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a b s t r a c t
When constructing tunnels with poor geotechnical conditions in densely populated urban areas, there are
many challenges including intolerable ground movement, face failure, and potential damage to adjacent
structures (i.e., tunnels, piles, and pipelines). Earth pressure balanced (EPB) shields have been widely
used to solve these problems. However, tunnel excavation causes release of in situ soil stress, which
results in the soil movement. This paper focuses on ﬁeld measurements of parallel tunnels using EPB
shields in silty soils. Speciﬁcations on the ground proﬁle, construction procedure, and ﬁeld monitoring
of pore pressure in the soils, ground subsidence, subsurface settlement, and horizontal displacement
are reported. During shield advancement, the pore pressures in the soils showed the zigzag-shape distribution along the distance. The settlements indicated upheaval-subsiding behavior in the longitudinal
direction. The soil settlement decreased from the crown of the excavation face to the ground surface
and to the invert of the excavation face in the transverse direction. Outward horizontal displacements
of soils adjacent to the tunnels and inward horizontal displacements of the soils near the ground surface
were also observed before the tail injection. The second tunnel excavated rendered a slight squeezing
effect on the ﬁrst tunnel. These satisfactory measurements indicate the effectiveness of the EPB technique
in reducing potential damage to adjacent structures.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Compared with traditional tunnel construction techniques, the
EPB shield method has been widely used in the metro tunnel construction in China. This technique has many advantages, which include rapid construction, soil deformation easily controlling, and
less disturbances to ground trafﬁc. However, the ground movements associated with tunnelling are still of considerable interest,
not only because of potentially damaging effects to the overlying or
adjacent structures but also because the release of natural soil
stress leads to new insight into face stability.
Numerical methods have been frequently used to investigate
soil displacement, tunnel stability, and the interaction of tunnelling with other structures (Addenbrooke et al., 1997; Franzius
et al., 2005; Shin et al., 2002). Even though numerical analyses
are effective for investigating the interactions between the shield
and soil, they are generally difﬁcult to be adopted for routine use
in practice. Due to the complex interactions between the soil and
the shield, ﬁeld test is considered as an effective way for investigat⇑ Corresponding author. Address: A431 Anzhong Building, Department of Civil
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ing the performance of EPB shield tunnelling. The ground settlement trough was ﬁrst found to be well modeled by a Gaussian
function (Peck, 1969). Recently, many researchers have measured
downward ground subsidence above tunnels (O’Reilly and New,
1982; Deane and Basset, 1995; Barakat, 1996; Bowers et al.,
1996; Standing et al., 1996; Yang et al., 2004; Leca and New,
2007; Hu et al., 2009). The movements of the ground ahead of
advancement tunnel faces are reported, and the precision of different instruments are also discussed (Van Der Berg et al., 2003; Clayton et al., 2006). Field measurements of pore pressure in front of an
excavation face in the second Heinenoord tunnel in the Netherlands was carried out, and it was discovered that the variations
of pore pressure showed a zigzag-shape with distance and time
(Bezuijen et al., 2001). The vertical and lateral movements of adjacent tunnels and structures as a result of new tunnelling were also
observed (Harris et al., 1994; Lo et al., 1987). However, the ﬁeld
measurements for parallel tunnels are still insufﬁcient. There is
no systematic ﬁeld measurement for ground settlement, horizontal
soil displacement, or pore water pressure conducted in the same
site for parallel tunnels.
This paper describes the ﬁeld measurements on parallel tunnels
by EPB shields in silty soil in China. The pore pressure, settlements
of ground surface and subsurface, and the horizontal displacement
were measured during the construction of parallel tunnels. The
shield thrust, torsion, and grouting volume were also recorded.
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G3:K29+965

The pore water pressure and the soil movements were analyzed
based on ﬁeld measurements. The inﬂuence of the second tunnel
on the ﬁrst tunnel is discussed.
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2. General information on ﬁeld measurements
2.1. General information on tunnels and test sections
K30
Left L
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HD2
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PP1

HD1
Note:
PP-Pore pressure cells
LS-Subsurface settlement gauge
HD-inclinometer measurement
SS-surface settlement
( )-Depth from ground surface

