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Abstract

Shield tunnel is a type of linear underground structure assembled by lining segments, characterized with long joint, weak stiffness, and
strict deformation control requirement. The situation of the long-term deformation and defect of the shield tunnel in soft ground in
coastal area of China is severe, mainly attributed to the tunneling-induced ground consolidation, frozen cross passage, groundwater
pumping, cyclic train load, and nearby construction. Shield tunnel is buried in ground, and the above factors could result in underlying
ground settlement, overlying ground loading/unloading, and at-side ground unloading. As a result, the tunnel could suffer from different
types of structural deformation and defect. Based upon the aforementioned different reasons, this study investigates the characteristics of
the tunnel deformation and defect corresponding to the different types of ground stress change and deformation. It is found that
tunneling-induced ground consolidation, frozen cross passage, groundwater pumping, and cyclic train load mainly contribute to the lon-
gitudinal differential settlement but negligible transverse convergence, associated with water leakages at circumferential joints. In com-
parison, surface surcharge and at-side unloading not only cause significant longitudinal differential deformation but also increase
transverse lining internal forces, resulting in water leakages at circumferential joints, longitudinal lining concrete cracks and water leak-
ages. Finally, nearby construction could strongly disturb the ground and cause the generation of excess pore-water pressure, making the
shield tunnel deformation develops continuously after the nearby construction is completed.

Keywords: Shield tunnel; Long-term deformation; Transverse convergence; Longitudinal differential deformation; Defect

1 Introduction

Shield tunneling, characterized with high advancing effi-
ciency, environment friendliness, and good safety, is the
predominant method for tunnel construction in urban
area. In recent years, exploitation of underground space
develops rapidly in China’s cities, and the operation mile-
age of shield tunnel for rail transit and municipal road
increases sharply. Take the urban rail transit as an exam-
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ple. Till the end of 2023, 55 cities in the mainland of China
have operating metro lines with a total operation mileage
of 9915 km (MOT, 2023). Among them, the metro lines
in 16 cities are constructed in soft deposit, including Shang-
hai, Tianjin, Hangzhou, etc., and the corresponding mile-
age is 3932 km. Soft structured clays are frequently
encountered in these areas, featured with high void ratio,
high compressibility, and high sensitivity. As a result, sev-
ere disturbance and large deformation would occur in the
ground due to nearby shield tunneling, change in geologi-
cal environment, and soil mass excavation.

The shield tunnel is an assembled structure, character-
ized with large length, long joint and low stiffness. For
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example, the shield tunnels of the metro lines in Shanghai
are 6.2 m in diameter and 0.35 m in thickness. The effective
ratio of longitudinal stiffness is only 1/7-1/5 (Liao, 2002),
which is determined by the ratio of longitudinal bending
stiffness of real tunnel lining with joints to that without
joints (i.e., homogeneous ring). Shield tunnels in soft
deposit are easy to suffer from considerable transverse con-
vergence and longitudinal differential deformation, causing
structural defects such as lining cracks, joint leakage, and
uneven track twist (Liu et al., 2024). Hence, the structural
safety and normal operation of the shield tunnel are greatly
influenced, and the 100-a service life is significantly
reduced. For instance, the maximum cumulative settlement
of the shield tunnel of Shanghai Metro Line 1 reaches
300 mm, combined with appreciable lining damage and
water leakages at joints (Wu, 2015). Besides, during the
11-a operation period, the maximum settlement of shield
tunnel of Shanghai Metro Line 2 exceeds 150 mm, causing
the 10 d service interruption for structural reinforcement at
the beginning of 2022 (Shanghai, 2020). A section of Shen-
zhen Metro Line 1 experienced a settlement of 70 mm and
horizontal displacement of 30 mm due to an at-side
excavation.

