, 
this paper establishes a Cartesian coordinate system with the base of the 
fault plane at point O as the coordinate origin, as shown in Fig. 3. The 
intersection between the extension of the fault plane and the surface is 
point F, which is 23 m from O’. As the amount of imposed bedrock offset 
increases, the fault plane gradually develops upward; point A represents 
the upper tip of the fault plane, the slope angle of the surface defor-
mation is β, and the intersection between the slope and the original 
horizontal plane (the undeformed surface) is point N. The analysis of all 
test results below is described based on the prototype dimensions. 

Fig. 4 shows high-resolution photographs of the final deformation of 
the soil at 100g. The rupture evolution of both dry sand and wet sand is 
analysed by comparing a series of photographs of the deformation in 
profile view. 

4.2. Evolution of soil deformation and failure 

The duration of faulting is 19 s. The bottom jack does not provide a 
constant rate of uplift at 100g: the rate of uplift is slower (approximately 
0.2 cm/s) during the first and last 6 s, while the maximum rate of uplift is 
approximately 0.33 cm/s, and the average rate is 0.26 cm/s. Because the 

Fig. 2. Schematic diagram of the model box and simulator.  

Table 1 
Basic similarity laws of the centrifuge model’s physical parameters [18].  

Physical quantity Length Area Volume Stress Strain Displacement Quality Acceleration Energy 

Model 1/n 1/n2 1/n3 1 1 1/n n3 n n3 

Simulation 1 1 1 1 1 1 1 1 1  
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Table 2 
Parameters of the reverse fault simulation test (in prototype dimensions).  

Soil sample g level Water content (%) Density (g/cm3) Dr (%) d50 (mm) hmax (m) hv-max (m) Cmax (%) H0 (m) 

Dry 100 0.1 1.61 80 0.5 5 4.33 11.1 39.03 
Wet 100 6 1.63 83 0.5 4.6 4 10.1 39.35  

Fig. 3. Schematic diagram of the soil model coordinates for the reverse fault centrifuge test (in prototype dimensions).  

Fig. 4. Final deformation photographs of dry sand and wet sand in profile view at 100g  

Fig. 5. Deformation contours of the dry sand surface in different stages (in prototype dimensions).  
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maximum amount of imposed offset in the wet sand test does not reach 
the designed maximum, no monitoring data from the wet sand test are 
retained after 17 s. In this paper, the line connecting the inflection points 
in the blue layers in the soil is regarded as the fault plane through the soil 
(Fig. 4). According to the deformation of the dry sand surface and the 
evolution of the fault plane, the deformation of deep soil can be divided 
into the following four stages (Fig. 5). 

Overall uplift period (stage I): The first fault plane develops upward 
until the second fault plane appears, and the duration is 0 s � t < 4 s 
(Fig. 6a and b). In this stage, the surface experiences overall uplift, but 

the surface does not obviously deform. The maximum surface elevation 
is less than the amount of imposed offset, and the soil exhibits 
compaction, which corresponds to the quasi-elastic deformation phase 
described by I. Anastasopoulos [13]. The fault plane at the bottom of the 
soil extends upward along the direction of the fault plane within the 
bedrock. When the fault plane reaches a certain depth, the dip angle 
decreases, and when the upper fault tip reaches point A1 (x1 ¼ 7 m, y1 ¼

13 m), a second fault plane appears to the upper left of the bedrock fault 
plane. 

Inclination deformation period (stage II): The duration of this phase 

Fig. 6. Deformation of the dry sand during the reverse faulting at 100g  
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is 4 s � t < 8 s (Fig. 6c and d). During this period, the second fault plane 
extends until it penetrates the surface. At t ¼ 4 s, the second fault plane 
appears, and the first (lowest) inflection point appears on the surface 
and begins to produce deformation. A comparison and analysis of the 
real-time photographs captured by the HD camera reveal that the two 
fault planes develop upward at the same time, but the second fault plane 
propagates much faster than the first plane. When the upper tip of the 
second fault plane reaches the surface, a scarp appears; at this moment, 
the first fault plane extends to point A2 (x2 ¼ 14 m, y2 ¼ 22 m) and then 
stops extending. 