LS1

The test sections are located in Line No. 1 of the Hangzhou metro in eastern China. The total length of the metro line is 47.97 km.
The parallel tunnels include the right line tunnel (designated as RL
tunnel) and the left line tunnel (designated as LL tunnel). The axes
of the parallel tunnels are spaced 12 m apart and are at a depth of
19 m. The outer diameter of each tunnel is 6.2 m and the inner
diameter is 5.5 m with the 0.35 m thick lining. An EPB shield tunnelling technique was adopted to construct the parallel tunnels.
The EPB shield was 8.4 m long. The parallel tunnels were constructed with tolerances of 10 mm upheaval and 30 mm settlement on the ground surface.
To better understand the performance of EPB tunnelling in silty
soils, a test site totaling 20 m in length (from mileage K29 + 975 to
K29 + 955) was chosen to install the instrument. As shown in
Fig. 1a, the monitoring was conducted in 4 sections: sections G1
(K29 + 975), G2 (K29 + 970), G3 (K29 + 965), and G4 (K29 + 955).
2.2. Site conditions
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(b) Cross-section view
Fig. 1. Layout and cross-section views of ﬁeld instruments and tunnels at test
site.

The proﬁle of the soils in the test site is shown in Fig. 1b. There
is a silt layer 7.93 m thick under the ground surface, below which
lies silty sand with a thickness of 7.91 m. The third layer is 4.12-m
thick silt in which the parallel tunnels were constructed. There is
lean clay under the third layer of silt. The ground water level is
at a depth of 4.0 m. The main properties of the soils are shown in
Table 1.
2.3. Test setup and instruments
Fig. 1 illustrates the arrangement of ﬁeld instruments in sections G1, G2, G3, and G4. Various instruments were installed onsite to monitor the ﬁeld performance of EPB shields. 2 pore pressure cells (PP12 and PP32, see Fig. 1b) were placed around the RL
tunnel (2.9 m to the edge of the RL tunnel) in section G3 at a depth
of 19 m. The pore pressure cells were used to measure the generation and dissipation of pore water pressure during the construction
of the shield tunnels. In total, 19 subsurface settlement gauges
(LS11–LS14, LS21–LS25, LS31–LS34, and LS41–LS46) were installed
in section G1 to measure the vertical settlements at different
depths around the RL tunnel. The subsurface settlement gauges
were used to measure the ﬁeld of soil settlement around the tunnels during the construction. 3 inclinometer boreholes (HD1,
HD2, and HD3) were installed in section G4 to measure horizontal
displacement. Finally, a cross-section measurement of ground subsidence with 19 markers was performed in section G2.

Table 1
Soil properties in monitoring site.

Silt (ML)
Silty sand (ML)
Silt (ML)
Lean clay (CL)

W (%)

c (kN/m3)

e

C0 (kPa)

u0 (°)

Kh (105 cm/s)

Kv (105cm/s)

Mv (MPa1)

25.8
24.1
30.1
35.1

19.6
19.7
19
18.1

0.73
0.69
0.85
1.03

7.9
7.1
9
7.8

30.4
31.4
30.3
23.1

18
5.05
1.12
2.44

6.86
2.26

0.069
0.079
0.113
0.215

Note: c = unit weight, W = water content, e = void ratio, C0 = effective cohesion, u0 = effective friction angel, Kh = horizontal hydraulic permittivity, Kv = vertical hydraulic
permittivity, Mv = coefﬁcient of volume compressibility.
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Fig. 2. The change of excess pore pressure during RL shield advancing.

Fig. 3. The change of excess pore pressure during LL shield advancing.

