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With the rapid development of metro system in urban areas, vibration and its impact on adjacent structures caused by metro
operation have drawn much attention of researches and worries relating to it have risen. This paper analyzed the vibration
attenuation and the environment impact by a case study of a subway station in soft ground with adjacent laboratory building.
A method of setting a compound separation barrier surrounding the station is checked and different materials used in the barrier
have been tried and tested through numerical analysis. Key parameters of the material and the effects of vibration reduction are
studied with the purpose that similar methodology and findings can be referenced in future practices.

1. Introduction

In the operation of large-scale metro system in modern
cities around the world, vibration caused by running trains
of metro system and its impact on environment have
become increasingly problematic, especially in big cities with
densely built structures and overcrowded population in both
developed countries and emerging economies. Attentions
of scholars in many countries have been drawn on this
issue and vibration separation and reduction measures to
tackle the subway vibration impact have been studied, among
which barriers are usually assumed to be one of the effective
ways.

Since 1960s, scholars including Barkan et al. [1–9] car-
ried out researches on vibration isolation by barriers and
proposed preliminary strategies relating to it. Qiu et al. [10]
have also conducted relevant researches since 1998 in terms of
efficiencies and environmental impacts of vibration barrier.
Notwithstanding the above efforts, vibration barrier theory
and some findings remain conditionally applicable, partly
due to the complexity of the boundary value problems on
site. Nowadays, researches on vibration isolation by barriers
have been mainly based on numerical methods such as finite

element method and boundary element method, as well as
indoor model tests or in situ tests. Useful findings have
been obtained and some results have also been proposed on
vibration isolation using barrier, but many of them still fall
short of application on site due to insufficient calculation
conditions or incomplete test cases on many occasions.
On the other hand, in most of these researches, single
material was employed in vibration isolation, while there
are very few researches on the effect of using compound
material in vibration isolation though there would be enough
chances for compound material to be beneficial both tech-
nically and economically in vibration separation and reduc-
tion.

In this paper, a case study on vibration reductionmethod-
ology for a subway station in Shanghai is reported, aiming to
answer the need of reducing the vibration impact on a physics
laboratory building in close proximity to the station. The
method includes a vibration separation trench surrounding
the station structure and isolation materials that would
be filled into the trench. The effects of different isolation
materials were checked using numerical analysis and the
results helped to guide the practice of vibration reduction for
subway stations in Shanghai soft ground.
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Figure 1: Layout of Guofan Road station and the adjacent building.

2. Subway Station Studied in This Paper

The station studied in this paper is Guofan Road subway
station, which is under construction in phase two project of
Shanghai Metro Line number 10. Due to the restrictions of
the planning and site selection, Guofan Road station is set
to be located at Songhu Road, and the west side is adjacent
to New Jiangwan Campus of Fudan University, as shown
in Figure 1. Inside the New Jiangwan Campus, there is a
State Key Physical Chemistry Laboratory which is about 50m
away from the subway station. With consideration of strict
vibration requirements for the surrounding environment
needed for laboratory operation,measures have to be taken to
ensure that there will be no adverse effect on daily operation
of the laboratory after the station would be put into service.
So the main issue is how to separate and reduce the vibration
caused by the metro operation in the station.

3. Numerical Study on
Vibration Separation Scheme

3.1. Comparison and Selection of Vibration Reduction Materi-
als. After preliminary studies, it is decided to build a trench
filled with softmaterials surrounding the subway station wall
to separate the vibration for the laboratory. Investigation on
applicable materials that can be used in vibration reduction
shows the following list: sand cushion, soil sandbag, STC
reinforced sand, foam polyurethane, polymer, and foam
concrete. Taking durability and cost aspect into consideration
as well as the effect of reducing vibration, foam concrete and
yellow sand were selected as the filling materials used in the
trench separating Guofan Road station from surrounding
ground. Several combinations of the two materials were
studied in this research to achieve the required vibration
reduction effect, while the cost could be controlled at the
same time.

3.2. Barrier Filling Scheme for the Trench Surrounding the Sta-
tion. In order to work out a reasonable filling scheme for the
barrier to reduce and separate the vibration from the Guofan
Road station, three alternatives were proposed for further
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Figure 2: Sketch map of Scheme 1.

study, and selection was made based on comparison among
them considering the feasibility of construction, economic
aspect, and the effect of vibration isolation and reduction.
The following part describes the three filling schemes for
vibration reduction materials.