As shown in Fig. 1, the vertical displacement of the
shield tunnel during construction and operation period
generally experiences several stages. Firstly, the tunnel
heave is quite common in construction stage due to the
higher unsolidified grout and hydrostatic pressure than
the lining gravity (Chen et al., 2018). Secondly, shield tun-
neling could cause the generation of excess pore-water
pressure (Meng et al., 2018) and soil mechanical property
weakening (Meng et al., 2018; Gao et al., 2023). After
the construction is completed, the shield tunnel experiences
increase in settlement due to ground consolidation and
inappreciable transverse deformation. Afterwards, the
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train cyclic load during the operation period leads to the
dynamic stress in the underlying ground of the tunnel,
causing cumulative tunnel settlement (Wu et al., 2015a).
At the same time, groundwater pumping during the opera-
tion period could also lead to tunnel settlement (Shen et al.,
2014). Besides, nearby construction including soil mass
excavation (Chen et al., 2016; Guo et al., 2016; Meng
et al., 2020), tunneling (Chen et al., 2018), pile driving,
and surcharge (Huang et al., 2017; Liu et al., 2023) are
major reasons for the long-term tunnel deformation. The
patterns of the tunnel deformation, including heave, settle-
ment, horizontal displacement and transverse convergence,
differ a lot, mainly governed by the types of nearby con-
struction and relative position. Hence, deriving an insight
into the long-term tunnel deformation and defect due to
the aforementioned factors is of significance for optimizing
shield tunnel structure and developing effective counter-
measures. However, to date, there is no relevant study
focusing on the summary of the long-term deformation
and defect of the operating shield tunnels in coastal struc-
tured soft soils in China.

Based upon plenty of earlier literature and case histories,
this study gets an insight into the mechanism behind the gen-
eration of the tunnel deformation due to different reasons,
and characteristics of the long-term operating tunnel defor-
mation and defect in coastal structural soils in China.

2 Post-construction ground consolidation and cyclic train
load

2.1 Approach to estimate post-construction tunnel settlement
considering tunneling disturbance

Soils near the tunnel are easily disturbed and weakened
due to the shield tunneling, with the generation of excess
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Fig. 1. Schematic for the development of the deformation of shield tunnel in structured soil (derived from Department of Housing and Urban-Rural

Construction of Zhejiang Province, 2021).
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pore-water pressure (Xu et al., 2003). Thereafter, post-
construction ground consolidation settlement and hence
tunnel settlement would occur. For example, Gao et al.
(2023) carried out cone penetration tests for muddy silty
clay on the tunnel axis from the ground surface to the
depth below the tunnel invert before and after tunneling
in a metro section. It is found that the average soil distur-
bance degree for depth of 0.35D-1.2D below the tunnel
invert, where D is the tunnel diameter, evaluated by the
reduction ratio of tip resistance, reached more than 60%.
Besides, the tunnel suffered a post-construction settlement
of 80 mm during the 16-month period between the comple-
tion of tunneling and the beginning of the train operation.
Meng et al. (2018) proposes a calculation method for the
post-construction shield tunnel settlement considering the
tunneling-induced soil disturbance (Fig. 2). Firstly, the
compression parameters are modified based upon intact
soil compression curve and soil disturbance degree assessed
by the level of shear strain. Secondly, the methodology for
calculating the post-construction ground and tunnel settle-
ment is proposed on the basis of the soil stress state and the
aforementioned modified compression parameters. The
shear strain state is adopted to evaluate the soil disturbance
degree (SDD) due to tunneling as the following formula:

SDD = (y,/7¢) x 100%, (1)

where 7; is the shear strain induced by tunneling, and y; is
the failure shear strain obtained from triaxial compression
tests, which equals to 5.3% for Ningbo clay.

Once the soil is disturbed, it is assumed that the effective
gravity stress (p,o) is reduced to p,q (an apparent gravity
stress) as

P = (1 - SDD) X Pro- (2)
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Similarly, the yield stress (pyq) in disturbed state can be
calculated by

pyd = (1 - SDD) ><pyO’ (3)

where pyo is the structured yield stress for intact soil.

In addition, the compression indices within the elastic
and remolded compression ranges, i.e., Cq and C.q4, for
disturbed soils are decreased in proportion with those (re-
ferred to as C and C,) of the intact soils, which are defined
as follows (C,; is the compression index for remolded soil):

Cy = (1 = SDD) x (Cs — Cor)+Cer, (4)
Ced = (1 =SDD) x (Cc — Cer)+Cy. (5)

When the soil is completely remoulded, p,o and py are
assumed to decrease to zero, and C, and C_, are both
decreased to C,,.

