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Abstract
In this article, a series of model tests for a scaled high embankment, which is located at the Yun Gui railway, have been 
carried out. The purpose of the model tests was to ascertain failure modes of high embankments and the efficiency of the 
aseismic measures for buried strike-slip fault movement. The results show: (1) failure mode of the high embankment for 
buried strike-slip fault movement is the tensile failure. (2) The model with CFG pile foundation, sand blanket and geogrid has 
the best aseismic effect, followed by the model with sand blanket and geogrid. When dislocation displacement is small, the 
sand blanket under the embankment can achieve better aseismic efficiency, but when the dislocation displacement is large, 
the sand blanket under the embankment may lose its aseismic efficiency and may cause an adverse effect on the embankment.
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Introduction

Earthquakes are serious natural disasters, and the damage 
caused by fault dislocation on linear structures, such as a 
railway roadbed crossing faults and pipelines, is the most 
serious (Bird and Bommer 2004; Prestininzi and Romeo 
2000; Yang et al. 2018).

In the western area of China, earthquake activity is high, 
and active faults and ground fractures are well developed. 
Construction of railways and highways is facing the threat 
of active faults and ground fractures. Formerly, a lot of work 

about the impacts of active faults on constructions have 
been done, for example, engineering geology classification 
of active faults (Liu 1987), mechanical characteristics and 
failure modes of tunnels on active fault zones (Liu and Liu 
2003; Wang and Yang 2007), pipelines (Zhang et al. 2001; 
Feng and Zhao 2001; Gou et al. 2017; Cui et al. 2017; Gou 
et al. 2018), bridges (Wang et al. 2009; Shi et al. 2009). For 
geotechnical engineering, the main focus of research is slope 
stability near active fault zones (Jiang et al. 2005), mechani-
cal characteristics (Jiang et al. 2007) and extended mode of 
rock and earth mass on active faults (Liu 2004), and so on. 
Much experience on how to build constructions on active 
fault zones has been gathered. But until now, just a little 
work on the mechanism of the failure of high embankment 
caused by strike-slip fault and how to prohibit the embank-
ment fail by using engineering measures has been done. It 
is one of the reasons that the design of high embankment on 
active faults is done according to experience.

In this article, a series of model tests for a scaled high 
embankment, which is located at Yun Gui railway, have been 
carried out. The purpose of the model tests was to ascer-
tain failure modes of high embankment and efficiency of 
the aseismic measures for buried strike-slip fault movement. 
Finally, failure modes of high embankment and aseismic 
measures are summarized in this article.
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Brief introduction of the model prototype

In this article, a series of model tests for a scaled high 
embankment have been finished. The line of the railway 
was represented with fill. The thickness of the fill was 
22.6 m. The center of the maximum excavation was 3.1 m. 
The high embankment comprised two steps. The width of 
embankment bottom was 90 m, and the width of the top of 
the embankment was 13.4 m. The high of embankment was 
20 m. The length of the railway was 200 m. The height of 
the embankment above the step was 8 m. The slope ratio 
was 1:1.75. The height of embankment below the step was 
12 m. The width of step was 2 m. The thickness of soft soil 
layer, clay layer, and gravel bed under the embankment was 
5, 5, and 40 m. The moving direction of strike-slip fault was 
perpendicular to the railway line.

Test design

Fabrication of the model

Design ratio of similitude

In this article, physical dimension’s ratio of similitude was 
1:150. Ratio of similitude of the friction angle and cohe-
sion was 1:1. Mass, time, and length were taken as basic 

dimensions. The ratio of similitude of other physical quan-
tity was computed using the π theorem. The results are pre-
sented in Table 1.

Based on this ratio of similitude, the model’s dimensions 
are small; so that the step applied on the embankment could 
be omitted. A soft soil layer was merged into clay layer. 
According to the similarity relation, the thickness of clay 
layer and gravel bed was 7 and 27 cm. The high of embank-
ment was then 14 cm. The bottom and top of the embank-
ment were 60 and 9 cm. According to the restriction of the 
model box, the length and width of the model box were 130 
and 100 cm. It is shown in Fig. 1.

According to the restriction of test materials, ratio of 
similitude was only met from items No. 1 to No. 8 listed in 
Table 1 in this test. Boundary effects were obvious due to the 
fact that the model box is small. So this test should be sub-
jected to uncertainty analysis. And the qualitative analysis 
is left for a later study.

Model material

In this test, the bedrock of fault was made by two 
C40 concrete blocks with physical dimensions of 
130 cm × 50 cm × 10 cm. The parameters of each soil 
layer were determined by soil sample tests and are listed 
in Table 2.

