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ABSTRACT: Shanghai subway Line No. 2 passes through the center of Shanghai from Songhong Road station
in the west to Zhangjianggaoke station in the east. The total length of Shanghai subway Line No. 2 is 25 km. Continuous dynamic monitoring is conducted by means of embedded earth pressure piezometers and pore piezometers around the tunnel. Based on continuous field monitored data and using the laboratory GDS (Global Digital
System) test apparatus, the developing law of the pore water pressure of the saturated silty clay around the tunnel is
explored with the distance. By the GDS test, the model of the increasing pore water pressure of the saturated silty
clay is put forward under the vibration loading. It is also amended by field monitored data.The pore pressure model
and characteristics of deformation of the saturated silty clay of Shanghai under the subway train are analyzed.
The result offers a valuable reference to the design, construction and the safe operation of the subway tunnel.

1

INTRODUCTION

The law of increasing pore water pressure under vibration loading is an important factor for the deformation
and strength of soil and is also the key to use effective
stress theory for the dynamic analysis. It is of primary
importance to predict correctly the changing law of
pore water pressure of soil. Researchers have studied
the increase and dissipation law of pore water pressure in sandy soil under vibration loading. Zeng et al.
(2005) and Guan et al. (2004) studied the characteristic of pore water pressure in silt and silty sand under
the cyclic loading and put forward the changing law of
pore water pressure. Zhou et al. (2002) and Pradhan
et al. (1998) tried to find the relation between the pore
water pressure and the path of strain and stress, and
summed up the effect on the development of the pore
water pressure in the liquefaction of the sandy soil.
Lee et al. (1975) and Shao et al. (2006) studied the
test parameters of deformation capability of the saturated sandy soil under the cyclic pore water pressure.
Li et al. (2005) analyzed the mechanism of liquefaction of silt, influence factors and the developing law
of pore water pressure of silt in the course of vibration. Guo et al. (2005) studied the effect of different
directions of the principal stress on the characteristic
of undrained circulation of saturated loose sand in the

course of vibration. Zeng et al. (2001) studied the
increase and dissipation law of saturated clay under
shock loading. Meng et al. (2004) studied the characteristic of dynamic response of pore water pressure in
saturated silty clay under shock loading. But there are
few researches on the developing law of pore water
pressure of saturated clay under the long term subway
vibration loading. The grain composition, mechanical
characteristics and moisture migration, etc. of the saturated silty clay are different from sandy soil. The speed
of the increase and dissipation of pore water pressure
under long-term subway vibration loading is relatively
slow and the developing law of pore water pressure is
also different from sandy soil. Based on continuous
field data and with the use of GDS in the laboratory,
this paper studies the law of the increasing pore water
pressure and deformation of the saturated silty clay
around the subway tunnel at different depths.
2

DYNAMIC MONITORING

In order to study the influence caused by the subway
vibration loading on the saturated silty clay around
the tunnel, the 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

769

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 and
a computer. The system can record all the sampling
data collected by the computer in real time.
Figure 1 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 No. 3, No. 4 and
No. 5 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
No. 1, No. 2, and No. 3 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
No. 1 and No. 2 is 3 m and that between No. 2 and
No. 3 is 2 m, so that there is a step-up course. Figure 2
shows the distribution of strata and instruments. In the
section, the subway tunnel lies in gray silty clay of
layer No. 4. 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.
3

