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ABSTRACT: Non-uniform excessive tunnel settlements and relatively small tunnel heaves have been
observed along Shanghai Metro Lines 1 and 2 over the last 15 years. Tunnels of the Metro lines were
constructed using an Earth Pressure Balance (EPB) machine. It is well-known that significant long-term
tunnel settlements may pose a threat to the serviceability and safety of the underground metro systems.
However, the mechanisms of the observed large long-term tunnel settlements up to 144 mm at some stations are still not fully understood. In this paper, measured tunnel settlements of the 16.4 km long Metro
Line 2 from 1999 to 2007 are studied together with groundwater pumping records from 1920s. Four possible causes including the effects of tunnel construction, secondary compression of soft clay, cyclic loading due to running trains, and groundwater pumping for the observed large tunnel settlements at some
stations are investigated based on desk study, results of static and cyclic laboratory tests and coupled
consolidation finite element analyses. The likely mechanism for the observed long-term tunnel settlement
is identified and discussed.
1

INTRODUCTION

1

3

7

Shanghai is the largest financial centre in China with
a population of about 23 millions. In order to alleviate the increasingly severe congestion problems in
this city, underground metro network has been developed in stages in Shanghai. Since the first metro line
(Line 1) was started in operation in 1995, there are
11 metro lines (excluding the Shanghai Maglev airport link) and 267 stations built. All tunnels of these
11 metro lines were driven using an Earth Pressure
Balance (EPB) machine. The external diameter (D)
of tunnel is typically 6.2 m and is located at relatively shallow depths (about 13 m below ground) in
soft clay. The total length of tunnels in operation is
410 km in 2010 (see Fig. 1), making the Shanghai
metro network the longest in the world. It is anticipated that a total of 510 km long of track will be in
operation by 2012 and further increased to 877 km
long by 2020.
Since the operation of Metro Lines 1 and 2,
non-uniform tunnel settlements and heaves have
been observed at various stations along the two
lines. Water leakages at various joints of concrete
linings were observed resulting from excessive tunnel settlements along the two lines (see Fig. 2). It
is well-recognized that excessive tunnel settlements
may lead to structural cracking and tunnel misalignment, which greatly affect the safety of under
ground metro system (Schmidt and Grantz, 1979;
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Figure 2. Typical leakage at joints of metro tunnels in
Shanghai.
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Grantz, 2001a). Dalgıç (2002) monitored and
reported the deformation of Bolu rock tunnel.
It was found that considerable tunnel settlement
developed in a thrust fault zone (poor ground
condition) during construction. Grantz (2001)
reported long-term tunnel settlements of several
rectangular immersed tunnels during operation.
The author proposed some possible reasons for the
observed large tunnel settlements such as extraction of water gas and oil from underlying strata,
poor subsoil conditions and large tidal variations.
In this paper, measured non-uniform tunnel settlements and heaves along the 16.4 km Metro Line 2
(Phase I) between December 1999 and May 2007
(i.e., 7.5 years) are studied and discussed. Some
possible causes investigated (see Fig. 3) to explain
the observed large long-term tunnel settlements
include the effects of tunnel construction, secondary compression of soft clays, cyclic loading due
to running trains, and groundwater pumping in
aquifers. Based on desk study of tunnel settlements
and groundwater pumping records, laboratory static
and cyclic element test results, and coupled consolidation finite element analyses, the likely principal
mechanism leading to the observed large long-term
tunnel settlements is identified and verified.
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Figure 4. Locations of Shanghai Metro Line 2 (Phase I)
and 11 boreholes along sections A-A and B-B.

31 stations connected by 60 km long track, running
from the Puxi area in the west, across the Huangpu
River underneath, to the Pudong area in the east.
For the construction of metro lines in Shanghai,
various deep boreholes (over 300 m) were sunk. The
locations of 11 boreholes, BH1 to BH11, along sections A-A and B-B are also shown in the figure.
Figure 5(a) shows the geological profile along
section A-A. The geology consists mainly of alluvial and marine sediments deposited during the
Quaternary period (Shanghai Geology Office,
1979). The 300–350 m thick deposits contain six
clayey strata sandwiched by five aquifers (i.e., sand
deposits). They were formed under alternating
warm and cold climates and changes of sea levels during the last three-million years. It can be
seen that the uppermost three aquifers are interconnected at some locations. For Aquifer IV, the
thickness varies from place to place.
The geological profile along section B-B is
shown in Figure 5(b). The location of Metro Line 2
is projected and indicated on the section for illustrative purposes. Since the depth of the tunnel axis
is about 13 m below ground surface, the C/D ratio
is approximately 1.6, where C is the cover depth
of the tunnel. Similar to section A-A, the geology
along section B-B also consists of sandwiched alluvial and marine sediments, comprising six clayey
layers, which are sandwiched by five aquifers
(i.e., sand deposits). Considerable variations of the
thickness of each soil layer can be seen. The thickness of each soil layer is not known for sure. The
main ground water table is generally located at 1 m
below ground surface in Shanghai. Figure 6 shows

GEOLOGICAL CONDITIONS AND SOIL
PROPERTIES ALONG METRO LINE 2
Geological conditions