Scarp growth period (stage III): The duration of this phase is 8 s � t <
16 s (Fig. 6e and f). During this period, the imposed offset and surface 
uplift rate increase steadily and uniformly; furthermore, the surface 
scarp grows, becoming increasingly obvious, and gradually shifts rela-
tive to the footwall. In addition, when the second fault plane reaches the 
surface, the soil already exhibits general shear failure, so the propaga-
tion of the first fault plane gradually ceases. The final exposed position 
of the second fault is the uppermost inflection point of the surface scarp. 

Deformation slowdown and lag period (stage IV): The duration of 
this phase is 16 s � t < 22 s (Fig. 6g and h). At this stage, the deformation 
rate of the surface slows because the imposed offset produced by the jack 
is slower than in the previous stages. It is worth noting that the imposed 
bedrock offset terminates at 19 s, but the surface deformation ceases at 
22 s, demonstrating that the surface deformation has a certain hysteresis 
effect. In this stage, the shapes of the two fault planes in profile view do 
not change. 

To further investigate the deformation and failure of the soil, the PIV 
technique is applied to obtain the corresponding deformation vectors of 
the dry sand at different deformation stages (Fig. 6). The figure indicates 
that for the soil at the same depth, the displacement vector at each point 
decreases gradually from the hanging wall to the foot wall (from left to 

right), and the angle between the displacement vector and the hori-
zontal plane gradually decreases. For soils at different depths, the 
displacement vector at each point gradually decreases from bottom to 
top, and the angle between the displacement vector and the horizontal 
plane gradually increases and even shifts vertically upward close to the 
Earth’s surface. The interior of the soil can be divided into three areas at 
the onset of displacement at the bottom of the soil. The hanging wall on 
the left is the overall uplift zone, the coloured transition zone in the 
middle can be regarded as the shear zone, and the black zone on the 
right is the static zone of the footwall. This conclusion is consistent with 
the results of Yulong Chen [22]. However, significant partitioning oc-
curs at the beginning of the experiment but does not occur after the 
deformation is terminated. 

5. Analysis of the characteristics of soil deformation and 
faulting 

Continuous contours of the surface deformation of dry sand and wet 
sand are obtained by processing the high-precision data obtained by the 
LLDS (Fig. 7), and these data are compared with the real-time profiles 
corresponding to the different imposed offsets. The following charac-
teristics are found. 

5.1. Surface deformation characteristics 

The moment before the hydraulic jack begins to lift at 100g, the 
surface is slightly tilted. The reason for this minor deformation may be 
that the surface of the soil gradually becomes perpendicular to the 
ground during the rotation of the centrifuge, and the soil is slightly 
affected by the gravity of the Earth during this period, so the surface 
shows a slight inclination. The slope of the dry sand is approximately 

Fig. 7. Comparison of the surface deformation profiles before and after the reverse faulting of dry sand and wet sand.  
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1.3� (Fig. 7a), and that of the wet sand is approximately 0.5� (Fig. 7b). 
The wet sand is less affected by gravity than the dry sand, possibly due to 
the larger internal friction angle of the wet sand and capillary cohesion. 

In the surface deformation process, the final surface profile of the dry 
sand obviously displays a scarp, and the upper and lower inflection 
points are evident. When the vertical offset accounts for approximately 
2.2% of the soil thickness, the surfaces of the dry sand and wet sand both 
begin to tilt. When the deformation of the dry sand surface stops, the 
final position of the lower inflection point is located approximately 27 m 
from point O0, while the upper inflection point corresponds exactly to 
the second fault plane at the surface. The final profile of the wet sand 
surface is relatively flat with no obvious inflection point. In the range of 
the LLDS during the displacement process, the overall uplift of the dry 
sand surface is 2.8 m, and that of the wet sand is 2.3 m. 

