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Abstract Three shaking table model tests were conducted 
with a geometrical scale of 1:10 using a large-scale laminar 
shear box to investigate the reinforcement effects of com-
pacted gravel column-net composite foundation and cement 
fly-ash gravel (CFG) column-net composite foundation on 
the saturated silty soil along the Beijing-Shanghai High Speed 
Railway. The research results indicate that the increase in 
excess pore water pressure can be restrained effectively by 
the compacted gravel column-net composite foundation to 
improve the anti-liquefaction ability of the ground, and that 
shear displacement of the ground can be reduced greatly 
by the compacted gravel column-net and CFG column-net 
composite foundations to improve the capability of resisting 
shear displacement of ground. Furthermore, the amplifying of 
response acceleration, induced by foundation liquefaction, 
and the settlement of foundation and subgrade can be reduced 
greatly by the compacted gravel column-net and CFG 
column-net composite foundations to improve the aseismatic 
property of the foundation and subgrade.

Keywords saturated silty soil, liquefaction, large-scale 
shaking table model test, compacted gravel column-net 
composite foundation, cement fly-ash gravel column-net 
composite foundation

1 Introduction

The Beijing-Shanghai High Speed Railway is the first high 
speed railway line built in China designed for train speeds of 
over 300 km/h. Along the line, there are large areas of silty 
soil distributed in the river basin, shock and deposit zone of 
the Yellow River, the Yellow River old channel, the Yangtse 

River deposit zone, and the shock and deposit zones of other 
rivers. These areas are also in an earthquake zone with a 
seismic intensity range of 7 to 9. Under seismic loading con-
dition, saturated silty soil is susceptible to liquefaction. The 
effects of liquefaction on railway and road subgrade have four 
major aspects: subsidence caused by ground liquefaction, 
settlement caused by lateral spreading of liquefied ground, 
permanent deformation caused by subgrade destruction, 
permanent deformation caused by vibro-compaction and 
subgrade liquefaction [1−3].

For railways designed for high-speed trains, it is the first 
three aspects that contribute to the damages; the fourth aspect 
can be remedied by applying suitable filling materials and 
high compaction degrees [4,5].

This study was supported by the China Railway Ministry 
of Railway’s research and development project “Experimen-
tal study of liquefiable soil ground reinforcement for high 
speed railway”. Based on the large scale shaking table model 
tests, the reinforcement effects and anti-liquefaction mecha-
nism of gravel column-net composite foundation and cement 
fly-ash gravel (CFG) column-net composite foundation were 
examined, and the mechanism of liquefaction induced 
subgrade permanent deformation was further investigated.

2 Prototype of shaking table model test

Based on the geologic and engineering survey data analysis, 
it has been identified that the area between Xuzhou and 
Guzheng (DK719+525-DK720+057) is the most typical 
saturated silty soil along the Beijing-Shanghai High Speed 
Railway line. The softest part of this area was chosen as the 
prototype of this shaking table model test. The average thick-
ness of the silt soil layer is about 8  m, and the subjacent bed 
is a stiff-plastic clay layer. According to “Code for Seismic 
Design of Railway Engineering (GBJ111-87)” and “Code for 
Seismic Design of buildings (GB50011-2001)”, the silt soil 
layer is of high potential for liquefaction under seismic design 
intensity 7.

With the parallel distribution of soft clay soil layer and 
the stiff-plastic clay soil subjacent bed, the silty soil layer is 
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classified as mollisol. Two methods have been chosen to treat 
the ground settlement and remedy the effects of liquefaction: 
The Gravel Column-net Composite Foundation and CFG 
Column-net Composite Foundation. The concept is to control 
the sub-grade settlement first on the basis of column-net 
foundation static design theory, and then take into account the 
effects of ground liquefaction.

The design parameters of the gravel column-net composite 
foundation were: pile diameter was 0.5  m, pile spacing was 
1.2  m, pile length was 9.5  m, square pile arrangement, and the 
depth of pile in stiff-plastic clay layer was 1.5  m. The design 
parameters of the CFG column-net composite foundation 
were: pile diameter was 0.5  m, pile spacing is 1.6  m, pile 
length was 10  m, square pill arrangement, and the depth of 
pile in stiff-plastic clay layer was 2  m. Table  1 shows the 
physical and mechanical parameters of the soil prototype.