The instruments were installed when the RL shield was approximately 1 km away from the test site. The ﬁrst stage of measurements started when the RL shield was 35 m away from section

G1, and lasted 2 weeks after the shield passed through section
G4. The second stage of measurements began 1 month after the
construction of the RL tunnel. At that time, the LL shield was
approximately 35 m away from section G1. The measurements

Fig. 4. Ground subsidence and subsurface settlement during RL shield advancing.
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for the second stage lasted 2 weeks, until all the measured results
became steady. The pore pressures were measured once every 10
minutes. The ground subsidence, subsurface settlement, and horizontal displacement were measured once every 8 h.

difference was probably induced by the tail grouting during the
construction of the RL tunnel. Tail grouting material helps to

2.4. Construction parameters of shields
While the shields advanced through the monitoring sections
with a constant speed of 3.5 cm/min, the total cylinder thrust of
the EPB shields were recorded from 12,250 kN to 14,000 kN in
the RL tunnel, and from 11,250 kN to 14,250 kN in the LL tunnel.
The total torsion force was set from 1350 kN m and 1670 kN m in
the RL tunnel, and from 1150 kN m to 1650 kN m in the LL tunnel.
The face pressure at the tunnel axis was set at 250 kPa for both the
RL tunnel and LL tunnel. The face pressure value was slightly higher than the summation of the active earth pressure and the hydrostatic water pressure (approximately 228.6 kPa). The amount of
tail grouting was set between 3.1 m3/1.2 m and 4.5 m3/1.2 m, corresponding to the grouting ratio (the ratio of the volume of grouting material to the volume of tail void) from 130% to 190%.
3. Results of ﬁeld measurements and discussion
3.1. Pore pressure
Fig. 2 shows the results of pore pressure cells PP12 and PP32
during the RL shield advancement through section G3. Due to the
symmetric arrangement of cells around the RL tunnel, two of the
cells gave similar results. When the RL shield cutter was approximately 20 m from section G3, the pore pressures around the tunnel
started to accumulate and rise slightly. With the advancement of
the shield, the zigzag-shape distribution of the pore pressure appeared gradually. The pore pressure dissipated with time when
there was no progress in the drilling (i.e., the distance in Fig. 2 remains constant), and started to increase when drilling started
again (i.e., the distance in Fig. 2 decreases). The excess pore pressure reached a peak value of 52 kPa when the RL shield tail injected
grouting material in section G3. After the RL shield tail passed
through section G3, pore pressure dissipated gradually with a zigzag-shape distribution. Finally, the excess pore pressure dissipated
almost completely when the RL shield passed approximately 30 m
away from section G3 for about 5 days. This observation indicates
that the thrust of the cutter head, the friction between the shield
and soils, and the tail grouting generate pore water pressure.
The zigzag-shape distribution of pore pressure while the LL
shield advancement was not as clear as that when the RL shield
was advancing. Fig. 3 shows the result of excess pore pressure
measurement during the LL shield advancement through section
G3. The change of pore pressure measured by the PP32 cell during
the LL shield advancement was also signiﬁcant. However, the pore
pressure still rose and fell with the process of shield tunnelling.
The peak pore pressure was observed to be 75 kPa. Because the
constructed RL tunnel separated the PP12 cell from the LL shield,
there was no obvious change of pore pressure measured by the
PP12 cell.
Comparing the results of pore pressure measured by the PP32
cell during the RL and LL shield advancements, the regularities of
the pore pressure were similar. Pore pressures started to accumulate and increase with the advancement of the shields to section
G3. Generally, the pore pressure rose to the peak value at the moment the shield tail crossed the monitoring section. The excess
pore pressure then began to dissipate after the shield tail had
passed through the monitoring section. However, the ﬂuctuation
of pore pressure in the second tunnel (LL tunnel) showed a slight
difference compared with that of the ﬁrst tunnel (RL tunnel). This

Fig. 5. Ground subsidence and subsurface settlement during LL shield advancing.

Fig. 6. Surface settlement measured in section G2.
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Fig. 7. The vertical displacement contour of soil during RL shield advancing.