(1) Scheme 1. The space in trench between the side wall of
the station structure and the diaphragm retaining wall will
be filled by foam concrete at the depth of the third level of the
station structure, and the rest space in the trench will be filled
with sand, as shown in Figure 2.

(2) Scheme 2. The space in the trench at the depth of the
second and third levels will be filled with foam concrete and
the rest is filled with sand.

(3) Scheme 3. The space between the station structure’s
external walls and the diaphragm wall are all filled with sand.

During the process of numerical simulation, in order to
acquire a better comparison among potential measures, some
other schemes were added for further analysis. The added
schemes include the following alternatives: all of the trench
filled with foam concrete (Scheme 4); all trench filled with
normal concrete (Scheme 5); and an open-air trench without
any filling material (Scheme 6). Considering that the range
of elasticity modulus of foam concrete is within 40Mpa∼
1200Mpa [11–13], the elasticity modulus is taken as param-
eters together with Poisson ration and the damping ration of
foam concrete, for the purpose of carrying out parametric
study to find out the more effective case. Each group of the
parameters makes up one calculation case and thus there are
six calculation cases altogether, and each of them includes
six schemes of filling barrier material described above. So
comparison between cases will help to decide which kind of
foam concrete is more effective, while comparison between
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Table 1: Calculation cases.

Cases 1 2 3 4 5 6
Parameters of foam concrete𝐸 (Mpa) 40 40 40 40 40 1000𝑐 0.05 0.5 0.95 0.05 0.05 0.05

] 0.21 0.21 0.21 0.31 0.48 0.21

each scheme of a specific case is useful to decide which
scheme is more effective and economical at the same time.
Table 1 shows parameters in calculation cases.

3.3. Numerical Calculation Parameters. Theexcavation depth
of the Guofan Road station is about 23.32mwith the width of
about 21.5m and the length of about 156.5m. The thickness
of the underground diaphragm wall is 1m and its depth is
41.5m. The soil layers encountered during the excavation of
the station are as follows: layerA1, layerB1, layerC, layerD,
and layerE1, whose names are officially designated according
to the sequence they are encountered from the surface to a
deeper layer. Ground at the bottom level of the station is in the
E2 layer. According to the ground investigation report and
the shear wave velocity of Shanghai soil layer in Table 3, the
physical and mechanical parameters of soil layer in Shanghai
can be obtained taking into consideration (1), as is shown
in Table 2. The physical and mechanical parameters of C30
concrete which is used in the subway station, as well as the
parameters of foam concrete, can be referred to Qiu-Huan et
al.’s paper [14]. The parameters of medium sand refer to the
literature [15, 16]. The constitutive relationship of soil, foam
concrete, and medium sand is adopted as Mohr-Coulomb
model, and the parameters are given in Table 3.

𝜆 = ]𝐸(1 + ]) (1 − 2]) ,
𝜇 = 𝐺 = 𝐸2 (1 + ]) ,
𝐸 = ] (3𝜆 + 2])𝜆 + ] ,
] = 𝜆2 (𝜆 + ]) ,

𝐶𝑃 = √𝜆 + 2𝐺𝜌 ,

𝐶𝑆 = √𝐺𝜌 = √ 𝐸2 (1 + ]) 𝜌 .

(1)

It is well known that, in analyzing dynamic problems,
in order to eliminate the adverse effect of the reflection of
the vibration wave on the boundary, the artificial boundary
condition should be set at the boundary. The boundary
conditions for this numerical calculation are viscous-spring
artificial boundaries, which can be referred to Gu et al.’s
[17].
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Figure 3: Acceleration time histogram.

Figure 4: Details of station and location of acceleration.

3.4. Three-Dimensional Model, Applied Excitation, and Mon-
itoring Nodes. The commercial software ABAQUS is used
in this numerical calculation. Considering that the subway
vibration is very small compared to the earthquake wave and
thus no large relative displacement could be caused between
soil and station structure, soil and diaphragmwall, and filling
materials and surrounding structures, so these interfaces
were assumed to be in displacement coordination condition,
namely, binding constraints in the ABAQUS. Station, soil,
diaphragm wall, and filling materials are modeled by solid
element C3D8 in the software. The viscous-spring artificial
boundary is applied to the boundary of the model, and the
measured acceleration time-history at the rail ballast of a
subway station in Shanghai was set to be the input excitation
on the ballast (Figure 3). Based on the above model, filtering
and spectrum analyses were performed. The excitation is
applied by the boundary condition, and the applied position
is shown in Figure 4. The finite element three-dimensional
model with vertical depth of 60m, horizontal length of
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Table 2: Parameters of Shanghai soil.