3 Testing equipment and instruments 

The reliability and accuracy of the shaking table model 
test depended on the performance of the model box. A large 
laminar shear model box had been developed to effectively 
minimize the boundary effects (backward wave, ground shear 
strain distribution, etc.) on both ends at the shaking direction. 
The dimension of the model box was: 4  m in length, 1.5  m in 
width and 2.5  m in height.

To meet the objectives and requirements, the testing 
instruments applied were as follows. 1) Watertight and non-
watertight accelerometers: all having a measuring range of 
P5  g (g is gravity accelerator) and measure of precision of 
0.1%. 2) Pore pressure transducer: the measuring range was 
100  kPa and the measure of precision was 0.1%. 3) YHD-50 
Displacement transducer: the measuring range was P25  mm 
and the measure of precision was 0.1%; LVDT: the measuring 
range was P12.5  mm and the ratio of precision is 0.1%.

4 Modeling

4.1 Law of similitude

The design of the model applied the law of similitude to 
effectively reproduce the dynamic properties of the prototype. 
Considering the size limitation of the laminar shear box and 
the maximum payload capacity of the shaking table, the 
geometrical scale was determined at 1:10. The test required 
the simulation of gravitational acceleration, therefore, the 
similarity coefficient of mass density applied was 1. As 
laminar shear box minimizes the boundary effects induced 
testing error, the damping and Poisson ratio coefficients 
applied were both 1. Based on above similitude parameters 
and Bockingham π theorem, applying dimension analysis, 
other physical quantity similarity coefficients were deduced 
and listed in Table  2. 

4.2 Design of the model

The gravel column-net and CFG column-net composite foun-
dations were designed according to the test prototype and 
the geometrical scale. Figure  1 shows the design outline. The 
model bed course was 60  mm high and was filled with coarse 
sand which has phosphor bronze belt nets laid in the middle 
to simulate a geogrid. The width and the pitch of the belt net 
were configured based on the tensile strength and deforma-
tion property of the geogrid which in turn were deduced from 
the prototype by applying similarity coefficients. 

The subgrade was filled with graded gravel, with grain 
sizes of less than 20  mm, to secure 3% water content and was 
laminate compacted. Phosphor bronze belt were nets laid on 
the two sides of the sub-grade slope to simulate the reinforced 
geogrid. Cast iron shots were evenly distributed on the 
subgrade surface to simulate the track dead load. Its gravity 
was calculated according to similarity coefficient.

Table  1 Physical and mechanical parameters of the soil prototype

Soil type Natural water
content /%

Natural bulk
density /(kN · m−3)

Relative
density

Natural
porosity ratio

Saturation
degree/%

Cohesive
strength /kPa

Internal friction
angle /(°)

Clay particle 
content /%

Silts 30.4 19.1 2.7 0.9 106.0 7.0 34.8 6.9
Clay 27.2 19.8 2.7 0.8 100.9 27 14 −

Table  2 Similarity coefficients of the shaking table model test

Physical quantity Similarity coefficient Physical quantity Similarity coefficient

Geometry L CL = 1/10 Gravitational acceleration g Cg = 1.0
Mass density r Cr = 1.0 Input acceleration a Ca = 1.0
Dynamic elastic modulus E CE = CL = 0.1 Dynamic response stress s Cs = CL = 0.1
Dynamic Poisson ratio m Cm = 1.0 Dynamic response angular displacement h Ch = 1.0
Frequency v Cv = CL

1/2 = 3.162 Dynamic response linear displacement S CS = CL = 0.1
Damping coefficient R CR = 1.0 Dynamic response strain e Ce = 1.0
Subgrade deadweight P CP = CL

3 = 0.001 Dynamic response acceleration ad Ca = 1.0
Effective overlying stress sp Csp = CL = 0.1 Excess pore pressure u Cu = CL = 0.1
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4.3 Procedures of foundation construction

The procedures taken to construct the model foundations are 
as follows. 1) The thickness of the clay soil was 40  cm and 
was filled by compaction in 5  cm layers. 2) The thickness of 

the silt soil was 80  cm and was filled by compaction in 5  cm 
layers. 3) Water was added to reach saturation for 48 hours. 4) 
The pore pressure transducers, accelerometers and floating 
balls were embedded. 5) The bed course layer was built. 
6) The embankment was built by compaction in layers, 
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Fig.  1 Cross section of the model 
(a) Undisturbed soil model foundations; (b) compacted gravel column-net composite foundation and CFG column-net composite foundation
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phosphor bronze belt nets were laid every 5 cm and acceler-
ometers were embedded in the slopes. 7) The cast iron shots 
were evenly spread on the embankment surface. 8) The 
displacement transducers were allocated to the embankment. 
9) The displacement transducers were allocated to the inter-
stratified model box. The foundation and embankment 
compaction standard were determined by the dry density of 
the prototype foundation and embankment.