5.2. Propagation characteristics of the upper tip of the fault plane 

The overlying soil layer is divided into a hanging wall and a foot wall 
by the line representing the bedrock fault plane. Most of the displace-
ment occurs in the hanging wall (Fig. 6). There is more than one internal 
fault plane within the soil. The dry sand and wet sand both produce two 
fault planes; these two faults extend upward, and the dip angle gradually 
decreases. As they propagate upward, the fault planes become inclined 
towards the foot wall, and the second fault plane is eventually exposed 
at the surface (Fig. 4), which is consistent with the findings of K.J.L. 
Stone [23]. In addition, based on the evolution of the fault plane and the 
surface profile, three phenomena that have never been mentioned in 
previous centrifuge tests are discovered. 

First, when the second fault plane appears, the lower inflection point 
clearly appears in the surface of the dry sand. Meanwhile, the surfaces of 
both the dry sand and the wet sand begin to tilt. From a surface 
perspective, the fault can be considered to rupture the surface at this 
time. However, observations of the soil profile reveal that the upper 
marker layer is not ruptured. Strictly speaking, the surface only begins to 
produce oblique deformation, but the upper fault tip does not reach the 
surface. In the dry sand, when the surface shows an upper inflection 
point, the second fault plane reaches the surface, and the upper inflec-
tion point happens to reflect the outcrop at the upper fault tip. 

Second, when the second fault plane appears, the speed at which the 
upper tip of the first fault plane extends upwards is significantly slower 
than before the second fault appears. Finally, when the second fault 
plane reaches the surface, the first fault plane stops developing. The 
reason may be that when the second fault plane reaches the surface, the 
energy is released through the deformation of the surface, so the first 
fault plane stops propagating. 

Third, the propagation speed of the second fault plane is significantly 
faster than that of the first fault plane, mainly because the first fault 
gradually ceases to develop when the second fault reaches the surface. 
For the dry sand, the surface scarp shifts to the right after the upper 
inflection point appears on the surface. 

To obtain the area affected by the surface deformation, the surface 
slope angle is determined by a series of secant lines of the final surface 
profile. The point on the right side of point F with a slope angle close to 
0� is regarded as point N, which is also regarded as the boundary of the 
surface scarp in the established coordinate system (Fig. 3). Table 3 
summarizes the test results of the upward propagation of the upper tips 
of the two fault planes. In Table 3, (x1, y1) are the coordinates of point 
A1, which represents the position of the upper tip of the first fault plane 
when the second fault plane appears, and (x2, y2) are the coordinates of 
point A2, which is the final position of the upper tip of the first fault 
plane when the second fault plane reaches the surface of the dry sand. In 
contrast, the deformed surface of the wet sand is relatively flat, and 
hence, there is no corresponding inflection point. 

5.3. Shear zone variation characteristics 

In this paper, the coloured transition zone, that is, the transition 
between the hanging wall and foot wall in the soil deformation cloud 
map, is regarded as the shear zone. With an increase in the imposed 
offset and the appearance of the second fault plane, this zone exhibits a 
certain pattern of change. The shear zone develops upward along the dip 
direction of the bedrock fault plane in stage I. The development trend of 
the shear zone is basically consistent with the fault plane. The angle of 
upward propagation of the shear zone gradually decreases near the 
surface. During the overall uplift period, especially when the imposed 
offset is small, the shear zone pattern resembles a trumpet, and a "V" 
shape is formed (Fig. 6a and b). This phenomenon is consistent with the 
results of Y.Y. Chang [24]. 

In stage II, due to the appearance of the second fault plane, the 
deformation mode deep within the soil changes, and there are obvious 
borders for the shear zone, so the colour changes suddenly; this corre-
sponds to the second fault plane. The shape of the shear zone also 
changes: the bottom of the shear zone is sandwiched between the two 
fault planes, and the hanging wall of the soil is bounded by the second 
fault plane. Because the first fault plane stops developing at A2, the right 
boundary of the shear zone is not obvious above point A2 (Fig. 6d). 