Finally, the post-construction tunnel settlement (Sp)
can be determined by layer-wise summation method:
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where n, h;, eo;, Csai» Cedis P20i + Ap;, and pyg; indicate the
number of layers in layered summation method, the thick-
ness, initial void ratio, compression index within the elastic
compression range, compression index within the remolded
compression range, post-construction vertical effective
stress, and structured yield stress of each separated soil
layer, respectively.

Evaluation of SDD based upon the
tunneling-induced shear strain value

A4

Calculation method for weakened soil
compression parameters based upon SDD
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\ Weakened compression parameters of
1 042¢) ) soils around the shield tunnel
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Fig. 2. Methodology for calculating the post-construction tunnel settlement considering shield-driven induced ground disturbance (derived from Meng

et al., 2018).
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In terms of a metro section of Ningbo Metro Line 2 in
clayey ground, the soil disturbance due to shield tunneling
is evaluated by explicit three-dimensional numerical simu-
lation. The calculated post-construction ground surface
settlement using the methodology (Meng et al., 2018)
agrees well with the field measurements (Fig. 3). Further-
more, the impacts of the tunneling parameters, including
face support pressure and grouting ratio, on the post-
construction settlements of ground surface and the tunnel
are assessed. It is found that support pressure of 2.2-2.4
times the at-rest lateral earth pressure and grouting ratio
of 200% is the most beneficial for the post-construction
tunnel settlement.

2.2 Post-construction tunnel settlement due to frozen cross
passage

Freezing method is the predominant alternative for con-
structing cross passages of the shield tunnel in soft ground.
Natural soils are frozen using artificial refrigeration tech-
nology to improve its strength and stability, enabling the
soil mass excavation and passage structure construction.
However, the intrinsic structure of the soils within the fro-
zen area is destroyed to a great extent, and the soil near the
area is disturbed due to the swelling effects with excess
pore-water pressure generated. After the cross passage is
constructed, the iced pore-water inside the frozen soil melts
and hence ground settlement occurs. Meanwhile, the
nearby disturbed soil experiences consolidation settlement,
causing the post-construction ground and tunnel settle-
ment. Generally, the magnitudes of the post-construction
tunnel settlement are much larger around the cross pas-
sage, as well as the differential tunnel settlement. For
instance, the shield tunnel of a metro section of Fuzhou
Metro Line 2 experienced a maximum cumulative post-
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Fig. 3. Calculated and measured post-construction ground surface
settlement (derived from Meng et al., 2018).

construction settlement of 94.3 mm after the tunnel had
been constructed for 18 months (Fig. 4(a)). The average
rate of the tunnel settlement at the maximum settlement
point is 4.8 mm per month. The maximum tunnel settle-
ment occurs near the cross passage. On the whole, the tun-
nel settlement at the majority of this section exceeds
20 mm. It is obvious that the large settlement only occurs
near the cross passage. In the field condition, there is no
other nearby construction around this area. Hence, it can
be concluded that the large settlement near the cross pas-
sage predominantly results from the melt of the frozen soil.
Another case history is an interval of Ningbo Metro Line 1,
constructed in muddy clay. As shown in Fig. 4(b), it is
found that the shield tunnel experiences heave at the initial
operation stage, and then suffers from settlement due to
ground consolidation. Thereafter, during the formal oper-
ation stage, the settlement of the shield tunnel gradually
increases at the area far from the frozen cross passage
due to ground consolidation. For lining rings near the fro-
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Fig. 4. (a) Post-construction settlement curve of a shield tunnel of a metro
section of Fuzhou Metro Line 2, and (b) vertical displacement of the shield
tunnel of an interval of Ningbo Metro Line 1 with frozen cross passage.
Note: Ring width = 1.2 m.
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zen cross passage, significant tunnel settlement occurs with
a maximum value of 28.6 mm. The differential longitudinal
settlement causes water leakages within the cross passage.

