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ABSTRACT: This paper studies the saturated soft clay around the tunnel between Jingansi Station and Jiangsu
Station of Shanghai subway Line No.2. The continuous dynamic monitoring is conducted by means of embedded
earth pressure piezometers and pore piezometers around the tunnel at different locations and different depths.
The response frequency and stress amplitude of the saturated soft clay are studied with the distance from the
tunnel due to the subway vibration loading. A formula is proposed for the attenuation of the dynamic response
of the soil. The distance of influence and the amplitude of the dynamic response are calculated and the influence
on the surrounding buildings under the subway vibration load is predicted, which offers valuable references for
the design, the construction and the safe operation of the subway.

1

INTRODUCTION

The subway is indispensable as a safe, comfortable and
high speed transport vehicle, in modern cities, but in
the course of its running, the vibration problem should
not be ignored. Some models (Alabi, 1992; Lipen and
Chigarev, 1998; Sheng, et al., 1999; Jones, et al., 2000)
were used to analyze the ground vibration under the
train loading on the railway. Pan (1995), Hirokazu
(2001) and Xie (2002) studied the dynamic response
of the railway system, but they focused only on the
response of the upper structure of the foundation and
did not study the dynamic response of the soil. Up to
now, only a few researchers have studied the dynamic
response of the saturated silty clay around the subway tunnel. Yet, the long-term vibration loading of the
subway has resulted in large deformation of the saturated silty clay (Chen, et al., 2002; Wang, et al., 2003).
According to monitored data, a large deformation of
the axis of the subway tunnel and the ground settlement
had occurred in some sections of the tunnel of Shanghai subway Line No.1 (Lin, et al., 2000) and affected
the normal operation of the subway. The settlement and
deformation originally began with the change of pore
water pressure and soil stress (Tang, et al., 2003; Tang,
et al., 2005). So it is important to study the dynamic

response of the soil around the subway tunnel for the
safe operation of the subway.
As the soil around the subway tunnel in Shanghai
is mainly the saturated silty clay, this paper focuses on
it under the subway vibration loading. The response
frequency of the saturated soft clay and the law of the
amplitude of stress response changing with the depth
and the distance away from the tunnel are all studied
under the subway vibration loading. The result can
offer a valuable reference to the design, construction
and the safe operation of the subway.
2

DYNAMIC MONITORING

In order to study the influence caused by the subway
vibration loading on the saturated soft clay around the
tunnel, field test and monitoring are conducted in this
research. The site is selected between Jingansi Station
and Jiangsu Road Station. The dynamic monitoring
system is adopted for field monitoring and its sampling frequency can reach 200 Hz and its precision is
0.1 kPa. It can fully reflect the soil response around
the tunnel due to the subway vibration loading. The
dynamic monitoring system consists of a resistance
sensor, a dynamic strain amplifier, a data selector
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Figure 1. Scheme of dynamic monitoring system.
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Figure 3. Soil profile and embedded instruments.
Note: layer No.1 is mixed soils; layer No.2 is brown yellow
silty clay; layer No.3 is gray muddy silty clay; layer No.4 is
gray mucky clay; layer No.5 r is gray silty clay.
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silty clay of layer No.4 and the earth pressure piezometers and pore piezometers are located at the depths of
8.5 m, 11.5 m and 13.5 m, respectively, in layer No.4,
to monitor the response characteristic of the vibration
for the subway running.
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Figure 2. Layout of boreholes (unit: mm).

and a computer. The system can record all the sampling data collected by the computer in real time. The
dynamic monitoring system is shown in Figure 1.
Figure 2 shows the layout of boreholes at the site.
In the plane, there are five boreholes, each 110 mm
in diameter, parallel and vertical to the subway tunnel, respectively. The distance between the site and
Jingansi Station is 210 m. Boreholes BH3, BH4 and
BH5 are parallel to the tunnel axis only 1.8 m away
from the outside of the segment of the subway tunnel
and the distance between them is 15.0 m. Boreholes
BH1, BH2, and BH3 are vertical to the tunnel axis. In
order to study the attenuation of the effect on the soil
around the tunnel with the increasing distance under
the subway vibration loading, the distance between
boreholes BH1 and BH2 is 3 m and that between boreholes BH2 and BH3 is 2 m, so that there is a step-up
course.
Figure 3 shows the distribution of strata and instruments. In the section, the subway tunnel lies in gray