to design the laboratory test. GDS (Global Digital
Systems) apparatus is used in the test, as shown in
Figure 3. It can monitor the test process at the real
time and collect data at high speed and store them. It
has merit of high precision, easy operation, reliable
results, etc. Its working principle is shown in Figure 4.
In the cyclic test, the soil samples are first saturated under back pressure. In order to simulate field
conditions to the utmost, the samples are consolidated under k0 condition. The confining pressure σh
is obtained by calculation according
 to the natural soil
strata, that is, σh = k0 σv (σv =
γi hi ). After consolidation, the cyclic triaxial test begins and the cyclic
stress σd should simulate the bearing dynamic loading
to the utmost.
Strain gauge
2.70m
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Under the natural stress, the stress state of the undisturbed saturated silty clay is in the k0 consolidation.
The response amplitudes and response frequency of
soil have not been studied under the subway vibration loading. In order to study the characteristics of
soil under the subway vibration loading, this paper
uses field monitored data and field investigation data
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Figure 2. Soil profile and embedded instruments.
Note: No. 1 layer is mixed soils; No. 2 layer is brown yellow
silty clay; No. 3 layer is gray mucky silty clay; No. 4 layer is
gray mucky clay; No. 5 layer is gray silty clay.
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Figure 1. Layout of boreholes (unit: mm).
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Figure 3. GDS system for dynamic multi-function
triaxial test.
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By the continuous dynamic field monitoring, plenty
of data of boreholes are obtained. By collecting, analyzing and arranging them, two kinds of response
frequency of soil are obtained when the subway train
runs across the site. The high frequency is 2.4 ∼ 2.6 Hz
and the low frequency is 0.4 ∼ 0.6 Hz. The test uses
the frequency of 2.5 Hz.
Moreover, the stress response amplitudes of soil at
different depths under the subway loading are obtained
by field monitoring. The maximum changing amplitudes of soil stress response 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 soil stress amplitude is approximately linear with
depth. Moreover, the stress amplitude in the rush hour
in the morning is larger than that in the evening which
is also larger than that at noon. The test adopts the
maximum stress amplitudes as reference for the worst
case in construction.
The field monitored data indicate that the soil
dynamic response around the tunnel under the railway
vibration loading is the cyclic response. Therefore, the
test uses the stress-controlled, cyclic loading module.
The scheme is shown in Table 1.
4

Under the different consolidated pressures, the pore
water pressures increases quickly along the straight
line under the original loading, then the curve bends.
The increase becomes slow. After a long-time, the
increase of pore water pressure becomes smooth.
Finally, the pore water pressure reaches the limit value.
The limit values of the three groups of pore water
pressure are 115 kPa, 160 kPa and 185 kPa, respectively. They are 80% of their effective confining
pressures.
From the above analysis, the increase of pore water
pressure can be divided into three obvious stages: the
sharply increasing stage, the slowly increasing stage
and the smooth stage, as illustrated in Figure 5(c).
1 Sharp increasing stage (AB)
After loading, the excess pore water pressure
increases rapidly in a straight line, and in a short
time (about 1300s, 3250 times of vibration), it
reaches 50% of the limit value. Then the increasing
speed attenuates rapidly with the increasing number
of vibration and at the end of the stage, it reaches a
stable value.
2 Slowly increasing stage (BC)
As a transition stage, the excess pore water pressure comes to a smooth stage from the sharply
increasing stage. The pore water pressure still
increases, but the increasing speed obviously
becomes slow.
3 Smooth stage (CD)
In this stage, the pore water pressure hardly
increases with the increase of the number of vibration. It reaches a stable value called the limit
value, which is about 80% of its effective confining
pressure.

DEVELOPING LAW OF PORE WATER
PRESSURE

Through the test data of GDS, the curve of pore water
pressure with increasing time is obtained, as shown in
Figure 5.

When the characteristics of silty clay are combined
with engineering conditions in Shanghai, Logistic
model of pore water pressure is put forward (the
correlation coefficient reaching over 0.99):

where N is the number of vibration; u0 is the annual
value of hydrostatic pressure; u is the limit value of
excess pore water pressure; N0 and p are regression

Figure 4. Working principle of GDS.
Table 1. Scheme of undrained dynamic cyclic triaxial test.