Shanghai is located on the Yangtze River delta in
the eastern part of China. Figure 4 shows the location of Metro Line 2 (Phase I). The construction of
Phase I was started in December 1995 and completed
in February 1999. The Metro consists of 16.4 km
long twin tunnels running from the Zhongshan Park
in the west to Longyang Road in the east. A total
of 12 stations are available for Phase I at an average interval of 1.4 km along the line. Subsequently,
Line 2 has been extended to include a total of
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Figure 5. Shanghai geological profiles: (a) along section A-A; (b) along section B-B (from Shanghai Geology
Office, 1979).
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Typical soil profile and properties in Shanghai (modified from Chai et al., 2004).
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a typical soil profile and properties in Shanghai.
The uppermost stratigraphy (top 50 m of soils) is
mostly encountered in engineering practice. It generally consists of 2 m thick of fill underlain by a
soft clay layer ranging from 3 to 22 m. It should be
noted that Metro Line 2 is located in this soft clay
layer. The soft clay is followed by a layer of 20 m
thick silty sand/fine sand layer and then followed
by a 20 m thick silty clay stratum. The first finemedium sand (Aquifer I) is located at about 40 m
below ground. Although the depth and thickness
of each aquifer can vary considerably from place
to place, Aquifers, II, III, IV and V may be found
at 60 m, 110 m, 170 m and 260 m below ground,
respectively.
As shown in the figure, unit weight (γt) of soils
decreases from 19 kN/m3 near ground surface to
17 kN/m3 at 22 m in the soft/silty clay layer, and it
then increases to 20 kN/m3 at about 150 m and it
remains almost constant thereafter. Over the upper
50 m, the measured natural water contents (wn) are
close to the liquid limit of each soil, suggesting the
soft and compressible nature of the soils. The variations of measured void ratio (e0) and compression
index (Cc) with depth are consistent with the profiles of γt and wn. Below 50 m, measured natural
water content of clayey soils decreases with depth
and it reaches its corresponding plastic limit at
150 m below ground. As illustrated in the figure,
the variations of vertical permeability (kv) of soft
clay layer fall between 10−7 and 10−9 m/s, whereas
the kv value for silty sand/fine sand can be as high
as 10−4 m/s.
2.2
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Figure 7. Comparison of Cα /Cc value of Shanghai Clay
with other soft clays worldwide (Ng et al., 2011).

By comparing the Cα /Cc values ranging from 0.01
and 0.07 (Terzaghi et al., 1996) for a variety of
natural geo-materials and the comparisons shown
in the figure, it is clear that the Shanghai clay does
not exhibit distinctive large secondary compression
characteristics as commonly assumed by many
researchers and engineers in the mainland China.
On the contrary, the secondary compressibility of
Shanghai soft clay is low.
To further compare and quantify the secondary compressibility of the Shanghai soft clay, the
coefficient of secondary compression defined as
εα = Cα /(1 + e) is adopted. As suggested by Mesri
(1973) (see Table 1), geotechnical materials may
be classified ranging from very low to extremely
high secondary compressibility based on the values of εα.
Figure 8 shows relationship of εα versus natural water content wn for natural Shanghai clay. For
comparisons, other 13 different natural soil deposits are also included in the figure. It can be seen
that the coefficients of secondary compression of
Shanghai clay fall within the range of 0.2%–0.8%,
which can be classified by Mesri (1973) as a soil
with low to medium secondary compressibility
as indicated in Table 1. The laboratory measured
results on the natural clay are consistent with
measured ground settlements due to deep excavations in Shanghai (Liu et al., 2005). The measured
low to medium εα values of the Shanghai soft clay
seem to imply that any observed long-term soil and
tunnel settlements are not likely attributed to the
low secondary compression characteristics of the
clay. More discussion is given in section 5.2 later.

Secondary compressibility of soft clay

In order to investigate long-term tunnel settlement mechanism of Metro Line 2 located in the
first soft clay layer, block samples with dimensions
of 300 × 300 × 300 mm3 were taken at depths of
8.5 m and 15.5 m from a basement in Shanghai.
One-dimensional consolidation and secondary
compression tests on natural clay samples were
carried out in accordance with BS 1377-5 (BSI,
1990) in standard oedometers using a steel ring of
69 mm internal diameter and 19 mm height. Two
conventional Incremental Loading (IL) tests and
four long-term consolidation tests up to 70 days
were carried out on the natural soft clay specimens.
For comparisons, an IL test was also performed
on a reconstituted specimen prepared according to
the procedures suggested by Burland (1990).
Figure 7 compares measured secondary compression indices (Cα ) of the Shanghai soft clay with
four other different natural soft soils published in
the literature. It can be seen from the figure that
average ratios of Cα /Cc are 0.034 and 0.030 for natural and reconstituted Shanghai clay, respectively.

2.3 Cyclic triaxial tests on soft clay
In order to investigate the effects of running trains
on compression of soft clay and hence any possibility of induced tunnel settlement, cyclic triaxial
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Table 1. Classification of soils based on secondary
compressibility (from Mesri, 1973).
Secondary compressibility

<0.2
0.4
0.8
1.6
3.2
>6.4

Very low
Low
Medium
High
Very high
Extremely high

Axial strain εa (%)

εα (%)

0.3

εα=Δε/Δlogt (%)

Excess pore pressre Δu (kPa)

(1) Whangamarino Clay (Newland and Allely,1960)
(2) Mexico City Clay (Leonards and Giroult, 1961)
(3) Amorphous and Fibrous Peat (Lea and Brawner, 1963)
(4) Calcareous Organic Silt (Wahls, 1962)
(5) Leda Clay (Crawford, 1965)
(6) Norwegian Plastic Clay (Bjerrum, 1967)
(7) Bothkennar Clay (Nash et al, 1992)
Natural Shanghai Clay
3
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Figure 9. Development of (a) axial strain with number
of cycles; (b) excess pore pressure with number of cycles
(modified from Liu, 2006).
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Consistently with the observed small cumulative strains, measured excess pore pressures (Δu)
for the tests under two lower CSRs of 0.18 and
0.35 are fairly limited, i.e., only up to about 15 kPa
after 10,000 cycles of compression at 1 Hz (see
Figure 9(b)). On the other hand, measured Δu
increases continuously with number of cyclic compression at a CSR of 0.53 and excessive pore water
pressure reaches about 40 kPa at 10,000 cycles
without showing a clear sign of reducing Δu during each cycle.
According to the reported cyclic test results
shown in Figures 9(a) and (b), it is not difficult to
deduce that running trains would have a minimal
effect on the accumulation of axial strains and
hence any significant long-term soil and tunnel settlements in Shanghai soft clay, if CSR induced by
running trains is low. Some more details are given
and discussion in section 5.2 later.