2.3 Cumulative tunnel settlement due to cyclic train load

Metro trains moving in the shield tunnel could transfer
cyclic dynamic load to the underlying soil by track, track
bed, and lining sequentially. Plastic deformation of the
underlying ground occurs due to the cyclic dynamic load,
of which the magnitudes are governed by initial stress level,
loading times, and soil types. Wu et al. (2015a) proposed
an approach for calculating the cumulative tunnel settle-
ment due to the cyclic train load. Firstly, based upon the
operation condition of the train and simplified method
for depicting dynamic load, the coupled mechanical model
for the system of steel rail-fastening-tunnel-foundation is
built to calculate the dynamic stress of soils below the tun-
nel. Secondly, two-dimensional finite element model cou-
pled with dynamic train load is built and calculated to
obtain the dynamic soil stress. Finally, by using the for-
mula for predicting the cumulative plastic strain of soft soil
due to the cyclic load proposed by Chai and Miura (2002),
distribution of the plastic strain of soils along depth and
thereby the cumulative tunnel settlement due to the cyclic
train load are obtained.

For example, in a metro section in Shanghai soft clay,
the soil profile from the surface to the deep depth are
@ clay, @ muddy silty clay, @ muddy clay and ® clay,
with thickness of 2.8, 5.7, 9.7, and 21.8 m, respectively.
@ muddy silty clay and @ muddy clay are encountered
within the depth range of the metro tunnel, and the bur-
ial depth of the tunnel invert is 13.6 m. The calculated
results demonstrate that the cumulative tunnel settlement
induced by the cyclic train load increases with the pass-
ing time, but the increase rate decreases. For the train
speed of 10, 60, and 80 km/h, the cumulative tunnel set-
tlement after a 100-year operation reaches 20.0, 27.5,
30.0 mm, respectively. Besides, the cumulative tunnel set-
tlement mainly occurs at the beginning of the operation
period, and the settlement at the 1st year and the 10th
year accounts for 44.5% and 66.7% of that at the
100th year, respectively. It should be noted that, in engi-
neering practice, the post-construction tunnel settlement
is a combined results of ground consolidation, cyclic
train load, change in geological environment, and nearby
construction, and hence it is difficult to obtain the mea-
sured tunnel settlement only resulting from the cyclic
train load. As a result, the aforementioned methodology
(Wu et al., 2015a) for predicting the tunnel settlement
due to cyclic load lacks validation, but the tendency
for the development of the cumulative tunnel settlement
and the influence of train speed could also provide signif-
icant references.

3 Change in geological environment
3.1 Groundwater pumping

Groundwater pumping for soils underlying the shield tun-
nel results in the increases in the soil effective stress, and
hence the ground and tunnel settlement. In comparison with
soil effective stress, the effects of groundwater pumping on
the soil total stress are relatively small. As a result, the tunnel
deformation is predominantly the longitudinal settlement,
and transverse convergence is negligible.

Wu (2015) found that operation period of the metro
tunnels of Shanghai is also the fast growing period of the
ground surface settlement. The ground surface settlement
has increased since 1995 and reached more than 160 mm,
which mainly attributes to the disturbance induced by
urban construction and aquifer settlement due to ground-
water pumping. Meanwhile, it is found that the tunnel set-
tlement shows appreciable correlation with ground surface
settlement in scales of both time and space. The develop-
ment of the shield tunnel settlement with increasing time
is similar with that of ground surface settlement. The area
with the significant tunnel settlement is generally the
trough of the ground surface settlement at the same time.
As shown in Fig. 5, during the period of year 1995-2009,
it can be found that the development of groundwater
pumping, ground settlement and shield tunnel settlement
of two intervals of Shanghai Metro Line 1 show quite sim-
ilar trends. Wu (2015) proposed a simplified method for
estimating the tunnel settlement induced by the ground set-
tlement. By this method, it is found that the maximum tun-
nel settlement in 2010 induced by ground settlement
accounts for about 62.5% of the total amount.
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The tunnel longitudinal differential settlement due to
groundwater pumping induces appreciable joint opening
and dislocation, and hence waterproofness weakening of
sealing gasket and observed water leakage at joints. It is
moist inside the shield tunnels of Shanghai Metro Line 1
and Line 2, and there are generally more appreciable water
leakages at areas with larger differential settlement (Wu,
2015). For example, in Shanghai Metro Line 1 (Wu,
2015), the majority of water leakages occur at the joints
(54% at circumferential joints, 15% at longitudinal joints,
and 16% at cross joints), and the minority at the grouting
holes (12%) and bolt holes (3%). Besides, longitudinal dif-
ferential settlement leads to disengaging and cracks in track
bed, posing threatens to the safety of train operation. For
instance, in 2007, the disengaging length of track bed of
Xinzha Road-Huangpi Road section of Shanghai Metro
Line 1 reached 300 m.