Test system

In Fig. 1, the test system is constituted by the hydraulic tank, 
lifting jack, model, displacement transducer, data acquisi-
tion system, and computer. In the test, one of the concrete 
blocks which was pushed by lifting jack moved ahead, to 
simulate the movement of a strike-slip fault. The level of 
displacement was monitored by the transducers arranged on 
the embankment. Data were collected by the data acquisition 

Table 1   ratio of similitude constant of model

Nos. Physical quantity 20 m embank-
ment affinity 
constant

1 Physical dimension, L 150
2 Friction angle, � 1
3 Cohesion, C 1
4 Displacement, s 150
5 Elasticity modulus, E 1
6 Poisson ratio, μ 1
7 Stress, σ 1
8 Strain, ξ 1
9 Gravel soil, γ 1/150

Fig. 1   Testing system

Table 2   Soil parameter

Clay Gravel soil

Gravel soil (kN/m3) 20 22
Cohesion (kPa) 40 29
Internal friction angle (°) 15 30
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instrument and computer. There were four displacement 
transducers arranged in the test. Displacement transducers 
which were at a distance of 20 cm were located, respec-
tively, on the two sides of top of the embankment as shown 
in Fig. 2. In this test, the maximum distance, maximum 
thrust, and speed of the lifting jack were 20 cm, 20 kn, and 
1 cm/s, respectively. It was ensured that the speed of two 
lifting jacks was constant.

To simulating the movement of a fault, the concrete slab 
was pushed by the lifting jack at a speed of 1 cm/s. The 
deformation of the embankment was caused by the fault 
movement. The displacement was recorded by the displace-
ment transducers arranged on the top of embankment, data 
acquisition instrument, and computer.

Test details

To ascertain failure modes of high embankment and effi-
ciency of the aseismic measures for buried strike-slip fault 
movement, four models with different aseismic measures 
were used in the failure test. Model ① was without any aseis-
mic measures. The thickness of coarse sand layer under the 
embankment in Model ② was 2 cm and expanded 10 cm 
along the outline of embankment bottom. Based on Model 
②, bidirectional geogrid was arranged between embankment 
bottom and coarse sand layer in Model ③. And based on 
Model ③, embankment was reinforced by CFG piles which 
are 12 cm long and 1 cm in diameter in Model ④.

Analysis of the effect of aseismic measures

By analyzing the data collected by displacement transducers, 
we could compare the top displacement of the embankments 
between different models when the movement of strike-slip 
fault was an integral multiple of 10 mm. The results were 
depicted in Figs. 3, 4, 5, 6 and 7. In these figures, the start-
ing point of embankment’s lift side is assumed the zero. The 
level displacement was on the bedrock which was under the 
0–50 cm embankment.

According to the above figures, these phenomena can 
be concluded in the process of the dislocation displace-
ment between 0 and 30 cm. Model ① (without any aseismic 
measures): The level of displacement of the embankment’s 
top was the largest. Model ② (Sand layer was put under the 

Fig. 2   Generalized model

Fig. 3   Comparison of displacement on the top of embankment when 
dislocation displacement is 10 mm
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embankment): The level of displacement of embankment’s 
top was the second largest. Model ③ (Sand layer and geogrid 
were put under the embankment): The level of displacement 
of embankment’s top was the third largest. Model ④ (Sand 
layer and geogrid were put under the embankment reinforced 
by CFG piles): The level of displacement of embankment’s 
top was the smallest. With the increase of strike-slip fault 
movement, the level of displacement of the embankment’s 
top in Model ② was close to the displacement in Model ① 
gradually. When the strike-slip fault movement reached 
40 mm, the level displacement of embankment’s top in both 
Model ① and Model ② was equal. The level of displace-
ment of the embankment’s top in Model ③ was smaller than 
the displacement in both Model ① and Model ②. In these 
4 models, the level of displacement of the embankment’s 
top in Model ④ was the smallest. When the strike-slip fault 
movement was larger than 50 mm, the level displacement of 

embankment’s top was the largest in Model ②. The level of 
displacement of the embankment’s top was the second larg-
est in Model ①. The level displacement of embankment’s top 
was the third largest in Model ③. And the level displacement 
of embankment’s top was the smallest in Model ④.

From the test result above, these conclusions were 
reached. The three aseismic measures had a good effect 
when the strike-slip fault movement was in the process of 
0–30 mm. In these three aseismic measures, putting a sand 
layer and a geogrid under the embankment reinforced by 
CFG piles had the best effect. Putting only a sand layer and 
a geogrid under the embankment had the second best effect. 
When the strike-slip fault movement was over 30 mm, put-
ting a sand layer under the embankment had no aseismic 

Fig. 4   Comparison of displacement on the top of embankment when 
dislocation displacement is 20 mm

Fig. 5   Comparison of displacement on the top of embankment when 
dislocation displacement is 30 mm

Fig. 6   Comparison of displacement on the top of embankment when 
dislocation displacement is 40 mm

Fig. 7   Comparison of displacement on the top of embankment when 
dislocation displacement is 50 mm
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effect. Putting a sand layer and a geogrid under the embank-
ment reinforced by CFG piles had the best aseismic effect 
(Model ④). Putting only a sand layer and a geogrid under 
the embankment still had the second best effect. The result 
of comparing these aseismic measures is summed up in 
Table 3. Note Displacement ratio = displacement of models 
with aseismic measures/that without any aseismic measures.