(8) Canadian Muskeg (Adams, 1965)
(9) Organic Marine Deposits (Keene,1965)
(10) Boston Blue Clay (Horn and Lambe, 1965)
(11) Chicago Blue Clay (Mesri, 1973)
(12) Organic Silty Clay (Jonas, 1965)
Organic silt, etc. (Moran et al., 1958)
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Figure 8. Comparison of secondary compression
index of Shanghai soft clay with other clays worldwide
(Ng et al., 2011).

tests were carried out by Liu (2006) in Tongji
university. Natural soft clay samples were taken at
about 10 m depth from a basement. Three cyclic
tests with different cyclic stress ratios (CSRs), i.e.,
ratio of cyclic deviatoric stress to undrained shear
strength, of 0.18, 0.35, and 0.53 were carried out
by using a GDS multi-function dynamic triaxial
apparatus. The undrained shear strength of the
clay was 57 kPa. The sizes of each specimen were
39 mm in diameter and 89 mm in height. Each
specimen was subjected to 10,000 cycles of oneway undrained compression at 1 Hz.
Figure 9(a) shows the development of axial
strain with number of cycles of compression. At
lower CSRs of 0.18 and 0.35, each specimen tends
to reach a steady value of axial strain (less than
0.05%) after about 1,000 cycles of compression at
1 Hz. On the contrary, the specimen subjected to
CSR of 0.53, its axial strain keeps increasing and
fails to reach a steady value even after 10,000 cycles
of compression.

3 METHOD OF TUNNEL CONSTRUCTION
AND INSTRUMENTATION
3.1

Method of tunnel construction

The EPB tunnelling method has been used to drive
all metro tunnels in Shanghai so far. The diameter and length of each EPB shield are 6.34 m
and 6.24 m, respectively. Compensation grouting
was often undertaken to minimize ground surface
settlements and to control volume losses ranging
from 0.5% to 2% (Chen et al., 2008).
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Figure 10 shows a typical cross-section of
precast reinforced concrete tunnel lining for Metro
Line 2. Each tunnel lining consists of six concrete
segments bolted together by 12 and 17 steel bolts
in the circumferential and longitudinal directions
(Lee et al., 1999). The length and the thickness
of each concreted lining are 1.0 m and 0.35 m,
respectively.
3.2
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160 m

Various instruments were installed to monitor
groundwater pressures, surface, subsurface and
tunnel settlements. Figure 11(a) shows the layout
of instrumentation adopted in this study. To record
water pressure in each aquifer, a standpipe piezometer was used. Monitoring of ground surface settlements was carried out by precise levelling of
markers installed at spacing of about 1 km along
the metro line. To measure compression of a soil
stratum (either a clay layer or an aquifer), a pair
of rod extensometers were placed at the top and
bottom of each soil stratum. A schematic diagram
of a rod extensometer is shown in Figure 11(b).
Depending on the depth and thickness of a soil
stratum to be measured, the length of extensometers varied in different boreholes in which they
were installed. Depending on the length of each
extensometer required, up to three different diameters of steel rods were installed to cover the depth
of each borehole.
For measuring tunnel settlements, stainless steel
levelling points as illustrated in Figure 10 were set
up in the middle of each concrete track. These levelling points were placed approximately at every 25 m
along the longitudinal axis of an entire length of
each tunnel of Metro Line 2. To minimize the influence of general ground settlements, benchmarks
for measuring tunnel settlements were installed in
the bedrock underneath Line 2. The monitoring
of Metro Line 2 was started from December 1999
and the frequency of monitoring was once about
every six months. The last tunnel settlement record
obtained for this paper is May 2007.
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Figure 11. (a) Layout of instrumentation and estimated
geological profile from BH3 and BH9; (b) Schematic diagram of a rod extensometer.

MEASURED LONG-TERM TUNNEL
SETTLEMENTS AND HEAVES

Figure 12(a) and (b) show measured tunnel settlements and heaves along the east and west bounds
of Metro Line 2, respectively. The Zhongshan
Park station is taken as the reference for chainage
Calculations. Non-uniform vertical tunnel movements (i.e., settlements and heaves) can be found
consistently at any chainage of both tunnels. As the
distance between the eastbound and the westbound
tunnels is only about 17 m apart, it is not surprising to observe such similar trends and magnitudes
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of tunnel movements at each chainage of the two
bound tunnels. The maximum measured tunnel settlements of the eastbound and the westbound are
144 mm and 133 mm at chainage 6.1 km (near the
People square station) in May 2007, respectively.
It should be noted that the monitoring of tunnel
settlement of Line 2 was started from December
1999, i.e., nine months after tunnel construction.
Therefore, the actual tunnel settlements could be
even larger than the measured values.
Although non-uniform tunnel settlements are
not surprising along Metro Line 2, there are four
unusual locations where tunnel settlements are
generally smaller than 25 mm (marked by arrows
in Figure 12(a)). These observed tunnel settlements are even smaller than the measured shortterm consolidation settlements (90 days) reported
by Lee et al. (1999) near the People square station
of Metro Line 2. There is no sufficient evidence
to suggest that the geological conditions (see
Figure 5(b)) at these four locations are greatly different from those of others. This is because the
distance between boreholes is too far apart. These
unusual small tunnel settlements are difficult to be
understood and explained.
On the contrary, initial upward tunnel heaves
were measured at several chainages as shown