Fig. 8. The vertical displacement contour of soil during LL shield advancing.

change soil properties and to control surface settlement. The grouting material could reduce soil permeability and improve soil
strength. Therefore, when the ﬁrst shield advanced through monitoring section, the soil around the ﬁrst tunnel had been improved
by the tail grouting. As a consequence, the construction of the ﬁrst
tunnel increased the peak excess pore pressure and prolonged the
dissipation of excess pore pressure in the PP32 cell during the construction of the second tunnel. This, in turn, prolonged the devel-

Fig. 9. Soil horizontal displacement of HD1 measured in section G4 during RL
tunnelling.

opment of soil settlement, which can be found from the
measurement of subsurface settlement (see Fig. 5). Besides, due
to the improvement of the soil around the tunnel, the zigzag-shape
distribution of the pore pressure in the PP32 cell during the second
tunnel construction was no longer as signiﬁcant as that during ﬁrst
tunnel construction.
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3.2. Ground subsidence and subsurface settlements
During the RL shield advancement, the variations of surface and
subsurface settlements measured by LS1, LS2, LS3, and LS4 are
shown in Fig. 4. The surface and subsurface settlements during
the shield advancement have similar regularities. The soils started
to upheave when the distance between the shield and the monitoring section was approximately less than 20 m (+20 m on the lateral
axis). The maximum upheaval was 4.0 mm in the soil above the
crown of the tunnel (LS33 in Fig. 4c). Soil settlement started to occur when the shield cutter was closed to the monitoring section.
Generally, the settlement rate reached its peak value when the
EPB shield tail injected grouting material at the monitoring section.
After the shield had passed through the monitoring section, about
20–40 m (20 to 40 m on the lateral axis) away, the soil subsidence stabilized. It can be concluded that in silty soil, most of
the settlement occurred while the cutter advanced from approximately 20 m before the monitoring section to 20 m past the monitoring section and that subsequent settlement due to soil
consolidation after the cutter advanced through the monitoring
section about 40 m were small. This ﬁnding can be attributed to
the high permeability of the silt soil (see the hydraulic permeability in Table 1).
As shown in Fig. 4a and c, the soil subsidence increased along
the soil depth in the monitoring sites LS1 and LS3. In LS3, the maximum surface settlement was 11 mm, while the maximum soil settlement was 17 mm at a depth of 12 m. In LS1, the maximum
settlement of surface and subsurface became steady from 4 mm
to 7 mm, which indicated limited inﬂuence of the shield construction on the soil 12 m away from the tunnel edge. Fig. 4b and d
show the regularity for subsurface settlement in LS2 and LS4,
which were located at the centerline of 2 tunnels. In LS2 and LS4,
the surface settlements ﬁnally stabilized around 10 mm. Within
the depths of the ground surface to 13 m, the soil settlement increased with the increasing depth. The maximum soil settlement
was about 12 mm at a depth of 11 m. From 13 m to 23 m, the soil
settlement decreased swiftly with depth. At the depth of the tunnel
invert (22 m), there was little displacement observed.
During the LL shield advancement, the variations of subsurface
settlement in LS3 and LS4 (the soil deformation caused by the RL
shield advancement was eliminated from the measured results)
are shown in Figs. 5a and b, respectively. In LS4, the soil settlement
(upheaval) shows similar results to those during the construction
of the RL tunnel. However, because LS4 was near the grouting layer

Fig. 10. Soil horizontal displacement of HD1 measured in section G4 during LL
tunnelling.

Fig. 11. Soil horizontal displacement of HD3 measured in section G4 during RL
tunnelling.

Fig. 12. Soil horizontal displacement of HD3 measured in section G4 during LL
tunnelling.