3.2 Underconsolidation ground due to land reclamation

Urban construction needs land reclamation in large
scale coastal areas, causing the original soft ground in the
strong underconsolidation state and thus post-
construction settlement. Meanwhile, uneven thickness of
land reclamation and underlying soft ground could lead
to the differential settlement. Hence, the shield tunnels in
the land reclamation area suffer from longitudinal overall
settlement and differential settlement following with the
ground deformation. Meanwhile, the combined effects of
the surcharge on the ground surface and differential settle-
ment between the tunnel structure and greenfield ground
settlement result in increases in vertical load on the tunnel
and thus transverse convergence.

For example, in Shenzhen, the land reclamation area at
the coastal area had increased from 1973 and reached
570 km? in 2018, with a general height of 810 m. It is esti-
mated that the long-term ground consolidation settlement
is about 2-3 m. Figure 6(a) shows the satellite map and ele-
vation map of Shenzhen in year of 2020, as well as the land
reclamation area. Congested metro system is located in this
area, with 5 metro lines undercrossing. Among these lines,
the shield tunnels of 3 metro lines experience significant
post-construction settlement. The horizontal convergence
of 379 rings reaches more than 70 mm, and 145 rings
among these exceed 90 mm. More than 70% tunnel lining
rings suffer from horizontal convergence higher than
70 mm at the metro section with the most significant defor-
mation (Fig. 6(b)). Severe cracks and water leakages are
observed on the tunnel structure, associated with large area
lining reinforcement.

4 Nearby construction

Operating shield tunnels are frequently encountered
with nearby construction, including soil mass excavation

(upward and lateral) and ground surface surcharge. As
shown in Fig. 7, the additional ground stress and deforma-
tion due to different types of nearby construction differ a
lot, as well as the tunnel responses. Based upon case histo-
ries, this study focuses on the mechanism behind the tunnel
responses due to the nearby construction.

4.1 Lateral soil mass excavation

Lateral soil mass excavation is the most common type of
nearby construction with respect to the operating shield
tunnel in urban areas. Soil mass excavation causes soils
behind the retaining wall suffering from significant stress
relief, deformation, and weakening, which develops with
increasing wall deformation (Liu et al., 2024; Tan et al.,
2014). The initial vertical load on the lateral shield tunnel
lining is larger than the horizontal load, making the cir-
cumferential deformation in a shape of oval of which long
axis is in the horizontal direction. The lateral soil mass
excavation leads to the decreases in horizontal load on
the tunnel lining at the side closer to the wall, but slight
decreases or even increases at the opposite side with respect
to the tunnel axis (Meng et al., 2021b; Chen et al., 2023).
As a result, the oval-shaped circumferential tunnel defor-
mation becomes more significant, and the circumferential
tunnel internal force and deformation at the side closer
to the wall are much larger than the opposite side. Mean-
while, the longitudinal deformation also occurs in the tun-
nel, of which magnitudes and direction are governed by the
relative position between the tunnel and the excavation
range (Cheng et al., 2020).

(1) Case 1

A section of the shield tunnel of Shenzhen Metro Line 1 is
buried at the stratum of marine mud and clay, which exhibit
a quarter of circular arc in plan view. An excavation is
located at the side of the shield tunnel, of which excavation
depth ranges from 21 to 27 m, in length and width of 360
and 160 m, respectively. The clear distance between the exca-
vation and the shield tunnel is 37.5-90.0 m. The shield tun-
nel at the range influenced by the excavation, with a soil
profile of fill, mud, clay, sandy clay and granite with different
weathered degrees from shallow to deep, has a cover depth
of 12-18 m. The shield tunnel is mainly buried in the clay,
sandy clay and completely-strongly weathered granite, and
the mud is located 1.0 m above the tunnel crown. The settle-
ment of the tunnel exceeds the control value of 10 mm as the
excavation depth reaches 11.7 m, which continuously
increases after the excavation is stopped for 100 d. As shown
in Fig. 8, the maximum values of the final tunnel settlement
and horizontal displacement towards the excavation are 78.6
and 29.6 mm, and large-scale water leakages at joints and
cracks on the lining occur. The influenced range of the shield
tunnel has a length of 260 m, and consequently the speed
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Fig. 6. (a) Satellite map and elevation map of Shenzhen in the year of 2020, and (b) horizontal convergence of a shield tunnel of a metro section of