Test
number

Sampling
depth(m)

Simulating
depth(m)

Axial
pressure
(kPa)

Confining
pressure
(kPa)

Back
pressure
(kPa)

Dynamic load
amplitude
σ(kPa)

Circular
stress ratio
CSR∗

Frequency
(Hz)

D1
D2
D3

8.0 ∼ 9.0
11.0 ∼ 12.0
13.0 ∼ 14.0

8.5
11.5
13.5

155
220
250

130
180
200

80
110
130

0.23
0.7
1.15

0.001
0.003
0.006

2.5
2.5
2.5

∗

The formula of circulars stress ratio: CSR =

σ
2σ ′

(Tang, 2003), with σ ′ =
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σ1 + σ2 + σ3
3

=

σ1 + 2σ3
3

(σ2 = σ3 ).

Table 2. Parameter table of the model.
Number u0
D1
D2
D3

ut

N0

p

Corresponding
coefficient

78.96 128.22 8125.4 0.43 0.9933
106.44 173.00 6383.2 0.59 0.9979
132.94 191.73 2130.0 0.65 0.9978

pressure under the subway loading is shown in Figure 6. y Axis (unit: kPa) is the response value of pore
water pressure and x axis (unit: s) is time. According to
the calibration coefficients, it is transformed into the
curve of excess pore water pressure with the number
of vibration, as shown in Figure 7.
Compared Figure 7 with Figure 5 (b), the increasing speed of the field monitored pore water pressure
is slower than that of the test, and the increasing
amplitude is also slower. The main cause is the size
effect and the difference between the field test and the
laboratory one. The coefficient c is used to amend the
developing model of pore water pressure in Formula
(1) and the amending model is obtained:

where C is the amending coefficient.
Substituting the field monitored pore water pressures at 8.5 m, 11.5 m and 13.5 m and their number
of vibration into Formula (2), we have the value of c,
0.0350 for D1, 0.2112 for D2 and 0.2975 for D3.
Similarly, the depth of 11.5 m is chosen as an example. The amending parameter is substituted in Formula
(2) and the fitting curve is obtained. The fitting curve
is compared with the monitored curve and the result
is shown in Figure 8. From the figure, the value of
excess pore water pressure in Formula (2) is close to
the monitored value and they are fitting well.
The field monitored data indicate that the excess
pore water pressure is not big when the subway train
is running across. Then it dissipates quickly. The interval of the subway train is 3 ∼ 5 minutes, when the
excess pore water pressure can almost be dissipated.
That is, basically, the excess pore water pressures produced by the two adjacent trains can not be superposed.
Therefore, the developing law is at the initial stage of
Formula (2) only, that is, the sharply increasing stage.

Figure 5. The increasing pore water pressure with time.

parameters, which are obtained by regression analysis
for test data, as shown in Table 2.
5

FITTING OF FIELD MONITORING DATA

The depth of 11.5 m is chosen as an example. The
changing curve of the field monitored pore water

6

DEFORMATION OF THE SATURATED
SILTY CLAY

The model can be used to predict the excess pore
water pressure when the subway is running across and
the deformation and the change of stress of soft clay
around the tunnel are analyzed by the effective stress
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Figure 6. The oscillogram of field pore water pressure at 11.5 m.

Figure 7. The curve of excess pore water pressure and
number of vibration.

Figure 8. The compared curve of field monitoring data and
fitting data.

theory. They offer a theoretical reference to the subway
operation.
The energy of the subway loading is delivered to
the soil by the side wall of the tunnel and the lining.
The sensitivity of pore water is more than that of the
grains skeleton. At the start of the subway loading,
pore water absorbs all the energy of the subway loading, which results in the rapid decline of the effective
principal stress of the saturated silty clay and the elastic discharge of the texture cell of the soil. With the
increasing number of vibration of the running way,
the effective principal stress of the saturated silty clay

reaches a steady value gradually and the texture cell
of soil starts to bear the energy of the subway loading.
The weak connection of the soil cell starts to become
loose and breaks and slight cracks occur, but the soil
cell is still integrated. With accumulating energy, the
crack of the soil cell expands gradually and the big
soil cell splits into small soil cell and crumb. The shear
zone occurs in a place of serious breaking. The small
soil cell and crumb in the shear zone are crushed and
deformation occurs. The accumulation of microcosmic deformation results in the deformation of the axis
of the subway and the ground settlement.
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The data monitored show that the axial settlement
of the subway Line No. 1 exceeds 20 cm in some tunnel sections, which greatly affects the running of Line
No. 1 and causes some old houses cracking. With the
lapse of time, plastic deformation and large asymmetrical settlement occur on the bottom of the subgrade,
which will affect the subway running and will possibly
result in ground settlement, instability of the building
foundation near the subway, cracking and inclining of
the building, etc. Although no large deformation of
soil occurs ate the side wall of the tunnel in a period
of time, but a perceptible deformation occurs possibly
at the side wall of tunnel with the passing of time of
the subway working.

