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Accurately evaluating the ground pressure on the tunnel lining greatly helps the structure design of a tunnel. In this study, the
earth pressure and water pressure on the tunnel lining of four cross sections of a metro tunnel were measured and analyzed and
then compared with the theoretical values. Results show that the values and distribution of observed ground pressure acting on the
lining are different for different overburden depths. +e water pressure measured on-site is approximately equal to the theoretical
hydrostatic pressure.+ewater pressure acting on the shield tunnel lining does not fluctuate with the shield tunnel excavation.+e
maximum ground pressure was measured in the process of backfill grouting, and the maximum values are approximately larger
than 30% of the stable value of the measured pressure. For a shield tunnel under a river with deep water, the water pressure on the
lining is dominant and the observed total ground pressure is nearly equal to the water pressure. +e findings presented in this
paper can provide a reference for the structure design of similar tunnel projects.

1. Introduction

In recent decades, there has been an increase in applications
of shield machines for the excavation of tunnels in large
cities, especially under severe conditions, such as high-
density utilization of urban space, because shield tunnelling
can effectively control and minimize ground settlement.
Shield tunnelling construction methods are significantly
developed and include synchronous backfill grouting, tail
sealing, and special-shaped shield tunnelling. However,
current design techniques cannot appropriately implement
innovative construction techniques. +e earth pressure
acting on the lining is the primary load for the structural
design of a shield tunnel. To date, overburden earth pressure
or loosening earth pressure calculated by Terzaghi’s formula
has generally been adopted as the vertical earth pressure on
the upper part of segmental lining [1]. +e current study
shows the most critical load making tail brush passing, and

the conservative design loads mentioned indicated that earth
pressure is rather smaller for a sound ground, while the
design vertical earth pressure adopted a minimum limit of
earth pressure. Many cases show that the tunnel structural
design using the common method seems to be conservative
[2, 3], meaning that accurately evaluating the earth pressure
on the tunnel lining will help the structural design. It is
critical to estimate and determine the load around the
tunnel.

Multiple factors influencing the earth pressure around
the tunnel lining, including the engineering geology, the
depth of the overburden, the ground water level, the ex-
cavation method, interactions between the lining and soil
and the construction behaviour, operational parameters, and
grouting parameters, have been indicated by many scholars
[4–6].

Model tests and field measurements have been carried
out to investigate the mechanical behaviour around tunnel
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lining. Some previous field measurements have shown that
the actual load acting on the shield tunnel lining could be
much smaller than that adopted for the designs, especially
for good ground conditions [7–10]. +e change from fluid
and solid states of the backfill grout at different stages in-
fluences the load on the lining. +e observed pressure
demonstrated that the backfill grouting volume and pressure
have significant influences on the earth pressure around the
tunnel lining [3, 8]. Some studies investigated the earth
pressure on the lining of shield tunnels with shallow
overburdens in silty-sandy ground and stated that the loads
imposed during construction cannot be neglected due to the
soil displacements and lining force induced by the con-
struction [11]. +e earth pressure at the tunnel sides and the
lining pressure change depending on the lateral deformation
of the ground [2]. +e method of the conventional designs
of shield tunnel linings seems to be conservative [3, 8].
+erefore, it is necessary to improve this method and to
develop more rational design methods in the future.
Hashimoto et al. [12] stated that the change in pressure
with time during the tail passing can be divided into 4
phases. +ere are different ground pressure distributions
on the shield lining in various strata. Based on the observed
data, Hashimoto et al. [12] indicated that lining pressure
was almost the same as the initial earth pressure in soft
strata, and the pressure on the lining was the loose earth
pressure plus the water pressure in sand strata. Because the
actual earth pressure cannot be predicted correctly by
conventional methods, especially for a deep shield tunnel,
some researchers have proposed a new model to calculate
the vertical earth pressure based on the finite method
theory [13].

+ere are very few cases that measure the earth pressures
and water pressures acting on the lining on-site [1, 2], es-
pecially for cases with deep tunnel depth and with high water
pressure. In this research, the observed ground pressure on a
large-diameter shield tunnel lining at different depths is
presented in-field, and the relationship between the earth
pressure and time is demonstrated. +e measured earth
pressures and water pressures are compared to the theo-
retical value adopted in the tunnel lining design. +e factors
influencing the earth pressure are also discussed.