in the figures. The maximum measured tunnel
heaves of the eastbound and the westbound are
8.9 mm and 11.8 mm at chainages 12.4 km and
14.0 km in March 2000 (i.e., within 13 months
after tunnel construction), respectively. These initial tunnel heaves might be attributed to unloading effects induced by nearby underground
construction activities like excavation in these
areas. From July 2000 onwards, the observed
tunnel heaves began to settle, probably because
of clay consolidation.
For assessing the serviceability and safety of a
tunnel, it is more important and relevant to investigate differential rather than total settlements of
a tunnel. Along Metro Line 2, four critical chainages with maximum gradients (i.e., 0.11%, 0.09%,
0.08%, and 0.13%) of differential tunnel settlements are indicated in Figure 12(a). The gradient or angular distortion is defined as differential
tunnel settlement between two consecutive measurements divided by the distance between them.
Grantz (2001) reported that water leakage was
found at joints of an immersed Baytown tunnel
where the gradient of differential tunnel settlement
was 0.16%, which is slightly larger than the maximum value of 0.13% observed in Metro Line 2 up
to May 2007. Although the magnitude of angular
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5

distortion that Metro Line 2 can resist without
inducing leakage is not known, one should perhaps
pay attention to its increasing trend.
To investigate consolidation settlement
behaviour of Metro Line 2, the locations where
large settlements were measured, the People
square station and Lujiazui station at chainages 6.1 km and 8.7 km, are selected respectively.
Figure 13 shows the variations of tunnel settlement with logarithm of time at these two selected
stations over a period of 7.5 years. It appears that
the observed tunnel settlements just reached the
end of primary consolidation stage. Since longterm monitoring data of tunnel settlement is
rarely available in literature, ground surface settlement over tunnel at Grimsby (O’Reilly et al.,
1991) located in soft clay is also included in the
figure for comparisons. It can be seen that the
measured tunnel settlements of Metro line 2 at
the two selected stations are significantly larger
than the measured long-term ground surface settlements over the Grimsby tunnel. Given that
tunnel settlement is generally smaller than the
corresponding ground surface settlement, the
difference of tunnel settlements at Grimsby and
Shanghai should be even larger. This seems to
suggest that the observed large tunnel settlements in Shanghai would not possibly be caused
by consolidation of the soft clay only.
It is worth noting that the rate of tunnel settlement for Metro Line 2 appears to decrease from
2004. Taking the People square station (at chainage
6.1 km) as an example, the eastbound tunnel settled
83 mm for the first 4.5 yeas since December 1999
(or 18.4 mm/year). For the period between 2004
and 2007, tunnel settlement only increased from
83 mm to 113 mm (or 10 mm/year). The reduction
in the rate of tunnel settlement is attributed to the
reducing amount of ground water pumping from
Aquifer IV. Details are discussed later.

POSSIBLE MECHANISMS OF LONGTERM TUNNEL SETTLEMENTS

5.1 Effect of tunnel construction on long-term
tunnel settlement
Tunnelling in soft clay would inevitably cause
soil disturbance leading to settlements. In addition, consolidation of pressurized grouting material during construction may give rise to tunnel
and ground surface settlements. To investigate the
effect of EPB shield tunnelling on ground surface
settlements, a cross section near the People square
station of Metro Line 2 (see Figure 4) was heavily
instrumented and monitored during its construction (Lee et al., 1999).
Figure 14 shows the development of ground surface settlement with time. According to the observed
ground surface settlement, Lee et al. (1999) identified and divided the influence of tunnel construction process into five phases, namely, Phase I—the
approach of tunnel shield; Phase II—the passing of shield body; Phase III—tail void closure;
Phase IV—consolidation of grouted material and
disturbed soils; and Phase V—secondary consolidation of disturbed soils. As illustrated in the
figure, the majority of ground surface settlement
occurred in the first 60 days after the EPB shield
body passed the monitoring section (Phase IV).
Since compensation grouting was adopted at this
station, the settlement occurred during this period
was mainly caused by consolidation of grouted
material and disturbed soils. The consolidation
was reported to cease about 60 days after the shield
body passage (Lee et al., 1999). Due to the secondary consolidation of disturbed soils, a further
small ground surface settlement was observed. It is
evident that the primary consolidation of grouted
materials and disturbed soils was almost completed
within two months after tunnelling and the effect
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of secondary consolidation of soft clay was not
significant. Three months after tunnel construction, the observed total ground surface settlement
was less than 25 mm. Based on the observations
made near the People square station as reported by
Lee et al. (1999), the effects of tunnel construction
alone cannot explain the large observed long-term
tunnel settlements of 144 mm and 133 mm in the
eastbound and westbound tunnels at the People
square station over a period of 7.5 years, respectively (see Figures 12(a) and (b)).
5.2

in Shanghai over the last 90 years. Therefore,
Shanghai has been severely suffered from excessive
land subsidence due to groundwater pumping.
As illustrated in Figure 5(b), Metro Line 2 is
located in the top soft clay stratum, which is underlain by Aquifers (I–IV) and other clay deposits. It
is expected that pumping groundwater from these
aquifers would inevitably result in compression
of aquifers and consolidation settlements of clay
layers, inducing tunnel settlements. In order to
explore whether groundwater pumping from aquifers is the main reason for the observed large tunnel settlements at the Lujianzu and People square
stations, measurements from extensometers and
standpipe piezometers installed at location F (refer
to Figure 4), which is the closest monitoring point
to these two stations, are studied. Based on the
geological information obtained from BH3 and
BH9, which are the two closest ones to location F,
the estimated geological profiles and thickness of
each soil stratum shown in Figure 11(a) are used in
the interpretation and analysis of long-term tunnel
settlements at the two stations in this paper.