The construction of gravel column-net composite founda-
tion and CFG column-net composite foundation. 1)−3) The 
same steps with the original soil foundation. 4) Construction 
of the gravel column: a pile hole was created by pilling a pipe 
with the designed diameter into the ground, and then the hole 
was filled a couple of times with the gravel requested. The 
piling sequence was from inside to outside and from middle 
to both sides. Construction of CFG piles: prefabricated piles 
were made according to the test-derived mixing ratio, and 
then a hole was created by piling a pipe with the designed 
diameter. A steady load was applied to press-in the CFG pile 
into the pile hole. The piling sequence was from inside to 
outside continuously. 5)−9) The steps were identical to the 
original soil model.

5 Verification 

5.1 Measurement arrangement

The pore pressure transducers (WP01−WP11) and acceler-
ometers (A01−A10) were embedded in the foundation to 
measure the distribution of the pore pressure and the response 
of acceleration before and after ground liquefaction. The 
accelerometers (A11−A16) were embedded in the embank-
ment to measure the response of acceleration of the embank-
ment. The accelerometer (A17) on the table board was set to 
measure the acceleration of the table board. The displacement 
transducers DP1−DP5 are used to measure the vertical 
displacement of the foot slope of the embankment, while the 
horizontal displacement is measured by the laser displace-
ment transducers DP6−DP7. Figure  1 shows the measuring 
points and the instruments arranged in the cross section. 
Figure  2 shows the displacement transducers (L1−L16) 
located in the lateral model box for measuring the shear 
deformation.

5.2 Test loading wave pattern and loading scheme

The test loading wave pattern is sine wave. The loading is 
added gradually from low to high for 10 seconds each loading 

along the cross section of the embankment. For the first three 
loadings the loading frequency is 1Hz, from fourth to seventh 
loadings, the frequency raised to 2  Hz. Table  3 shows the 
loading acceleration and loading frequency. Each loading 
is carried out after the excess pore water pressure resulted 
from the previous loading dissipated. The sampling frequency 
is 500 Hz. To observe the dissipating rule of the excess pore 
water pressure, the sampling time for original soil foundation 
model test is 30 seconds; for gravel column-net and CFG 
column-net composite foundations model test is 100 
seconds.

6 Results and discussion

6.1 Macro phenomenon of the test

(1) The macro phenomenon of the original soil foundation. 
a) At 0.113 and 0.146  g loading acceleration, no obvious 
deformation appeared in the foundation and subgrade. The 
level shearing displacement of the ground is not significant. 
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Table  3 The loading acceleration of the model test

Loading frequency 1  Hz 2  Hz
Loading sequence

1 2 3 4 5 6 7

Loading acceleration/(xg) Undisturbed soil foundation 0.113 0.146 − 0.283 0.325 0.377 −
Gravel column-net composite foundation 0.030 0.097 0.161 0.252 0.325 0.374 0.496
CFG column-net composite foundation 0.035 0.101 0.161 0.210 0.324 0.363 0.463
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b) At 0.283 and 0.377  g loading acceleration, sand boil phe-
nomenon appeared and the foundation ground surface heaved 
up distinctively on both sides of the subgrade. The subgrade 
surface subsided and the slope angles slipped further. The 
level shearing displacement of the ground had a clear 
increase.

(2) The macro phenomenon of the gravel column-net foun-
dation. a) At 0.030, 0.097 and 0.161  g loading acceleration, 
the settlement of the subgrade was almost unnoticeable; 
however, when the loading acceleration is at 0.252  g, the 
foundation surface at both sides of the subgrade appeared to 
be slightly up-heaved. b) The level shearing displacement of 
the subgrade increases gradually with the aggrandizement of 
the loading acceleration. c) From 0.252  g loading accelera-
tion, the subgrade’s surface appeared sand boil phenomenon, 
when loading acceleration was at 0.325  g and upwards, the 
hydrocele on the subgrade surface started to increase gradu-
ally. d) After adding all the loadings, the upper part of the 
subgrade was removed. It was found that along the cross 
section of the subgrade, the foundation surface presented a 
distortion of being sunken in the middle and protruding on 
both sides. e) During the subgrade earth removing process, 
there was no significant pile misalignment observed.