of the RL tunnel, the measured maximum settlement and upheaval
were 8 mm and 2 mm, respectively, which were only two-thirds of
those during the RL tunnel construction. It can be concluded that
more settlement was induced between the parallel tunnels above
the tunnel crown. In LS3, the ﬁnal settlement of the soils above
the RL tunnel are only 3–5 mm, which means the construction of
LL tunnel had little impact on the soil around the RL tunnel.
Besides having full-scale surface settlement monitoring at section G2, surface settlement was also measured at mileage
K29 + 970. The surface settlement troughs induced by parallel
shields are shown in Fig. 6. The 2 troughs caused by the construction of the RL and LL tunnels had a similar shape. Based on the Peck
formula (Peck, 1969), the tail void losses of the RL and LL tunnels
were both about 1.5%. However, the trough of the LL tunnel was
more shallow and wider than that of the RL tunnel. The RL tunnel
makes the symmetric axis of the ﬁnal trough of the parallel tunnels
incline to the RL tunnel.
The soil displacement contours can thus be plotted through
extrapolation and interpolation methods. Fig. 7 illustrates the contours of the vertical displacement when the RL shield was approximately 10 m, 0 m, 8 m, and 45 m away from the monitoring
section. When the shield was 10 m from section G1, a maximum
3-mm upheaval of soil above the tunnel crown was observed
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(see Fig. 7a). This soil upheaval was caused by the shield thrust and
frictions between the shield and the soils. When the shield cutter
was located directly below section G1, the maximum soil settlement was 3.5 mm (see Fig. 7b). The soil settlement was not uniform in the transverse section. The maximum soil settlement
occurred at a distance of 15 m to the right side of the RL tunnel.
The non-uniformity of the soil settlement was caused by the torsion force of the cutter head. When the shield tail was located directly below section G1, the tail void caused large soil settlement
(see Fig. 7c). The maximum soil settlement was 10 mm, which occurred directly above the tunnel crown. The maximum soil settlement continued to increase until the shield head passed section G1
by 50 m (see Fig. 7d). The zone where soil settlement was inﬂuenced extended a considerable distance. A 7-mm soil settlement
was still observed a horizontal distance of 20 m to the edge of
the tunnel. Fig. 8 illustrates the contours of the ﬁnal vertical settlement when the LL tunnel had passed section G1 by 45 m. Compared to Fig. 7d, the location of maximum settlement moved to
the left side of the RL tunnel. The maximum soil settlement increased to 19 mm at the depth of the tunnel crown. The second

169

tunnel caused the soil above the adjacent tunnel to settle, which
lead to a larger surface settlement trough than that induced by a
single tunnel.
3.3. Horizontal soil displacement
There were 3 inclinometer measurements installed in section
G4 to measure the horizontal soil displacement. Because of the
similarities of soil displacement at different monitoring sites, only
the results of HD1 and HD3 are shown in Figs. 9–12.
In HD1, which was located 12 m to the side of the RL tunnel (see
Fig. 1b), the variations of horizontal displacement during the RL
shield advancement are shown in Fig. 9. When the shield advanced
to the monitoring section, the soil between the tunnel crown and
invert moved outwards due to the thrust and extrusion effects of
the shield (see line ‘‘0.2 m” in Fig. 9). The soil above the tunnel
moved inward due to ground loss, and the maximum horizontal
displacement was about 5 mm at the ground surface (see line
‘‘34 m” in Fig. 9). For the LL EPB shield advancement, the variations
in horizontal displacement at HD1 are shown in Fig. 10. Owing to