7

CONCLUSIONS

This paper uses field monitored data as a parameter for the GDS test. This guarantees the reality of
test conditions. Logistic model of pore water pressure at different depths is put forward. The increase
of pore water pressure can be divided into three obvious stages: the sharply increasing stage, the slowly
increasing stage and the smooth stage. The model is
compared with field monitored data, finding that the
increasing speed of the field monitored pore water
pressure is slower than that of the test and that the
increasing amplitude is also slower. The main cause
is the size effect and the difference between the field
test and the laboratory one. Then, the parameter c is
used to amend the developing model of pore water
pressure and the amending model is obtained. It can
be used to predict the increase of pore water pressure when the subway train is running across. The
effective stress theory can be used to analyse the deformation and the change of stress of silty clay around
the tunnel. The result offers a theoretical reference to
the failure mechanism of the saturated silty clay, the
axial deformation of the subway tunnel and the ground
settlement.

ACKNOWLEDGEMENTS
This work are supported by the research grant
(40372124) from National Natural Science Foundation of China, Shanghai Key Subject (Geotechnical Engineering) Foundation and Shanghai Leading
Academic Discipline Project (Project Number: B308).
REFERENCES
Guan, Q.M., Zhou, S.H. & Wang, B.L. 2004. Variation of
pore pressure and liquefaction of soil in metro.Chinese
Journal of Geotechnical Engineering 26(2): 290–292 (in
Chinese).
Guo, Y., Luan, M.T., He, Y. & Xu, C.X. 2005. Effect of variation of principal stress orientation during cyclic loading on
undrained dynamic behavior of saturated loose sands. Chinese Journal of Geotechnical Engineering 27(4): 403–409
(in Chinese).
Lee, K.L. & Focht, J.A. 1975. Strength of clay subjected to
cyclic loading. Marine Geotechonolgy 3(2):165–168.
Li, L.Y., Cui, J., Jing, L.P. & Du, X.L. 2005. Study on liquefaction of saturated silty soil under cyclic loading. Rock
and Soil Mechanics 26(10): 1663–1666 (in Chinese).
Meng, Q.S. & Wang, R. et al. 2004. Pore water pressure mode
of oozy silty clay under impact loading. Rock and Soil
Mechanics 25(7): 1017–1022 (in Chinese).
Pradhan, T.B.S., Tatuoka, F. & Sato, Y. 1989. Stress dilatation
of sand subjected to cyclic loading. Soil and Foundation
29(1):35–46.
Shao, L.T., Hong, S. & Zheng, W.F. 2006. Experimental study
on deformation of saturated sand under cyclic pore water
pressure. Chinese Journal of Geotechnical Engineering
28(4): 428–431 (in Chinese).
Zeng, C.N., Liu, H.L., Feng, T.G. & Gao,Y.F. 2005. Test study
on pore water pressure mode of saturated silt. Rock and
Soil Mechanics 26(12): 1963–1966 (in Chinese).
Zeng, Q.J., Zhou, B., Gong, X.N. & Bai, N.F. 2001. Growth
and dissipation of pore water pressure in saturated silty
clay under impact load. Chinese Journal of Rock Mechanics and Engineering 20(1): 1137–1141 (in Chinese).
Zhou, H.L. & Wang, X.H. 2002. Study on the pore water
pressure of saturated sand in dynamic triaxial test. Journal
of the China railway Society 24(6): 93–98 (in Chinese).

774