2. Description of the Tunnel Project

2.1. Yangtze River Tunnel of Nanjing Metro Line No. 3.
+e Nanjing Yangtze River Tunnel for Metro Line No. 3 is
located in the lower reaches of the Yangtze River (see
Figure 1). Metro Line No. 3 is the line that connects both
sides of the Yangtze River in western Nanjing. +e tunnel
below the river was excavated by a slurry shield machine
with an outer diameter of 11.64m. +e internal and external
diameters of the tunnel are 10.2m and 11.2m, respectively.
+e tunnel lining is reinforced concrete, and each ring of the
lining is 0.5m thick and 2m wide. +e tunnel lining ring
consists of 8 segments: five standard segments, two adjacent
segments, and one key segment. Common tapered segments
of precast reinforced concrete are assembled with staggered
joints. Skew bolts are used to connect segments in the

longitudinal and circumferential directions. +e maximum
water pressure in the ground at the depth of the tunnel is
approximately 0.65MPa. +e geotechnical strata from the
surface along the route of the bored tunnel comprise
multiple layers of soil with varying thicknesses, including
man-made ground, muddy silty clay, silty clay, silt, fine sand,
medium coarse sand, pebbles, rounded gravels, and mud-
stone. +e Yangtze River Tunnel of Metro Line No. 3 is
situated mainly within the silty sand and fine sand strata
[14].+e total length between the two stations and the length
of the riving-crossing portion for Metro Line No. 3 are
3,353m and 2,158m, respectively.+e longitudinal profile of
the tunnel is shown in Figure 2, and the four tunnel sections
measured on-site have overburdens of 34.10m, 14.97m,
12.90m, and 12.48m, respectively. +e corresponding soil
properties are summarized in Table 1.

2.2.MonitoringProcedure. Tomonitor the load on the lining
and the load behaviour during construction of a shield
tunnel, field measurements on the earth pressure and water
pressure were performed at four cross sections of the shield
tunnel of the Nanjing Metro Line No. 3. +e geological
profiles of these four monitoring sections are shown in
Figure 3, and the basic parameters of these four monitored
sections are shown in Table 2. Section-a (Ring 479) of the
shield tunnel is located below the Yangtze River levee, the
overburden of the section is 34.1m, and the water level is
4.96m below the ground level. Section-b (ring 1094), Sec-
tion-c (ring 1210), and Section-d (ring 1384) are all located
below the Yangtze River. +e overburdens of Sections b, c,
and d are 14.97m, 12.9m, and 12.48m, respectively, and the
river levels of these three sections are 42.24m, 37.36m, and
29.67m, respectively. +e earth pressure on the lining was
measured by placing earth pressure metres behind the
segments, and the water pressure was measured using
ground water flowing into the bored holes, as shown in
Figure 4.+emeasured earth pressure is considered to be the
total ground earth pressure, including pore-water pressure.
+e layout of the earth pressure cell in-site is shown in
Figure 5. +e experiment focuses on the measurement of the
earth pressure and water pressure and describes the earth
pressure and water pressure associated with various factors.

3. Field Measurement Results

3.1. 2e Earth Pressure and Water Pressure over Time.
+e cross sections of the shield tunnel lining used for the
measurements are all located in the sandy stratum. Figure 6
shows the changes of the earth pressure and water pressure
acting on the lining with time. +e measurement time lasted
for approximately between 100 days and 300 days after the
shield tail passed.

As shown in Figure 6(a), the total earth pressure acting
on the lining reaches a maximum approximately four
months after tail passing. +e reason may be construction
disturbances, that is, simultaneous grouting hardening,
transportation lining segments, and/or the behaviour of the
second grouting. Among the three total pressures acting on
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the lining, the pressure on the bottom is the largest, and the
maximum value of the total earth pressure on the lining
bottom is equal to 819 kPa. In addition, the measured total

earth pressure had experienced three stages. +e measured
earth pressure fluctuated a week after tail passing. +e
measured total earth pressure acting on the crown level and
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Figure 2: Longitudinal soil profile along the tunnel.

Table 1: Basic physical and mechanical properties of the soils.