Effects of secondary compression of soft
clay and cyclic loading on long-term tunnel
settlement

Based on the results of 70-day one-dimensional
consolidation tests on natural block samples
described in section 2.2, the secondary compression
(or creep) characteristics of Shanghai soft clay may
be classified as a soil with low to medium secondary compressibility as suggested by Mesri (1973)
(see Table 1). This finding and classification are
consistent with field monitoring results of an excavation in Shanghai by Liu et al. (2005) who found
that ground settlements were mainly caused by dissipation of excess pore pressures rather than the
secondary compression or creep during a period of
60 days. Further evidence is also provided by Lee
et al. (1999) that the effects of secondary compression of Shanghai soft clay on tunnel settlement are
not significant. It is therefore reasonable to conclude that the secondary compression of Shanghai
soft clay should not be the main cause of the
observed large long-term tunnel settlements.
In Shanghai, each running train for Metro Line 2
generally consists of eight carriages. Each carriage is 22.8 m long and 3 m wide with a weight
of 54,500 kg. Hence, an estimated cyclic loading
due to passing trains is about 8 kPa. Given that
the undrained shear strength of Shanghai soft clay
is 57 kPa, an estimate of CSR is 0.14. Comparing
with the cyclic test results at CSR of 0.18 shown
in Figure 9, it is reasonable to conclude that the
effects of cyclic loading imposed by passing trains
on cumulative strains and excess pore pressures
should not be significant. Therefore, cyclic loading imposed by running trains cannot be the major
reason for the measured large tunnel settlements
along Metro Line 2.
5.3

5.3.1 Measured groundwater pressure heads
and compressions of soil layers
at location F (1985–2007)
Prior to 1965, groundwater pumping was mainly
taking place in Aquifers II and III for industrial
uses in Shanghai (Shi et al., 2008). Due to excessive ground subsidence observed, pumping in these
two upper aquifers was greatly reduced, leading to
the recovery of groundwater (and hence pressure
heads) in these two aquifers. To meet the increasing demands of water, however, major groundwater extraction was turned to Aquifer IV after 1965.
Figure 15(a) shows the variations of measured
pressure head of each aquifer by standpipe piezometers from 1985 to 2007. It can be seen that the
measured pressure heads in Aquifers I to III are
fairly consistent and they have remained almost
unchanged till 1990. These measured heads suggest that the main ground water table was located
a few metres below ground surface and hydrostatic
down to a depth of about 160 m (i.e., Aquifer III)
below ground. Subsequently, the measured pressure heads decrease slightly due to groundwater
extraction in these aquifers afterwards.
For Aquifer IV, the measured pressure head was
about 13 m below ground in 1985 due to major
groundwater extraction started in 1965 and it
declined significantly and reached its lowest level
of about 32 m below ground surface in 1997. However, it gradually recovered, especially between
2004 and 2007 during which the pressure head
increased by four metres. The recovery of pressure
head was attributed to the reduction of groundwater extraction.

Effect of groundwater pumping on long-term
tunnel settlement

Due to shortage of water resources, groundwater pumping in Aquifers (I–IV) has been the
main vehicle to sustain industrial and economical
growth, and to provide potable water for people
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(m below ground surface )

1985
0
Measured pressure head

Regarding the compressions of the 40 m thick
soft clay and 30 m thick of silty clay, their responses
are generally similar and consistent with the measured groundwater heads in Aquifers I and II. This
is because they are sandwiched with these two
sand layers. By comparing with the compression
(i.e., 218 mm) of Aquifer IV in 2007, the measured
compression in either clay layer was only about
50 mm (less than 25% of that in aquifer), suggesting that the observed large tunnel settlements were
unlikely caused by the primary and secondary consolidation of these two clay strata.

Year

(a)
1990

1995

2000

2005

2010

10
20
30
40

Aquifer
Aquifer
Aquifer
Aquifer

50

Compression (mm)

(b)

0
50

(1993)

100

Estimated
Soft clay (40 m)
Silty clay (30 m)
Aquifer (10 m)
Aquifer (30 m)
Aquifer (40 m)
Aquifer (60 m)

150
200
250

5.3.2

Comparison of ground surface settlements
and tunnel settlements of Metro Line 2
(2001–2005)
Figure 16(a) and (b) show contours of measured ground surface settlement and tunnel settlements from 2001 to 2005 along Metro Line 2,
respectively. It is generally recognized that ground
surface settlement are mainly caused by groundwater pumping from aquifers in Shanghai
(Chai et al., 2004; Shi et al., 2008). It can be seen
from the figures that measured ground surface
settlements are fairly consistent with tunnel settlements. The consistency of these two independent
sets of measurements is vital since it provides the
authors more confidence in the measured tunnel settlements. For instance, along the route of
Line 2 from A (i.e., West Nanjing Road Station) to
B (i.e, Shanghai Science and Technology Museum
Station), two large settlement zones (i.e., SC1 and
SC2) can be identified in Figure 16(a). Similarly,

(2004)

Figure 15. (a) Measured pressure head of each aquifer;
(b) Measured compressions of soil layers at location F.

Figure 15(b) shows the corresponding measured
compression of each soil layer by extensometers
over the same period. The numeric number following each soil type denotes an estimated thickness
of each stratum. As expected, the largest compression occurred in Aquifer IV, apparently consistent
with the significant declining of pressure head in
this sand layer. Despite of the large reduction of
pressure heads prior to 1997 due to groundwater
extraction, the compression of Aquifer IV, similar
to those in Aquifers I–III, appeared to be relatively
mild and it varied fairly linearly with time until
1993. This sand stratum seemed to compress elastically resulting from a reduction in groundwater
pressure. After 1993, however, the compression
of Aquifer IV increased significantly. The compression continued even though the groundwater pressure was recovered gradually after 1997.
This significant increase in compression may be
attributed to plastic yielding of the sand stratum.
However, the rate of compression seemed to slow
down after 2004. This is consistent with the development of tunnel settlements at the Lujiazui and
People square stations at which a reduction in the
rate of tunnel settlement was also observed after
2004 (see Figure 13).
Comparing with the compression of Aquifer
IV, the magnitude of compressions in Aquifers I,
II and III are substantially smaller. The response
of these three sand aquifers is consistent with the
pressure changes as shown in Figure 15(a), suggesting elastic behaviour of these three aquifers.