(3) The macro phenomenon of the CFG column-net foun-
dation. a) During the loading processing, there were no visible 
subgrade slope collapses and subgrade surface asymmetry 
settlement distortion along the line. b) At the loading accel-
eration less than 0.161  g, the subgrade level shearing dis-
placement appeared to be small; when the loading was at 
0.210  g, the subgrade level shearing displacement appeared 
to be obvious and this displacement grew accordingly with 
the loading acceleration increase. c) From 0.161  g loading 
acceleration, the foundation surface besides the subgrade 
appeared with the sand boil phenomenon and was uplifted. d) 
After adding all the loadings, the upper part of the subgrade 
was removed to observe the foundation. There was a rela-
tively even settlement, ranging from 16 to 18  mm, observed 
in the areas underneath the subgrade (the envelope line of pile 
crown). Inside the foundation, almost all of the pile had shear 
failures, and the piles close to the side slopes had displace-
ments towards the opposite direction of the subgrade center; 
the displacement positions were from the bottom of the pile at 
2/5 of their length.

6.2 Analysis of the foundation excess pore water pressure 
increase

Figure  3 illustrates the pattern of the excess pore water pres-
sure distribution at different depths along the foundation 
center line for the three model tests. The rule is that excess 
pore water pressure increased accordingly with depth 
increase. Figure  4 illustrates the relationship between the 
excess pore water pressure and the loading acceleration from 
the three model tests.

The rules are as follows. 

(1) For the original soil foundation model test: at 0.113 and 
0.146  g loading accelerations, the excess pore water pressure 
was low; when it was at 0.283  g, the excess pore water pres-
sure increased dramatically and reached the maximum value. 
This indicates that the foundation was completely liquefied; 
at 0.325  g loading acceleration, the maximum excess pore 
water pressure decreased. This can be explained as the cumu-
lated side distortion. The liquefied soil sliding outwards 
effectively reduced the effective stress over the central line of 
the subgrade.

(2) For the gravel column-net foundation model test: when 
the loading acceleration added at 0.030, 0.097and 0.161  g, the 
excess pore water pressure was low; at 0.252  g, the pressure 
increased rapidly and achieved the maximum value. This 
indicates that the foundation was completely liquefied. When 
the loading was at 0.325  g, the maximum excess pore water 
pressure decreased. The reason is that the liquefaction caused 
the redistribution of the effective stress loaded on soil 
between the piles. 

(3) For CFG column-net foundation model test: at 0.035 
and 0.101  g loading acceleration, the excess pore water pres-
sure was low; at 0.161  g loading acceleration, the excess pore 
water pressure increased rapidly and achieved the maximum 
value. This indicates that the foundation was completely 
liquefied; when the loading acceleration was at 0.210  g, the 
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excess pore water pressure decreased. The reason is that the 
bed course acted as a flexible arch when the soil was lique-
fied. This resulted in a sharp increase of the gravel and soil 
stress ratio which effectively reduced the effective stress 
loaded over the soil between the piles. When the loading 
acceleration was 0.210, 0.324, 0.363 and 0.463  g, the soil 
excess pore water pressure became stabilized. This considers 
that when the gravel and soil stress ratio increased to the 
level that most of the loading was born by gravel column, the 
effective stress over the soil tend to stabilize, therefore, the 
excess pore water pressure stabilized accordingly. 

(4) At the same depth, the excess pore water pressure of 
the soil in the original soil foundation at liquefaction stage 
had the highest value comparing with that of soils between 
the piles. The soil in CFG column-net foundation had the low-
est value. The reason is that for CFG column-net foundation, 
the piles bear the majority of the upper loads, the soil between 
the piles almost bear no loads. For the gravel column-net 
foundation, the piles and soil work as a whole entity to bear 
the upper loads. In terms of piles and soil stress ratio, CFG 
column-net foundation had a larger value than that of the 
gravel column-net foundation. In summary, for the effective 
stress loaded on the soil, the original soil foundation had the 
largest value, followed by the gravel column-net foundation; 
the CFG column-net had the smallest value. 

6.3 The relationship between ground shear displacement 
and loading acceleration

Figure  5 shows the vertical distribution of ground shear dis-
placement measured from each model. The following results 
can be seen from the graph. 

liquefaction, but the increase in clay soil layer was less than 
this. At 0.325 and 0.381  g loading acceleration, the incremen-
tal increase of shear displacement for clay soil layer remained 
small, but the incremental increase for saturated silty soil 
appeared to be large.