Soil stratum w (%) c (kN/m3) e Es (MPa) C (kPa) φ (°) f (kPa) Cu Cc

Muddy silty clay 39.7 18.9 1.135 3.45 11 5.4 65 9.710 2.480
Silt and fine sand 24.6 19.4 0.724 15.47 8 31.8 180 6.72 2.51
Medium coarse sand and coarse sand 20.5 20.1 0.612 15.2 10 31.1 300 13.66 2.93
Pebbles — 22.55 — — — — — 38.55 2.30
+e table is reproduced from Zhou et al. [6]. w �water content, c �natural unit weight of the soil, e� void ratio, Es � compression modulus of the soil,
C� cohesion, φ� angle of internal friction, f� bearing capacity of the ground, Cu � the uniformity coefficient, and Cc � the curvature coefficient. Values for C
and φ were obtained from consolidated-undrained (CU) triaxial tests.
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Figure 3: Geological profile of the monitoring sections: (a) Section-a (ring 479), (b) Section-b (ring 1094), (c) Section-c (ring 1210), and (d)
Section-d (ring 1384).

Table 2: Basic parameters of the monitored sections of the project.

Section (ring number) Section-a
(ring 479)

Section-b
(ring 1094)

Section-c
(ring 1210)

Section-d
(ring 1384)

Height of overburden (H) (m) 34.1 14.97 12.9 12.48
Water level on the crown level (Hw) (m) 30.7 42.24 37.36 29.67
Overburden soil depth (H)/tunnel outer diameter (Do) 3.04 1.34 1.15 1.11

4 Advances in Civil Engineering



on the bottom level went a growing rate during the time
between 2 and 4 months after tail passing. +e measured
total earth pressure on the spring level is growing at less rate
with time. +e measured earth pressure keeps constant after
4 months after tail passing.

As shown in Figure 6(b), the figure shows the changes of
the earth pressure and water pressure acting on the lining
with time at Section-b, ring 1094. +e measured total earth
pressure on the bottom has experienced a fluctuation within
a month after tail passing. +e measured total earth pressure
on the bottom level is growing at a rapid rate during one to
two weeks after tail passing and the maximum value reaches
700 kPa. +en the measured earth pressure decreases two
weeks after tail passing and the value keeps constant for a
long time. +e measured total earth pressures on the crown

level and on the spring line level do not have a significant
change with time.

As shown in Figure 6(c), the figure shows the changes of
the earth pressure and water pressure acting on the lining
with time at Section-c, ring 1210. +e most previous mea-
sured data were not obtained due to the construction dis-
turb. From the partial measured data, the measured earth
pressures on the bottom and on the crown were relatively
stable and the measured earth pressure on the spring line
had a fluctuation three months after tail passing.

As shown in Figure 6(d), the figure shows the changes of
the earth pressure and water pressure acting on the lining
with time at Section-d, ring 1384. +e measured total earth
pressures, on the crown, on the spring line and on the
bottom, do not have a relative fluctuation with time.
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Figure 4: Layout of the earth pressure cells and water gauges in the tunnel lining.
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Figure 5: Photos of the earth pressure cell: (a) before segment lining concrete casting and (b) after segment lining concrete casting.
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Overall, the changes in the total earth pressure acting on
the lining can occur over a long period after the shield
machine tail passed. However, the water pressure stays
relatively constant after the shield tail of the shield machine
has passed. +e time after tail passing is divided into one
week, two weeks, one month, two months, and three months
to clearly determine the measured earth pressure and water
pressure.

+e variation trend for the earth pressure with time
showed a main change in 3 phases. In the first phase, when
the tunnel lining passed the TBM tail, the earth pressure will
have a certain fluctuation that may last for about one or two
weeks. In the second phase, the earth pressure may decrease
or increase at a slight rate for construction reasons, such as
the second grouting injection behind the segment. In the
third phase, the earth pressure is relatively constant and may
last two or three months after the tail passing. +e final earth
pressure can be considered to be the design load in the
serviceability limit state. +e other section’s (Figures 6(b)–
6(d)) earth pressure and water pressure measured on-site
showed a similar trend to the results in Figure 6(a).

3.2. 2e Earth Pressure and Water Pressure in the Circum-
ferential Direction. Figure 7 shows the measured total earth
pressure and water pressure distributions at different stages
after shield tail passing. From the results, most of the earth
pressure gradually changes over a long period, which is also
observed in other field measurements [3]. Due to the dif-
ferent influencing factors, such as construction operations,
grouting pressure, and the amount of grouting, the distri-
bution of the earth pressure is uneven to some extent.

As shown in Figure 7(a), at Section-a, ring 479, the
magnitude and distribution of the measured earth pressure
varied with time. +e measured total earth pressure on the

bottom is larger than that on the crown level and on the
spring level. +e total overburden earth pressure P� rH+Pw
(r: submerged unite weight) adopted as the design load
reaches 632.53 kPa. +e measured total earth pressure is
548.92 kPa on the tunnel crown level when the segment is 9
months after tail passing. +e measured total earth pressure
measured accounts for approximately 86.78% of the amount
of the effective overburden earth pressure plus the water
pressure.