Figure 16. (a) Contours of measurd ground surface
settlements; (b) Measured tunnel settlement of eastbound
tunnel from 2001 to 2005.

30

large tunnel settlements can also be found close
to SC1 and SC2 (refer to Figure 16(b)). The largest
measured tunnel settlements at chainage 6.1 km
and 8.7 km, which are close to SC1 and SC2, are
95 mm and 73 mm, respectively (see Figure 16(b)).
These measured tunnel settlements correspond well
with the contours of ground surface settlement. As
the tunnels of Metro Line 2 are located at relatively
shallow depths, it is obvious that the ground surface and the tunnels would have settled simultaneously, due to the compressions of aquifers and clay
layers underneath Metro Line 2. Considering the
compression of Aquifer IV is the largest among
all soils (refer to Figure 15(b)), it is reasonable to
attribute the observed large ground surface and
tunnel settlements to the significant compression
of the aquifer. Details of the mechanism leading to
the significant compression are discussed and verified in the following sections.

re-loading stress path, i.e., no soil yielding was
expected and identified. This is consistent with the
results shown in Figure 17.
For Aquifer IV, a linear relationship is also
observed between compression and vertical effective stress from 1985 to 1993. However, the measured compression of Aquifer IV begins to increase
significantly after 1993.
Prior to the 1990s, the historical lowest pressure
head in Aquifer IV was 21 m below ground surface
as reported by Shi et al. (2008). Thus, the groundwater pumping to 22 m below ground surface in
Aquifer IV exceeded its lowest historical pressure in
1993 (refer to Figure 15(a)) and hence induced the
largest vertical effective stress in the sand stratum
(see insert in Figure 17), resulting in soil yielding. It
is reasonable to postulate that Aquifer IV yielded at
2,174 kPa in 1993. Subsequently, plastic compression in the aquifer occurred between 1993 and 1997
(see Figure 17) as groundwater pumping continued
until 1997. Despite there was a reduction of groundwater pumping in Aquifer IV giving rise to decreasing measured pressure head (see Figure 15(a)), the
aquifer compressed continuously even though its
vertical effective stress remained almost constant
between 1997 and 2004 and reduced subsequently.
The observed large compression after 1997 may be
caused by secondary compression of the aquifer.
If secondary compression indeed occurred
in Aquifer IV at location F, one would expect to
observe similar compression behaviour somewhere
else in Shanghai. Figure 18 explores and compares
measured vertical compressive strains of Aquifer IV at F and other two locations in Shanghai.
The shapes of compression curves of the aquifer
are very similar at these three locations and the
estimated yield stresses vary from 2,174 kPa to
2,205 kPa. Unlike what commonly assumed that
the compression of an aquifer is elastic, noticeable
plastic and secondary compressions were found in

5.3.3

Compression mechanism of aquifers
(1985–2007)
To investigate possible yielding of each aquifer, an
average vertical effective stress in each soil layer
is estimated. Figure 17 shows the relationship of
measured compression from 1985 to 2007 and corresponding estimated vertical effective stress of
each aquifer. Computed compressions by finite
element analysis shown in the figure are to be discussed later. For Aquifers I to III, measured compression of each aquifer increased linearly with an
increase in vertical effective stress, indicating the
uppermost three aquifers were elastic.
As reported by Shi et al. (2008), pressure heads
dropped to their lowest levels in Aquifers II and
III in 1965 (i.e., 30 m below ground surface) and
recovered to about 5 m below ground surface in
early 1970s. Thus, the increase in vertical effective
stress in Aquifers II and III between 1985 and 2007
due to groundwater pumping followed an elastic
Vertical effective stress (kPa)
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Figure 17. Relationship of measured compression and
estimated vertical effective stress of each aquifer (from
1985 to 2007).
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Figure 18. Comparison of compressions of Aquifer IV
at various locations.
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Aquifer IV in Shanghai. Besides these three sites,
similar phenomenon was also observed for several
other locations in Shanghai, where extensometers
and piezometers were installed (Zhang et al., 2006).
Therefore, it is evident to conclude that this type
of secondary compression behaviour may be a key
feature of Aquifer IV in some areas of Shanghai
and hence the large observed tunnel settlements
are mainly attributed to secondary compression of
this aquifer.
Due to insufficient tunnelling records and no
precise geological data available from largely
spaced deep boreholes, it is not clear to the
authors whether Aquifer IV is all inter-connected
in entire Shanghai or not. Also the thickness of
each aquifer is not known for sure since it varies from place to place. It is, therefore, not possible to investigate and explain with confidence in
observed small long-term tunnel settlements (less
than 25 mm) at some locations along the route of
Metro Line 2.
6
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Impermeable
Soft clay
Aquifer

Stiff clay
Aquifer
Stiff clay

Aquifer

NUMERICAL ANALYSIS OF SOIL
COMPRESSIONS AT LOCATION F

Stiff clay

x

In order to improve our understanding of the
observed large tunnel settlements and compression mechanism of aquifers, one-dimensional
coupled consolidation analysis of soil strata at
location F was carried out by using the finite
element software ABAQUS version 6.8 (2008) for
a period from 1920 to 2007 since it is known that
extensive ground water exploitation started from
1920 in Shanghai (Shi et al., 2008). Computed
results are discussed and compared with available
measurements of surface and tunnel settlements
and compressions of aquifers for the period from
1985 to 2007.
6.1

Aquifer

Impermeable

270 m

Silty clay

Impermeable

Figure 19. Finite element mesh and
conditions adopted in numerical analysis.