Soil layers Depth (m) 𝐶𝑆 (m/s) 𝐸𝑑 (MPa) 𝜌 (kg/m3) ] 𝑐 (kPa) 𝜑 (∘)
A1,B1 6.9 101.80 52.43 1902.20 0.33 21 16
C,D 10.6 136.22 84.64 1689.43 0.35 13 12.5
E1 4.8 178.65 155 1710 0.42 16 12.5
E2 13.9 211.21 218 1810 0.35 4 30.5
E3,E4 4.1 275.94 379.68 1888.78 0.32 33 17
G1,G2 4.8 335.61 556.5 1930 0.28 8 32.5
H1 8.9 352.06 589 1800 0.32 23 18
H2 6 376.39 685.1 1860 0.3 24 18.5
Note. 𝐶𝑆 = shear wave velocity; 𝐸𝑑 = dynamic modulus of elasticity; 𝜌 = density; ] = Poisson ratio; c = cohesion; 𝜑 (∘) = inner friction angle.

Table 3: Parameter of foam concrete, medium sand, and C30 concrete.

Materials 𝐸 (MPa) 𝜌 (kg/m3) ] 𝑐 (kPa) 𝜑 (∘)
C30 concrete 30000 2500 0.2 / /
Foam concrete 40 600 0.21 1 15
Medium sand 448 1950 0.3 0.1 38
Note. 𝐸 = modulus of elasticity.

Figure 5: Three-dimensional model of Guofan Station.

112.77m, and the longitudinal length of 8m is established,
as shown in Figure 5. The reason to take 8m in longitudinal
direction is that the longitudinal space of columns is 8m,
and building a 3D model in the whole length of 113.77m
would make computation time too long to be accepted in the
analysis.

Considering the whole calculation model, monitoring
nodes were set from the position of underground diaphragm
wall till the location 60m away from the underground
diaphragm wall, with an interval of 5m roughly between two
neighboring points.

4. Calculation Results and Analysis

4.1. Calculation Results of Cases 1, 2, and 3. As seen from
Table 1, it is clear that case 1 has a low Young’s Modulus of
about 40MPa, a low damping of about 0.05, and a Poisson’s
ratio of 0.21. This case represented a relatively soft foam
concrete. By monitoring the time domain and frequency
domain results of the point, the acceleration level of each
monitoring point can be calculated according to the vibration
evaluationmethod.The relationship between the acceleration
level and the distance from the vibration epicenter under the
condition of case 1 is shown in Figure 6.
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Figure 6: The relationship between the acceleration level and
distance under case 1.

In order to facilitate the comparison among various
results, Scheme 1 is renamed as one layer and Scheme 2 is
renamed as two layers, while Schemes 3, 4, 5, and 6 are
renamed as sand, foam concrete, concrete, and open trench,
respectively. As seen from Figure 6, it is clear that vibration
attenuates with the increase of distance. When the distance
is about 60m away from the vibration epicenter, the acceler-
ation level of all the schemes falls below 45 dB. Comparison
between schemes of case 1 shows that concrete trench scheme
has the biggest vibration and open trench cut the vibration
most effectively. Foam concrete trench performs better than
the other two schemes left, while two-layer scheme is slightly
better than one-layer sand scheme in terms of vibration
reduction.

The relationship between the acceleration level and the
distance under case 2 is shown in Figure 7, which shows a
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Figure 7: The relationship between the acceleration level and
distance under case 2.
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Figure 8: The relationship between the acceleration level and
distance under case 3.

similar trend in case 1. This indicates that change of damping
parameter of foam concrete did not change the calculation
results much.

Figure 8 shows the relationship between the accelera-
tion level and the distance from vibration epicenter under
calculation case 3. Generally speaking, case 3 has a much
bigger damping for foam concrete and thus has slightly
more reduction of vibration especially for all foam concrete
schemes.