As shown in Figure 7(b), at Section-b, ring 1094, the
magnitude of the measured total earth pressure varied less
with time and the distribution of the earth pressure is un-
even. +e measured total earth pressure is 465.73 kPa at the
tunnel crown level. +e earth pressure measured accounts
for approximately 82.90% of the amount of the effective
overburden earth pressure plus water pressure.

As shown in Figure 7(c), at Section-b, ring 1210, the
magnitude of the measured total earth pressure varied less
with time and the distribution of the earth pressure is un-
even. +e measured total earth pressure is 396.94 kPa at the
tunnel crown level. +e measured total earth pressure ac-
counts for approximately 80.34% of the amount of the ef-
fective overburden earth pressure plus water pressure.

As shown in Figure 7(d), at Section-b, ring 1384, the
magnitude of the measure earth pressure varied less with
time and the distribution of the earth pressure is uneven.+e
measured total earth pressure is 323.84 kPa at the tunnel
crown level. +e measured total earth pressure accounts for
approximately 78.12% of the amount of the effective over-
burden earth pressure and water pressure.

In addition, a further analysis revealed that distribution
of the earth pressure measured acting on the lining located
below the Yangtze River levees (Figure 7(a)) may be dif-
ferent from those below the Yangtze River (Figures 7(b)–
7(d)). +e earth pressure measured on the lining located
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below the levees is much larger than the theoretical hy-
drostatic pressure. However, the earth pressure measured
on the lining located below the river corresponds to the
theoretical hydrostatic pressure acting on the tunnel lining.
+is is also proven by other results measured in sandy
diluvium [3].

4. Comparison between Observation and
Design Values

To compare the observed earth pressure and the theo-
retical value, the theoretical earth pressures at the
monitoring locations, including the full overburden
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Figure 7: Distribution of the earth pressure and water pressure at different stages: (a) Section-a (ring 479), (b) Section-b (ring 1094),
(c) Section-c (ring 1210), and (d) Section-d (ring 1384).
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pressure and Terzaghi’s reduced pressure, were calcu-
lated. +e full overburden vertical earth pressure is cal-
culated by [15–17]

P �  cihi, (1)

where P is the vertical earth pressure on the top of the shield
tunnel, ci is the soil weight, and hi is the thickness of the soil
layer. A reduced earth pressure theory was proposed by
Terzaghi [18] where the reduced vertical earth pressure is
based on the balance theory of loose media and the concept
of stress transfer. +e influencing factors, including tunnel
diameter, internal friction angle, and soil cohesion, were
considered to determine the Terzaghi loosening earth
pressure (see Figure 8). +e reduced earth pressure calcu-
lated by Terzaghi’s formula can be adopted in accordance
with [19]

σy �
B1c − c

k0 tanφ
1 − e

− k0H tanφ/B1( ) 

+ P0e
− k0H tanφ/B1( ),

B1 � R0 cot
(π/4) +(φ/2)

4
 ,

(2)

where B1 is the width of the collapsed area above the
tunnel crown, k0 is the lateral pressure coefficient, and c

and φ are the cohesion and internal soil friction angle,
respectively.

Figure 9 compares the observed ground pressure and the
theoretical design values for differentH/D ratios. In Figure 9,
the H/D ratio represents the overburden soil depth over the
tunnel outer diameter, the P/Pf ratio represents the observed
ground pressure over the calculated full overburden ground
pressure, the P/Pf’ ratio represents the observed ground
pressure over the calculated Terzaghi’s reduced ground
pressure plus hydrostatic pressure, and the P/Pw represents
the observed ground pressure over the calculated theoretical
hydrostatic pressure, respectively. All the observed vertical
ground pressure values on the crown are smaller than those
calculated by the weight of the full overburden soil. When
the H/D ratio is larger than 3 (Section-a, ring 479), the
ground pressures obtained from the earth pressure cell
measurements are larger than those calculated by Terzaghi’s
formula plus hydrostatic pressure and are smaller than those
calculated by the full overburden formula. Due to the lo-
cation of the section, the cross section on-site is below the
Yangtze River levees, and the observed ground pressure is
much larger than the theoretical hydrostatic pressure. When
the cross section of the tunnel is below the Yangtze river and
the H/D ratio ranges from 1.0 to 1.5, the observed ground
pressure is much closer to the theoretical hydrostatic
pressure, the soil pressure acting on the shield lining is very
small, and only the hydrostatic pressure acts on the shield
tunnel lining according to the field measurements. +ese
results matched previous examinations [3]. +erefore, the
river level above the shield tunnel should be considered for
use as the design value of the ground pressure with high
water pressure.