(2) For the gravel column-net composite foundation model 
test: the shear displacement of clay soil remained unnotice-
able during the entire loading process. At 0.030, 0.096 and 
0.161  g loading acceleration, the shear displacement of satu-
rated silty soil was unnoticeable. At 0.252  g, the incremental 
increase of shear displacement in saturated silty soil appeared 
to be large. This resulted from the soil liquefaction, and the 
excess pore water pressure increase induced gravel column-
net foundation stiffness decrease. At 0.325, 0.374 and 0.496  g, 
the incremental increase of shear displacement in saturated 
silty soil remained to be large. This is also because the soil 
liquefaction induced foundation stiffness decrease.

(3) The CFG column-net composite foundation model test: 
for clay soil layer, the shear displacement remained unnotice-
able during the entire loading process. At 0.035 and 0.101  g 
loading acceleration, there was almost no shear displacement 
appearing in the saturated silty soil layer; at 0.161  g, the 
incremental of shear displacement increase appeared to be 
large. This is the result of liquefaction induced foundation 
body stiffness decrease. At 0.210  g, the incremental of shear 
displacement increase in the saturated silty soil layer remained 
large. The reason is that when the soil is liquefied, the hori-
zontal shear loading sharing ratio between the soil and the 
piles changed. When the soil is completely liquefied, most of 
the horizontal shear loading was born by piles. The piles 
broke when the loading exceeded its bending strength. As a 
result, the shear displacement in saturated silty soil increased 
dramatically. When the loading acceleration was at 0.324  g, 
the damage on piles continued and the incremental shear 
displacement increase in silty soil remained large. At 0.363  g 
loading acceleration, as the incremental loading increase was 
not large enough to cause major foundation stiffness change, 
the shear displacement in saturated silty soil only had a small 
increase. At 0.463  g loading acceleration, comparing with the 
previous loading, the shear displacement of saturated silty 
soil had a relatively larger increase. 

(4) In general, the shear displacement was larger at deeper 
position and under larger loading acceleration. Figure  5 shows 
the vertical distribution of foundation shear displacement at 
0.325  g loading acceleration for three model tests. It can be 
seen from the graph that at the same loading acceleration, the 
shear displacement of the gravel column-net foundation and 
the CFG column-net composite foundation are far less than 
that of the original soil foundation. It proves that these two 
column-net structures can effectively improve the ability of 
foundation to stand shear deformation. Between the two 
methods, the shear displacement of the gravel column-net 
composite foundation generally appeared to be smaller. This 
indicates that this foundation structure was more effective 
at reducing shear displacement, and was more successful 
in improving the whole foundation’s earthquake-resistance 
capacity.
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Fig.  5 The vertical distribution curve of ground shear displace-
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(1) For the original soil foundation model test: at 0.113 and 
0.146  g loading acceleration, the shear displacement was 
unnoticeable. When it was at 0.283  g, the shear displacement 
of saturated silty soil layer largely increased due to complete 
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6.4 Analysis of subgrade and foundation settlements

The relationship between the subgrade surface cumulated 
settlement and loading acceleration is illustrated in Fig.  6. 
From the graph it is clear that the cumulated settlement is 
evenly distributed, and that it increases with loading accelera-
tion increase. Comparing with the original soil foundation, 
the cumulated settlements of gravel column-net foundation 
and CFG column-net foundation is small. 

to be concave in the center and convex on both sides. Among 
the three foundation models tested, the original soil founda-
tion had the largest settlement, followed by the CFG column-
net foundation and the gravel column-net foundation had the 
smallest settlement. Comparing with the original soil founda-
tion, the column-net reinforced foundation had a much even 
settlement distribution. In summary, the gravel column-net 
foundation and the CFG column-net foundation can effec-
tively reduce the ground settlement and uneven settlement.

6.5 Subgrade and foundation response acceleration 
analysis

Figure  8 shows the vertical distribution of foundation and 
subgrade response acceleration along the cross section central 
line. 

Under the same loading acceleration, the accumulated 
settlement of gravel column-net foundation was smaller than 
that of the CFG column-net foundation. The reason is that 
under the same soil condition, the pitch of CFG piles had been 
larger, and despite the settlement of pile crown being small 
after soil liquefaction, the sliding soil forced the piles to lean 
outwards from the central line. This caused the increased 
flexibility of the pile flexible arch, hence resulting in a larger 
subgrade accumulated settlement. 