4.2. Calculation Results of Case 4. The relationship between
the acceleration level and the distance under the condition 4
is shown in Figure 9. Case 4 is slightly different from case 1
in that its Poisson’s ratio is 0.31, which is slightly larger than
0.21 in case 1. While the general trend is the same as that in
the above three cases, reduction degree seems to be bigger in
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Figure 9: The relationship between the acceleration level and
distance under case 4.
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Figure 10: The relationship between the acceleration level and
distance under case 5.

case 4 than that in case 1. The trend is that open trench has
the highest effectiveness in reducing vibration, while trench
filled with concrete has the highest acceleration level.

4.3. Numerical Result under Case 5. Case 5 (Figure 10) has
the biggest Poisson’s ratio for foam concrete, which is about
0.48. However, the trend among different schemes is the same
as other schemes. Schemes 1, 2, and 4 which represent one
layer, two layers, and no layer of foam concrete performed
almost the same during the construction.

4.4. Numerical Result under Case 6. The relationship be-
tween the acceleration level and the distance under case 6
is shown in Figure 11. This case is another extreme situation,
where the foam concrete’s elastic rigidity is 25 times higher
than other schemes in order to observe the effects of Young’s
Modulus on vibration reduction. It is clear that, in this
case, vibration reduction curve is almost the same as that of
Schemes 1 and 2. It means that stiff foam concrete is not so
good in reducing vibration.



6 Shock and Vibration

Two layers
One layer
Foam

Sand
Concrete
Open trench

10 20 30 40 50 60 700
Distance (m) 

35

45

55

65

75

85

Ac
ce

le
ra

tio
n 

le
ve

l (
dB

) 

Figure 11: The relationship between the acceleration level and
distance under case 6.
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Figure 12: The comparison of acceleration between case 1 and case6 in Scheme 1.

4.5. Parameter Sensitivity Analysis

4.5.1. Effect of Foam Concrete’s Elasticity Modulus. The elas-
ticity modulus of foam concrete is affected by the fabrication
process, foaming agent, and other factors and will change
within a larger range. Figures 12–14 checked the trends
how the elasticity modulus of foam concrete influences the
vibration reduction.

From Figures 12–14 it can be seen that the vibration
reduction effect becomes lower as the elasticity modulus
of the foamed concrete increases. This is because, with the
increase of the elasticity modulus of the foam concrete, its
wave impedance and wave impedance ratio both increase.
The vibration reduction effect of different foamed concrete
in Scheme 1 and Scheme 2 is slightly different, but there
is a significant difference in Scheme 4. From Figures 6 and
11, it can be seen that when the elasticity modulus of the
foam concrete increases, the difference in vibration reduction
effect in Schemes 1, 2, and 3 basically disappeared. Besides,
the wave impedance of foam concrete is closer to that of
sand, meaning that when wave impedance ratio of materials
is close, its vibration reduction effect is quite similar.
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Figure 13: The comparison of acceleration level between case 1 and
case 6 in Scheme 2.

Foam E = 1000
Foam E = 40

35

45

55

65

75

85

Ac
ce

le
ra

tio
n 

le
ve

l (
dB

) 

10 20 30 40 50 60 700
Distance (m) 

Figure 14: The comparison of acceleration between case 1 and case6 in Scheme 4.

4.5.2. Effect of Foam Concrete’s Poisson Ratio. In accordance
with knowledge about wave impedance and wave impedance
ratio, material’s vibration reduction effect depends on these
two parameters.The calculation of wave impedance is related
to density, elasticity modulus, and Poisson Ratio of the mate-
rial. The influence of the elasticity modulus of the concrete
has been analyzed in the previous section. Since density
of material can be uniquely determined, the effect degree
of Poisson Ratio on the vibration reduction can thus be
discussed here. The relationships between the acceleration
level and the distance in Schemes 1, 2, and 4 under case 1,
case 4, and case 5 are shown in Figures 15–17.

As can be seen from Figures 15–17, the change in Poisson’s
ratio of foam concrete has no significant effect on the vi-
bration reduction effect in Schemes 1, 2, and 4. The wave
impedance ratio under cases 1, 2, and 3 is very close, and
the relation curve of acceleration level and the distance is
basically coincident.