5. Influencing Factors on the LoadActing on the
Tunnel Lining

5.1. 2e Tunnelling Construction. +e load acting on the
segments is influenced by the operational control of the shield
tunnel machine, the backfill grouting method, squeezing of
the tail brushes, and other impermanent construction loads.
+e influencing factor of backfill grouting and tail brushes on
the shield segments were confirmed in some previous labo-
ratory and in-field tests [3]. +ere are no detailed earth
pressure measurements associated with tail brushes on the
segments for this project, but these have been carried out in
the field by other researchers [3]. Figure 10 shows the detailed
variations of the earth pressure measured by the earth
pressure cells installed on the segments to determine the
influence of the tail brushed on the segments. +e result
revealed that the load on the shield tunnel lining will become
the maximum when the shield machine is driving. +e
maximum earth pressure values were approximately two
times as large as the ground earth pressure.

In addition, the maximum pressure may be influenced
by the backfill grouting pressure and the amount of grouting.
A higher earth pressure acting on the lining may result from
a higher backfill grouting pressure. +e amount of grouting
for this project used a range from 130% to 150%. +e
maximum values are approximately larger than 30% of the
stable value of the measured pressure. However, the load
influenced by the backfill grouting and tail brushes does not
last for a long time and only momentarily affects the tunnel
segments.

5.2. 2e Buried Depth of the Shield Tunnel. +e observed
ground pressures in this paper are closer to the earth
pressure values calculated by Terzaghi’s formula plus the
water pressure. All of the buried depths of the measured
cross section are larger than the outer diameter of the tunnel,
which indicated that a soil arch exists for these conditions.
However, when the ratio of height to the outer diameter is

σy

P0

R0

2B1

dz

π/4 + φ/2

τ

σx

τ

σx Z
σy + dσy

σv

Figure 8: Reduced earth pressure calculated by Terzaghi’s formula.
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less than 1, the pressure on the crown is nearly equal to the
overburden soil weight, and there is no fairly arch acting on
the tunnel lining [20, 21]. Additionally, the observed ground
pressure increases the soil height over the tunnel, despite the
existence of a soil arch.

5.3. Influence of the Yangtze River Level. +e water pressure
acting on the shield tunnel lining is the buoyancy.+erefore,
the ground pressure acting on the lining is influenced by the
height of the river level.+e influence of the river level on the
shield segments was examined in this project. When the
ratio of Hw to D is larger than 2 and the overburden depth is
less than the river level, the ground pressure observed in-
field is associated with the river level. Further analysis in-
dicated that the ground pressure increases with the river
level. Section-c and Section-d have roughly the same soil
overburden height, 12.9m and 12.5m, respectively, but
there is 7.67m river level difference between the two cases.
+is river level difference results in a difference in the
ground pressure acting on the lining of 73.1 kPa. Based on
these results, the water pressure is dominant under these
conditions (Table 3).

6. Conclusions

In this paper, through a series of field investigations on the
shield tunnel lining pressure at different soil depths and river
levels, the behaviour of the load on segmental linings had
been examined and compared to the design values. +e
factors influencing the pressures were also discussed. Based
on the field results and analyses, the following conclusions
can be drawn:

(1) +e pressure observed acting on the lining dem-
onstrated that the total ground pressure distribution
and the ground pressure amount are different for
different overburden depths. +e distributions are
uneven due to construction reasons.

(2) +e water pressure measured on-site is approxi-
mately equal to the theoretical hydrostatic pressure.
+e water pressure acting on the shield tunnel lining
does not fluctuate with the shield tunnel excavation.

(3) +emaximum pressure is measured in the process of
backfill grouting, and the maximum values are ap-
proximately larger than 30% of the stable value of the
measured pressure. It is thought that one of the

reasons is the existence of higher grouting pressure
and the amount of backfill grouting.

(4) With high water pressure and the river level above
the shield tunnel, the water pressure is dominant and
the observed total earth pressure is nearly equal to
the water pressure.
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