RESPONSE FREQUENCY OF SOIL

The train of Shanghai subway has six carriages and
its whole length is 139.46 m. Its normal running speed
is 60 km/h and the break at each station is 30∼40 s.
The monitoring site is near the subway station. The
train will decrease its speed when running into the station. According to statistics, the speed is generally at
30∼40 km/h when the train passes through the monitoring site, and the time is 12∼16 s in general. The
interval of the subway train crossing the monitoring
site is unequal, generally 3∼6 min and 3∼4 min during
rush hours.
There are two groups of wheels in every carriage
of the subway train, and the subway vibration loading
is transferred to the soil outside the tunnel segments
through the system of wheels-segments. When the
subway train comes near the monitoring site, the vibration loading is produced and spread in waves, and
the soil can be induced to respond. In Figure 4, the
horizontal axis is time and the vertical axis is stress
response, and the wave can be seen clearly when the
subway train runs across the monitoring site. Owing
to the different loading of each carriage (the number of passengers being always different), the response
amplitude is also different. The response frequency of
soil is also different because of the different interval of
the groups of wheels. There are two types of response
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Figure 4. Wave of the soil response.
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taken into consideration, the corresponding measure
should be adopted to avoid the equality of monitoring frequencies and natural frequency in the design of
subway tunnel. This can result in resonance, causing
different kinds of calamity, such as the instability of
the subway tunnel, the fissure of the tunnel segments,
and so on.
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Figure 5. The response frequency of soil for the five
boreholes.

frequency: the high frequency fh and low frequency
fl . The high frequency is produced mainly by the rear
wheels of the first carriage and the front wheels of the
second carriage. The distance between them is short,
so the response time of soil is also short. When the
two groups of wheels run across the monitoring site,
the high frequency is produced. The low frequency is
produced mainly by the front and rear wheels of the
same carriage and the distance is longer, so it is lower.
The vibration response of soil can be seen clearly when
every group of wheels runs across the monitoring site,
as shown in the figure.
By continuous dynamic field monitoring, plenty of
data are obtained. All the waves are analyzed and compared and the typical response wave of the saturated
soft clay is obtained. The response frequency of soil
(silty clay of layer No.4) of every borehole is obtained
by collecting, analyzing and arranging its data. The
statistic values are 2.4∼2.6 Hz and 0.4∼0.6 Hz for
the high and low frequency, respectively, as shown in
Figure 5.
When these two kinds of response frequency and
the natural frequency of soft clay in Shanghai area are

DYNAMIC RESPONSE OF SOIL

4.1 Attenuation of dynamic response of soil vertical
to the axis of the subway tunnel
The test and research on the attenuation of vibration
of the train on the ground with the increasing distance from origin of vibration were mainly focused
on the transverse direction. From Chen’s test (Chen,
et al., 1998), the vibration almost attenuated to zero
at 25 m away from the rail of the railway, and had no
effect beyond 25 m. The same idea was proved by other
tests, and only the distance of attenuation was different for different vibration loadings and conditions. The
subway tunnel is embedded in the semi-infinite soil
body, and the value of attenuation is larger than that
of the ground. Boreholes BH1, BH2 and BH3 are horizontally ardistanced at different locations vertical to
the tunnel axis and are 6.8 m, 3.8 m and 1.8 m away
from the edge of the subway tunnel, respectively. In
order to find the attenuation law more clearly and try
to avoid the interference by other factors, the soil at
13.5 m depth is chosen for study. The monitored data
are averaged and the result is given in Figure 6.
According to the statistic result of large amounts
of monitored data, the relationship between the soil
response and the distance vertical to the subway tunnel
axis is given in Formula (1):
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where p (kPa) is the value of dynamic response
of soil when the subway is running; K0 (kPa) is the
value of dynamic response of soil at the edge of tunnel; K1 (kPa/m) is the first order coefficient of the
attenuation of dynamical response with the distance;
K2 (kPa/m) is the second order coefficient of the attenuation of dynamical response with the distance; x is the
distance away from the edge of the subway tunnel.
According to field monitored data by fitting Formula (1), the coefficients are obtained: K0 = 1.3526,
K1 = 0.0321 and K2 = 0.0077.
Substitution of coefficients into Formula (1) yields:

Formula (2) is giving the dynamic response attenuation law of horizontal soil vertical to the tunnel
axis with distance in this field monitoring, where the
distance of x is 0∼11.33 m.
Using Formula (2), the distance of influence and
the amplitude of dynamic response can be calculated.
The influence on the surrounding buildings under the
subway vibration loading can be predicted. It can offer
a theoretical reference to the design and construction
of the building near the subway tunnel.
It can be seen from Figure 6 that the attenuation of
the subway vibrating loading takes on a certain rule
with the increasing distance. The influence distance is
11.33 m obtained from Formula (2). The result is quite
different from that of the dynamic railway loading on
the ground. In addition to the factor of soil, the main
reason is that the shear modulus and the damping of
soil increase with the increasing depth. This makes the
dynamic loading attenuate rapidly to vanish. Along the
subway, the rails are joined with tunnel segments and
the rigidity is much larger than that of the soil vertical
to the subway.
4.2

Dynamic response law of soil at different
depths

Sensors are embedded at the top, the middle and at the
bottom of the tunnel. The early static monitoring data
indicate that the soil pressure approximately takes on
the linear increase with the increasing depth. In order
to find the relationship between the stress amplitude
and depth, the statistic data at the rush hour are selected
for analysis, as shown in Figure 7.
It can be seen from Figure 7 that under the subway
vibration loading, the maximum changing amplitudes
of the stress response of soil are 0.23 kPa at 8.5 m,
0.70 kPa at 11.5 m and 1.15 kPa at 13.5 m. The change
of stress amplitude is approximately linear with depth.
Moreover, the stress amplitude at the rush hour in the
morning is larger than that at the rush hour in the
evening, which is also larger than that at noon. This
indicates that the number of passengers is the largest

Figure 7. Amplitude of soil pressure response with depth.

in the morning. This should be treated as a reference to
design and calculate the worst case in the construction.
5

CONCLUSIONS

1 The attenuation of the subway vibration loading vertical to the axis of subway tunnel takes on a certain
rule with the increasing distance. According to the
statistic results of large amounts of monitored data,
the formula for the attenuation of dynamic response
of the horizontal soil vertical to the axis of the subway tunnel is obtained with the increasing distance.
Using this formula, the influence distance and the
amplitude of dynamic response can be calculated.
The influence on the surrounding building under
the subway vibration loading can be predicted. It
offers a theoretical reference to the design and
construction of buildings near the subway tunnel.
2 The change of stress amplitude of soil is approximately linear with depth when subway trains are
running across. Moreover, the stress amplitude is
the largest during the rush hour in the morning. It
indicates that the flow of passengers is the largest
during the rush hour in the morning when the soil is
in the worst condition. This value should be adopted
as reference for the design and construction of the
subway tunnel.
3 According to the two kinds of response frequency
by the field monitoring of the soil around the tunnel, which are produced by the subway vibration
loading and matched with the natural frequency of
soft clay in Shanghai area, the corresponding measurement should be adopted in the design of the
subway tunnel in order to avoid the response frequency equal to the natural frequency. It could result
in resonance causing kinds of calamity, such as the
instability of the subway tunnel, the fissure of the
tunnel segments, etc.
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