boundary

6.2 Constitutive models and parameters
In this study, each clay stratum and each sand layer
(MCC) and Drucker-Prager/Cap (DPC) models,
respectively.
For the MCC model, the gradient of normal
consolidation line, λ = 0.2 and the gradient of
swelling line, κ = 0.02 in e-ln p’ space for the soft
clay were deduced from one-dimensional consolidation tests on natural Shanghai Clay (Ng et al.,
2011). For the rest of clay stratum, λ and κ values
were estimated from compression index Cc provided by Chai et al. (2004). The slope of the critical stress ratio or M-line in p’-q space (where q is
deviatoric stress and p’ is mean effective stress) and
Poisson’s ratio υ were assumed to be 1.24 and 0.2,
respectively.
For the DPC model used for each aquifer,
the yield surface of the model comprises of a
Drucker-Prager shear failure surface, an elliptical
cap which intersects the mean effective stress axis,
and a transition surface connecting the shear failure surface and the cap (ABAQUS, 2008). For this
model, there are two elastic parameters, Young’s
Modulus (E) and Poisson’s ratio (υ) and six plas) cap
tic parameters, cohesion (d), friction angle (β),
in
eccentricity (R), initial yield surface position (ε vo
l ),

Finite element mesh and initial
and boundary conditions

Figure 19 shows the Finite Element (FE) mesh
of the soil profile at location F. This mesh consists of 1,350 eight-node quadrilateral elements.
Except the top two soil layers, the thickness of
each other soil stratum is not known for sure but
estimated from BH3 and BH9 only. The two lateral boundaries are modelled as rollers while the
bottom boundary is specified as pinned supports.
The top surface is modelled as a free drainage
boundary. Both lateral boundaries and the bottom of the mesh are set to be impermeable. It is
assumed that the initial water table was located
at the ground surface in 1920 and hydrostatic
throughout the depth, and all soil strata were
normally consolidated.

0
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Pressure heads in Aquifers I, II and III declined
to 5 m, 30 m, 30 m below ground surface in 1965,
whereas pressure head in Aquifer IV fell to 21 m
below ground surface in 1960. From 1965 to 1975,
the pore pressures in all aquifers recovered to be
hydrostatic from ground surface were adopted,
except Aquifer IV, in which the pore pressure was
increased by 11 m pressure head till 1975. From
1975 to 1985, pressure heads in Aquifers I, II and
III changed slightly, whereas the pressure head in
Aquifer IV was declining as shown in the figure.
After 1985, continuous measured pressure head of
each aquifer (refer to Figure 15(a)) was used for
the coupled consolidation FE analysis.

transition surface radius (α) and flow stress ratio
K. Details of the definition for each parameter are
given by ABAQUS (2008). It should be noted that
β value used in this study is 43.3°, which is equivalent
to an internal angle of friction of 35°. A summary
of material parameters used in the FE analyses is
given in Table 2.
According to site investigation, the permeability of soft clay and Aquifer I are 3 × 10−9 m/s and
1 × 10−5 m/s, respectively. For silty clay and stiff
clay layers, the permeability is estimated by the following equation (Taylor, 1948) to take account of
the effect of void ratio:
k0 × 10( e

e0 ) /Ck

(1)
6.4 Computed results

Where k0 is the initial permeability; e0 is the initial
void ratio; k and e are the permeability and void
ratio of current clay layer, respectively; Ck is equal
to 0.5e0 (Terzaghi et al., 1996). In this study, k0 and
e0 are assumed to be 3 × 10−8 m/s and 1.0, respectively For Aquifers II to IV, the permeability of
1 × 10−4, 1 × 10−5, 2 × 10−5 m/s reported by Shi et al.
(2008) are used, respectively.
6.3

The computed compression of each aquifer during the period of 1985 to 2007 is shown by solid
line in Figure 17. It can be seen that the computed results agree fairly well with the measured
compressions of the uppermost three aquifers.
For Aquiferr IV, by assuming the initial yield surface
in
positionε vol = 0.135, the computed compressions are
0
comparable to measured results during the period
of 1985 to 1997 (refer to the inset), except the occurrence of soil yielding in 1997. As expected, when
pressure head rose gradually after 1997, effective
stress decreased and Aquifer IV swelled in numerical
simulation. This swelling behaviour is contrast to the
measured significant compression of the aquifer as
the DPC model is not supposed to be able to capture
any secondary compression behaviour of soil.
Since the locations of the Lujiazui station and
location F are about 2 km apart (refer to Figure 4)
with similar ground conditions, it is reasonable to
make a comparison of settlements between these
two locations. Figure 21 shows the comparison of

Modelling procedures

Based on measured pressure heads, consolidation and compression of soils due to groundwater
pumping were simulated by specifying the measured pore water pressure in each aquifer. Since only
piecewise records of pressure head of each aquifer
is available prior to 1985, the history and modelling of pressure head variations from 1920 to 1985
is divided into three periods, namely, 1920–1965,
1965–1975, and 1975–1985 for simplicity. In 1920,
groundwater pressures in aquifers were assumed to
be hydrostatic from ground surface (see Fig. 20).
Table 2.