4.5.3. Effect of Foam Concrete’s Damping Ratio. The effect of
wave impedance ratio on the vibration reduction has been
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Figure 15: The comparison of acceleration level among cases 1, 4,
and 5 in Scheme 1.
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Figure 16: The comparison of acceleration among cases 1, 4, and 5
in Scheme 2.

analyzed in the previous two sections, and this section
mainly examines the effect of damping ratio on the vibration
reduction. Damping ratio of material is generally between 0
and 1, where the damping ratio of the foam concrete has been
set, respectively, to be 0.05, 0.5, and 0.95, and the calculation
results under cases 1, 2, and 3 are shown in Figures 18–20.

It can be seen from Figures 18–20 that, with the change
of the damping ratio in Scheme 1 and Scheme 2, the relation
curve of the acceleration level and distance has no significant
difference, which means that the change of the damping ratio
has little effects on vibration reduction. As for Scheme 4, the
bigger the damping ratio of the foamed concrete, the better
the vibration reduction effect, but the difference is not that
large, which indicates that the damping ratio has only slight
effect on the vibration reduction.
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Figure 17: The comparison of acceleration level among cases 1, 4,
and 5 in Scheme 4.
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Figure 18: The comparison of acceleration level among cases 1, 2,
and 3 in scheme 1.

It can be seen from the relation curve of acceleration
level and distance from vibration epicenter in Figures 6–10
that, for Guofan Road station whose structure is surrounded
by separated retaining wall, the vibration can be reduced
by the trench between station structure and underground
diaphragm wall, and the reduction effect is best with an
open trench. The vibration reduction effect of the trench
filled with foam concrete is obviously better than the trench
filled with concrete; namely, Scheme 4 is obviously better
than Scheme 5. The greatest reduction of acceleration level of
the underground diaphragm wall is up to 14 dB, the average
is about 8 dB, and the acceleration level decay is 9.4%. In
addition, the vibration reduction effect in Scheme 1, Scheme2, and Scheme 3 is better than that of Scheme 5 butworse than
that of Scheme 4. The vibration reduction effect in Scheme
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Figure 19: The comparison of acceleration level among conditions
1, 2, and 3 in Scheme 2.
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Figure 20: Comparison of acceleration level among cases 1, 2, and3 in Scheme 4.

2 is slightly better than that in Scheme 1, and the vibration
reduction effect in Scheme 1 is slightly better than Scheme 3,
with about 2 dB decrement of acceleration level.

For this project, by filling vibration reduction material
into the gap trench between station structure and under-
ground diaphragm wall, vibration reduction and separation
can be achieved. Severalmaterials have been checked on their
effect of reducing vibration and different parameters were
considered. In this case where the gap trench is surrounded
by concrete which has large wave impedance, filling in
the trench with foam concrete which has relatively small
wave impedance is most effective in reducing and separating
vibration from the ground. In this meaning, Scheme 4 is
the best filling scheme and can achieve a good vibration
isolation and reduction effect. However, considering the
balance between vibration reduction effect and the cost or

construction feasibility, one-layer scheme (Scheme 1) turned
out to be the best one.

Based on the above analysis, Scheme 1 has been adopted
in the design and construction work for Guofan Road station
project. Further field measurement data is highly expected
after the service start.

5. Conclusion

In this paper, the vibration separation and reduction effect
of compound materials filled in a trench has been discussed
in the scope of Guofan Road station in Shanghai Metro Line
10, phase two project. Foam concrete and sand materials are
considered as barrier materials. Elasticity modulus, Poisson’s
ratio, and damping ratio of foam concrete are taken as
sensitive parameters influencing the reduction effect, and
series of numerical analysis have been conducted on different
conditions to analyze their vibration reduction effect. The
conclusions are as follows:

(1) Separation trench surrounding subway station struc-
tures is effective in separating vibration of the station
from adjacent environment. Foam concrete and sand
can act as barrier materials.

(2) In this project, when elasticity modulus, Poisson
ratio, or wave impedance ratio of the foam concrete
increases, the vibration reduction effect is lowered.

(3) The changes of Poisson ratio show little influence on
foam concrete’s wave impedance and vibration reduc-
tion.
The damping ratio of foam concrete has an impact on
vibration reduction but the impact is not obvious.

(4) The barrier should be composed of a material with
significant vibration reduction effect. When the bar-
rier consists of two kinds of materials with differ-
ent vibration reduction effect, the reduction effect
depends on the material with the lower vibration
reduction effect, and the combined effect will be
obviously lowered.
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