In stage III, the imposed bedrock offset is the largest, and the 
displacement vector at each point within the soil body is vertically up-
ward in the region where the second fault plane is close to the surface 
(Fig. 6e); the corresponding surface uplift is also the largest. With 
increasing surface uplift, the shear zone gradually shifts towards the 
right, although the width and shape of the shear zone remain almost 
unchanged. The surface scarp also translates towards the right. This 
stage leads mainly to large relative vertical displacements of the soils on 
both sides of the shear zone. This conclusion is consistent with the test 
results of Guanyong Luo [25]. 

In stage IV, the surface exhibits a small amount of deformation, but 
the shape of the shear zone does not change greatly. The bottom 
boundary of the shear zone is basically coincident with the two fault 
planes, and the boundary of one side of the hanging wall coincides with 
the second fault plane. The first fault plane stops developing after stage 
II, so the boundary of the right-upper part of the shear zone is not 
obvious, and the overall shape of the shear zone resembles a reverse 
tilted “✓” shape. 

6. Conclusion 

In this paper, the deformation of soil within 40 m of a reverse fault is 
simulated by a centrifuge model test at 100g, and the deformation 
characteristics of dry and wet sand resulting from a bedrock fault with a 
dip angle of 60� are obtained. The results can provide references for 
further understanding the failure mechanism of soil overlying a con-
cealed reverse fault. The following main research conclusions are 
drawn. 

Table 3 
Comparison of the test results regarding the fault planes in the dry sand and wet 
sand.  

Soil Fault 
plane 

A1 

(x1, 
y1) 
(m) 

A2 

(x2, 
y2) 
(m) 

∠O’NO 
(�) 

β (�) C1 (when 
the 
second 
fault 
appears) 

C2 (when 
the second 
fault 
outcrops at 
the surface) 

Dry Fault 
1 

(7, 
13) 

(14, 
22) 

55.3 0–31.3 3.3% 5.5% 

Fault 
2 

– – 

Wet Fault 
1 

(5, 
8) 

(6, 
10) 

52.7 0–12.2 5.6% 7% 

Fault 
2 

– –  
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(1) At the beginning, the surface is in an overall uplift stage, and a 
scarcely obvious scarp is observed. At this moment, the soil 
comprises three distinct zones: the hanging wall uplift zone, foot 
wall quiescent zone and intermediate shear zone. The surface 
begins to deform when the amount of imposed offset accounts for 
approximately 2.2% of the thickness of the soil.  

(2) The surface deformation in the dry sand is more intense than that 
in the wet sand. Upper and lower inflection points are generated 
in the dry sand, forming a surface slope, while the final surface 
profile of the wet sand surface is relatively gentle, so the surface 
scarp in the wet sand is less obvious. According to the charac-
teristics of the surface deformation, the surface deformation is 
divided into four stages, namely, the overall uplift period, incli-
nation deformation period, scarp growth period and deformation 
slowdown and lag period.  

(3) The propagation behaviours of the fault planes in the soil are 
obtained by analysing the profile deformation views. The 
following characteristics are observed. ① There are two fault 
planes in the dry sand and the wet sand, and the second fault 
plane extends to the surface. ② When the second fault plane 
appears, the first fault plane gradually stops developing. ③ The 
second fault plane develops more rapidly than the first fault 
plane, and the dip angle gradually decreases as the two fault 
planes develop upward.  

(4) The displacement at each point in the soil at different depths 
along the same vertical line gradually decreases from the bottom 
to the top, and the deformation vector gradually becomes steeper. 
The displacement at each point in the soil at the same depth 
gradually decreases from the hanging wall to the foot wall (from 
left to right), and the displacement vector gradually becomes 
shallower.  

(5) The shape and extent of influence of the shear zone also 
constantly change with increasing offset. During the overall uplift 
period, the boundaries of shear zone are not obvious. When the 
second fault plane reaches the surface, the boundaries of the 
shear zone are consistent with the two fault planes; thus, because 
the first fault plane does not reach the surface, the shear zone 
eventually presents a reverse tilted "✓" shape. 
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