In order to explain the reasons for the above phenomenon, 
we present a preliminary analysis as follows. (1) Since the 
embankment was in contact with the foundation in Model ① 
which was without any aseismic measures, the level shearing 
strength caused by fault movement was easily transmitted to 
the top of the embankment. A greater level of displacement 
was generated on the top of the embankment. With the gen-
eration and extension of the plastic deformation, cracks run 
through the embankment. With the development of fault 
movement (larger than 30 mm), the transmitting of level of 
shear stress was prohibited by the expanding cracks in the 
embankment. The speed of the level movement decreases 
gradually. (2) Due to the cushion effect provided by the sand 
layer in Model ②, only a little level of shear stress was trans-
mitted to the embankment when the fault movement was rel-
atively small. The level of displacement of the embankment 
with aseismic measures was smaller than in the embankment 
without any aseismic measures. So cracks of the embank-
ment in Model ② were generated later than in Model ①. With 

the development of the fault movement, the speed of the 
level of displacement remained constant. The speed of the 
level displacement on the top of the embankment in Model 
① was decreasing, and the speed of the level displacement 
of the embankment in Model ② was larger than in Model 
①. (3) According to the previous test results, the friction 
angle between geosynthetics and padding was smaller than 
in the padding. Putting a sand layer and a geogrid under the 
embankment were equal to the decrease in the level of force 
transmitted to the embankment in the process of fault move-
ment. So when the fault movement was small, the displace-
ment on the top of the embankment decreased on the base 
of Model ②. (4) Due to interaction between soil and piles, 
the displacement on the top of the embankment of Model 
④ with CFG piles in the foundation decreases on the base 
of Model ③.

Failure modes analysis of the embankment

With the development of fault movement, cracks gener-
ate and increase. Crack generation and failure modes were 
showed in Figs. 8, 9, 10, 11, 12, 13, 14 and 15.

From the Figs. 8, 9, 10, 11, 12, 13, 14 and 15, crack pat-
terns in different models were mainly unanimous. From 
the lift figures of Fig. 8, 10, 12 and 14, cracks begin from 

Table 3   Displacement ratio of models with aseismic measures to that without any aseismic measures

Displacements Measuring points

Model ① Model ② Model ③ Model ④

Ratio Ratio Ratio Ratio

20 cm 40 cm 60 cm 80 cm 20 cm 40 cm 60 cm 80 cm 20 cm 40 cm 60 cm 80 cm 20 cm 40 cm 60 cm 80 cm

10 mm 100% 100% 100% 100% 79% 91% 64% 57% 69% 75% 50% 36% 33% 40% 33% 33%
20 mm 100% 100% 100% 100% 89% 108% 76% 74% 55% 61% 45% 39% 26% 32% 29% 34%
30 mm 100% 100% 100% 100% 87% 102% 79% 79% 47% 53% 40% 38% 22% 25% 25% 30%
40 mm 100% 100% 100% 100% 93% 100% 100% 112% 41% 51% 38% 43% 19% 21% 22% 27%
50 mm 100% 100% 100% 100% 110% 100% 115% 113% 41% 47% 40% 42% 18% 18% 23% 28%

Fig. 8   Cracks of embankment 
in Model ①
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the boundary of a buried strike-slip fault and extend to the 
embankment at a 30° angle. Cracks on the embankment were 
mostly at a 40°–50° angle. From the right side of Figs. 8, 10, 
12 and 14, cracks begin from the boundary of buried strike-
slip fault and extend to the embankment at 30° angle or the 
embankment bottom.

When the level of displacement occurred in faults, a part 
of embankment was pushed by level of force transmitting up. 
With level of displacement of this part of embankment, the 
whole embankment had a bending deflection in the horizon-
tal plane. The boundaries of two sides of the embankment 
were under a tensional and compressional stress condition. 
When movement increases, boundaries of the two sides of 
the embankment were be ripped. The failure of the embank-
ment is shown in Fig. 16. According to the failure phenom-
enon, the failure mode of the embankment was tensile failure 
with buried strike-slip fault movement.

Conclusions

According to the test results above, these conclusions can 
be made.

1	 Comparing different aseismic measures on the embank-
ment with buried strike-slip fault movement, putting 
sand layer and geogrid under the embankment reinforced 
by CFG piles had the best aseismic effect. Putting sand 
layer and geogrid under the embankment had the second 
best aseismic effect. Only a putting sand layer under the 
embankment had certain aseismic effect when buried 
strike-slip fault movement was small. But it was mainly 
without any aseismic effect when buried strike-slip fault 
movement was large.

2	 With buried strike-slip fault movement, failure mode of 
high embankment was mainly tensile failure. And aseis-
mic effect depends largely on energy dissipation effect 
of different aseismic measures.

Fig. 9   Cracks of embankment in Model ①

Fig. 10   Cracks of embankment 
in Model ②

Fig. 11   Cracks of embankment in Model ②
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Fig. 12   Cracks of embankment 
in Model ③

Fig. 13   Cracks of embankment in Model ③

Fig. 14   Cracks of embankment 
in Model ④

Fig. 15   Cracks of embankment in Model ④ Fig. 16   Tensile failure of embankment
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3	 With buried strike-slip fault movement, cracks of high 
embankment were not vertical and connective, but at 
40–50 angle.
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