Summary of material parameters adopted in finite element analyses.
γ sat
(kN/m3)

e0

k
(10−9 m/s)

E
(MPa)

υ

λ

κ

Soft clay
Silty clay
Stiff clay
(110 m–120 m)
Stiff clay
(160 m–180 m)
Stiff clay
(240 m–270 m)

18.5
19.0
19.8

1.2
0.9
0.8

3.0
2.2
1.5

N/A

0.2

0.02
0.19
0.06

0.002
0.038
0.006

20.0

0.7

0.9

0.04

0.004

20.5

0.6

0.6

0.04

0.004

Aquifer I
Aquifer II
Aquifer III
Aquifer IV

19.0
19.0
20.0
20.5

1.0
0.9
0.8
0.7

10000
100000
10000
20000

N/A

N/A

20
80
200
300

0.15

Note: N/A, not applicable.
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d
(kPa)

β
(°)

R

43.3

0.02

in
ε vol

0

α

K

0.01

1.0

N/A

0.001

0.092
0.119
0.127
0.135

Pressure head
(m below ground surface )
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Aquifer
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the three relatively thin stiff clay strata shown in
Figure 19. The estimation is necessary because no
measured compressions of the three stiff clay layers are available at location F.
To estimate compression of each stiff clay layer
and hence to deduce the total surface settlement,
the strain of each stiff clay layer is assumed to be
half of measured value in the silty clay layer. As
shown in Figure 21, the deduced total surface settlement is 398 mm from 1985 to 2007, whereas the
deduced surface settlement is 125 mm during the
recent 7.5-year monitoring period (i.e., December
1999 to May 2007). As expected, the recent measured 125 mm of surface settlement is larger than
the measured tunnel settlement. This is because the
twin tunnels of Line 2 are embedded about 13 m
below ground surface. Soil consolidation and compressions should have taken place over the tunnels
during this monitoring period.
Despite the good agreement between the computed and deduced total surface settlements
before 1997, the computed surface settlement
(for Cα = 0 analysis) is substantially underestimated by about 40 mm at the end of monitoring
period in May 2007. It should be noted that no
significant secondary compression of Aquifer IV
is measured before 1997 (see Figure 17). This may
explain why there is a good agreement between
computed and deduced settlements between 1985
and 1997.
To account for the influence of secondary compression of Aquifer IV on computed results (i.e.,
Cα = 0 analysis), the following equation is used to
estimate the amount of secondary compression in
the aquifer (Δs):
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Aquifers
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Figure 20. Specified pressure head in each aquifer for
numerical analysis.
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Figure 21. Comparison of measured tunnel settlement
at the Lujiazui station and computed surface settlements
at location F.

measured tunnel settlement at the Lujiazui station
and computed surface settlement at location F. The
measured compression of Aquifer IV at F is also
shown for comparison. It can be seen the shape
of measured tunnel settlement curve is remarkably consistent with the measured compression
of Aquifer IV, except that the aquifer has an extra
of 130 mm compression measured from 1985 to
December 1999. Clearly, no measurement of tunnel settlement is available prior to December 1999
on the contrary. From December 1999 to May
2007, the measured tunnel settlement is 113 mm,
while the measured compression of Aquifer IV is
85 mm, which makes up 75% of the measured tunnel settlement. This means the observed tunnel settlement of at Lujiazui station was mainly caused
by the compression of Aquifer IV. The remaining
25% of tunnel settlement might be attributed to
consolidation settlements of clay strata and compressions of other aquifers.
The deduced total surface settlement curve illustrated by open triangles in the figure is obtained
by summing all the measured compressions in soft
and silty clay layers and four aquifers as shown
in Figure 15(b), and estimated compressions of

Δs =

⎛t⎞
Cα H
log ⎜ ⎟
1 + ep
⎝ tp ⎠

(2)

where Cα is secondary compression index; H is thickness of Aquifer IV; ep , tp and t are the initial void
ratio, elapsed time at the beginning and elapsed time
at any stage of secondary compression, respectively.
Refer to Figure 17, it is reasonable to deduce that
the secondary compression of Aquifer IV started
in 1997. With this deduction, ep and tp are 0.65 and
4,380 days in 1997, respectively. By using Cα = 0.02
for Aquifer IV in Equation (2), Δs value for each year
(i.e., from 1997 to 2007) is calculated and added to
the corresponding computed value obtained from
the Cα = 0 analysis to provide the computed surface settlement curve marked with Cα = 0.02 in
Figure 21. In order to verify this surface settlement
curve using Cα = 0.02, measured surface settlement
of 90 mm between 2001 and 2005 (obtained from
measurements shown in Figure 16(a)) is marked in
the figure for comparisons, it can be seen that the
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computed settlement of 85 mm assuming Cα = 0.02
agrees fairly well with the measured value during
the same period.
Further comparisons are made between the
computed values using Cα = 0.02 assumption and
deduced surface settlements (denoted by open
triangles) in Figure 21, an excellent agreement is
obtained. However, this Cα = 0.02 value requires
verification by carrying out laboratory tests on
high quality samples taken from Aquifer IV.
It is evident that the majority of measured tunnel settlement resulted from the compression of
Aquifer IV, which was rarely realized and recognized before. It is urgent and necessary to control
groundwater pumping from this aquifer to prevent
further tunnel settlements. In addition, comprehensive laboratory tests on high quality samples from
Aquifer IV should be obtained and tested to verify
and confirm the deduced long-term tunnel settlement mechanism for Metro Line 2 in Shanghai.
7

75% of the measured total tunnel settlement
over the monitoring period of 7.5 years.
4. There is not enough information such as detailed
tunnelling records and accurate geological data
from more closely spaced deep boreholes to
investigate and understand the measured small
long-term tunnel settlements (less than 25 mm)
and unusual heaves along the route of Metro
Line 2.
5. The mechanical properties of Aquifers II, III
and IV such as yield stress, primary and secondary compression characteristics (i.e., Cα, values)
should be investigated by using high quality of
samples and field testing.
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CONCLUSIONS

After EPB tunnelling, non-uniform long-term tunnel settlements and heaves have been measured
along Metro Line 2 in Shanghai. Measured data
between 1999 and 2007 were studied in detail to
investigate possible settlement mechanisms of
the EPB shield tunnels. Four possible settlement
mechanisms including effects of tunnel construction, consolidation and secondary compression
of soft clay (creep), cyclic loading due to running
trains, and groundwater pumping in aquifers were
investigated. Based on the results of desk study,
laboratory tests and numerical FE back-analysis,
the following conclusions may be drawn:
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