Ground surface

Right Line

L = Distance between cutter and monitoring section
Stage I (A, B): L = 10 m to 20 m
Stage II (B, C, D): L = 10 m to -10 m
Stage III (D, E): L = -10 m to -20 m
Fig. 13. The vectors of soil movement during RL shield advancing.
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the distance between the LL shield and the monitoring site HD1,
the soil around the RL tunnel only moved outwards approximately
1 mm. The ﬁnal horizontal displacement at the depth of the tunnel
axis stabilized at 2 mm.
In HD3, which was located at the centerline of the parallel tunnels (see Fig. 1b), the variations in horizontal displacements during
the RL tunnel advancement are shown in Fig. 11. Before the cutter
arrived at the monitoring section, the soil around the tunnel moved
outwards due to the thrust and extrusion effects of the shield (see
line ‘‘0.2 m” in Fig. 11). The tail void caused the soil above the tunnel to move inward and the tail grouting caused the soil around the
tunnel to move outward (see line ‘‘7.4 m” in Fig. 11). A maximum
horizontal displacement of 3 mm occurred at the depth of the tunnel axis. After the shield passed through the monitoring section,
the maximum horizontal displacement decreased to 2 mm due to
soil consolidation and curing of the grouting material (see line
‘‘34 m” in Fig. 11). Fig. 12 illustrates the horizontal soil movement
of HD3 during the LL tunnel advancement. The variations of horizontal displacement were similar to those during the RL tunnelling,
but in the opposite direction, which helped to compensate for the
displacement induced by the RL shield. The ﬁnal horizontal surface
displacement decreased from 6 to 2 mm. The maximum horizontal
displacement at the depth of the tunnel axis caused by the LL tunnelling was about 4 mm. This ﬁnding indicates that the horizontal
displacement of the LL tunnel should be less than 4 mm.
It can be found that the ﬁrst constructed tunnel usually experiences squeezing and extrusion effects in the horizontal direction
caused by the second advancing shield. In the region between
the parallel tunnels, soil usually faces more vertical settlement
and less horizontal settlement than for a single tunnel. In practice,
the increase of vertical settlement for parallel tunnels demands
that engineers put more effort into preventing vertical settlement
when there is construction in the region between parallel tunnels.
3.4. Vectors of soil movement
To examine the movement trends more thoroughly, Fig. 13 presents the vectors of soil movement around the tunnel during the RL
shield advancement. Fig. 13 was established based on the horizontal displacements from the inclinometer readings and the vertical
displacements from the extensometer measurements. As indicated
in Fig. 13, were three 3 stages of soil movement, according to the
distance between the cutter and the monitoring section (deﬁned
as L). In Stage I (L = 20 m to approximately 10 m. See points A
and B in Fig. 13), the soils around the tunnel moved upward and
outward before the cutter arrived at the monitoring section. This
soil movement was induced by the squeezing and extrusion of
the shield. The maximum upheaval typically happened for
L = 10–20 m. In Stage II (L = approximately 10 m to 10 m. See
points B–D in Fig. 13), with the advancement of the shield, the soil
settlement caused by the tail void inﬂuenced the upheaval in the
monitoring section. Hence, the soil upheaval decreased with distance. However, the squeezing and extrusion effects of the shield
advancement, and the tail grouting caused an increase in the horizontal soil displacement. The actions of shield and the tail grouting result in the soil to moving downward and outward. In Stage
III (L = 10 m to 30 m. See points D and E in Fig. 13. The shield tail
passed the monitoring section), the soil settlement moved inward
and downward due to post-construction soil consolidation.
4. Conclusions
This paper presents ﬁeld measurements on parallel tunnels
using EPB shields in silty soil. Based on the results of ﬁeld monitoring of pore pressure in the soil, ground subsidence, subsurface set-

tlement, and horizontal displacement, the following conclusions
can be drawn:
(1) Pore pressure in the soil adjacent to the tunnel increased and
dissipated with a zigzag-shape while the RL shield was
advancing. The zigzag-shape of the pore pressure variation
during the LL shield advancement was insigniﬁcant. The
excess pore pressure reached a peak value when the shield
injected grouting material into the tail. The peak excess pore
pressure was 52 kPa during RL tunnelling and 70 kPa during
LL tunnelling.
(2) The soil movement vectors can be separated into 3 stages
according to the distance between the cutter and the monitoring section. In Stage I when the cutter was approximately
10 m away from the monitoring section, the squeezing and
extrusion effects of the advancing shield caused the soils
around the tunnel to move upward and outward. In Stage
II (L = approximately 10 m to 10 m), the soil had a trend
to move downward and outward. In Stage III (L = 10 m to
30 m), the soil settlement moved inward and downward
due to post-construction soil consolidation. The maximum
soil movement, including upheaval, settlement, and horizontal displacement, occurred around the tunnel.
(3) The maximum upheaval during LL tunnelling was twothirds of that during the RL tunnel construction. The 2
troughs caused by the construction of the RL and LL tunnels
had a similar shape. The trough of the LL tunnel was more
shallow and wider than that of the RL tunnel. The RL tunnel
made the symmetric axis of the ﬁnal trough of the parallel
tunnels incline to the RL tunnel. The tail void losses of RL
and LL tunnels were both approximately 1.5%.
(4) The maximum horizontal displacement occurred at the
depth of the tunnel axis during tail grouting. After the shield
passed through the monitoring section, the maximum horizontal displacement decreased signiﬁcantly due to soil consolidation and curing of the grouting material. The LL shield
tunnelling resulted in a soil horizontal displacement to the
ﬁrst constructed tunnel on the order of millimeters. This
result indicates that the horizontal displacement of the LL
tunnel has little effect on the adjacent tunnel.
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