Figure  7 illustrates the lateral distribution of subgrade 
accumulated settlements for three model tests after all the 
loadings were added. In general, the settlement at the central 
line of the subgrade ground is the largest. It gradually 
decreases when the distance against the central line increases. 
The ground uplift starts from the outer area and increases 
gradually towards the base of the slope. At the foundation 
area covered by the subgrade, the settlement pattern appears 

Fig.  8 The vertical distribution curve of foundation and subgrade 
response acceleration
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(1) For the original soil foundation: at 0.113 and 0.146  g 
loading acceleration, foundation and subgrade response 
acceleration was close to the loading acceleration. This 
indicates that the response acceleration is not amplified. 
When the loading acceleration was at 0.283 and 0.325  g, 
the response acceleration became larger at deeper positions, 
and the increment in clay soil layer and subgrade was small, 
but in silty soil layer it appeared to be large. This is due to the 
increased magnification ratio of response acceleration 
resulted from saturated silty soil liquefaction.

(2) For the gravel column-net composite foundation: 
at 0.030, 0.096 and 0.161  g loading acceleration, the founda-
tion and subgrade response acceleration was close to the load-
ing acceleration which indicates the response acceleration 
was not amplified. When loading acceleration was at 0.252 
and 0.324  g, the foundation response acceleration increased 
with the depth increase. For the foundation, the response 
acceleration of the clay soil layer was not amplified, while 
for silty soil layer it increased significantly; for subgrade, 
the response acceleration was larger by a small increment 
at deeper positions. This can be explained as under these 

Fig.  6 Relationship of subgrade surface cumulative settlement 
and input acceleration
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loading conditions, the stiffness of the whole foundation was 
reduced by the complete liquefaction of saturated silty soil. 
This, in turn, increased the response acceleration magnifica-
tion ratio of the foundation.

(3) For the CFG column-net composite foundation: when 
loading acceleration was at 0.035, 0.101 and 0.161  g, the 
foundation and the subgrade response acceleration was not 
amplified. For the foundation part, the response acceleration 
was larger at the deeper position; the increment of response 
acceleration in clay soil layer was small but in silty soil layer 
was large. For the subgrade, the response acceleration was 
larger by a small increment at deeper positions. When the 
loading acceleration was added at 0.210, 0.324, 0.363 and 
0.463  g, the response acceleration distribution was almost 
identical to that of 0.16  g loading acceleration. The reason is 
that at 0.161  g loading acceleration, the saturated silty soil 
surrounding piles completely liquefied and this caused the 
whole foundation stiffness decrease, which in turn enlarged 
the response acceleration magnification ratio. As the added 
loading acceleration continued to increase, due to the soil 
liquefaction and the shear damage on part of the piles, the 
response acceleration magnification ratio increased. 

(4) Comparing the vertical distribution of the response 
acceleration at 0.325  g loading acceleration for the founda-
tion and the subgrade in the three model tests (Fig.  8), it 
can be seen that the response acceleration of the original soil 
foundation is obviously larger than that of gravel column-
net and CFG column-net composite foundations. The two 
column-net composite foundations significantly reduced 
the magnification ratio of response acceleration caused by 
soil liquefaction. Between the two column-net composite 
foundations, the gravel column-net composite foundation had 
smaller response acceleration on its silty soil layer; therefore, 
it is more effective at reducing the liquefaction induced 
magnification ratio of response acceleration. 

7 Conclusions

Based on the three model tests, the conclusions are as 
follows.

(1) The gravel column-net composite foundation can 
effectively restrain the increase of excess pore water pressure, 
thus improving the foundation anti-liquefaction ability.

(2) Both the gravel column-net composite foundation and 
CFG column-net composite foundation can significantly 
reduce the ground shear displacement, thus improving the 
foundation anti-shear displacement capacity, among which 
the first was more effective at reducing the foundation shear 
displacement.

(3) Both the gravel column-net composite foundation 
and CFG column-net composite foundation can significantly 
reduce the ground liquefaction induced amplification of 
response acceleration, among which the first was more effec-
tive at reducing the foundation and subgrade response accel-
eration amplification.

(4) Both the gravel column-net composite foundation 
and CFG column-net composite foundation can significantly 
reduce the settlement and non-uniform settlement on the 
foundation and the subgrade under seismic loading, hence 
improving their overall earthquake resistance. At seismic 
intensity 7 resistance standard, the two foundations met the 
earthquake resistance requirements of the Beijing-Shanghai 
High Speed Railway.
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