Shenzhen Metro Line 2 in the reclamation area.

limit of the train is reduced to 45 km/h. Subsequently,
ground surface discharge and grouting are adopted to miti-
gate the tunnel settlement and horizontal displacement.
However, the effectiveness is very slight, and the maximum
settlement and horizontal displacement are only reduced to
61.3 and 20.7 mm, respectively.

(2) Case 2

A twin-shield tunnel of a metro section of Ningbo
Metro Line 2 has a length of 746 m, and a horizontal axial

spacing of 12-15 m. The inner and outer diameters of the
tunnel are 5.5 and 6.2 m, respectively. The cover depth of
the tunnel ranges from 9 to 15 m, and is 11.9 m in average.
Main soils encountered within the depth range of the shield
tunnel are @; mud, @, muddy clay, @), silty sand, @,
silty clay with silty sand and @, silty clay. Among these,
the natural water contents of @, mud and @, muddy clay
exceed the liquid limits, and the sensitivity are 5.4 and 5.8,
respectively. The shield tunnel of the left line begins to
drive on February 28, 2011 and completes on May 30,
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2011. The above two points in time for the right line are
July 6, 2011 and November 5, 2011, respectively.

The nearby excavation is located at the north side of the
metro section. The minimum clear distance between the
excavation and the right line is 7.2 m. The average excava-
tion depth is 11.4 m, and the soil right below the excavation
base is @; mud. The shape of the excavation in plan view is
approximately the trapezoid, with upper and lower lengths
of 80 and 120 m and a height of 240 m, respectively. The
retaining system consists of cast-in-situ bored piles and
two levels of reinforced concrete struts, associated with
high pressure jet-grouting piles as the water curtain. The
excavation begins on December 1, 2011, about six months
and one month after the completion of the construction of
the left line and the right line, respectively. The construc-
tion of the second level struts is completed on January
11, 2012, followed with the soil mass excavation for the
third level soils carried out from March 11, 2012 to March
29, 2012. During the third level soil mass excavation (depth
from 7.9 to 11.4 m), longitudinal cracks and water leakages
are found around the springing lines of the shield tunnel of
the right line (Fig. 9), mainly occurring from Ring 40 to
Ring 414. Meanwhile, the shield tunnel of the left line suf-
fers from a maximum increment in the horizontal displace-
ment of 33.5 mm due to the third level soil mass
excavation, taking place at Ring 163. Besides, the horizon-
tal and vertical convergences and settlement of Ring 221
are 21.9, 16.0, and 25.3 mm, respectively.

4.2 Upward soil mass excavation

Upward soil mass excavation leads the stress relief and
heave deformation, and strongly disturbs the shallow zone
below the excavation base (Gao et al., 2023). As shown in
Fig. 7, the upward soil mass excavation causes the stress
relief and weakening of the soils above the underlying tun-
nel crown, while the soils below the tunnel mainly suffer
from heave that is smaller than that above the tunnel. In
comparison, the lateral load on the tunnel lining changes
a little. As a result, the circumferential tunnel deformation

is predominantly the vertical elongation, and the initial
horizontal oval-shape tends to be a circular one with
reduced circumferential internal force. In extreme condi-
tion, the cross section of the shield tunnel becomes an
approximately real circle as the soils around the tunnel
are all excavated. The deformation of the tunnel lining in
a cross-sectional view is determined by the change of earth
pressure distribution around the tunnel. Before upward
and downward unloading, the vertical earth pressure on
the top and bottom of the tunnel exceeds horizontal earth
pressure on the right side and left side of the tunnel, caus-
ing the occurrence of vertical compression and horizontal
elongation. After upward and downward unloading, the
difference in vertical earth pressure and horizontal earth
pressure decreases, causing vertical elongation and hori-
zontal compression and thus making the tunnel lining
tends to be a real circle. It should be noted that the tunnel
lining might tend to be an ellipse with major axis in vertical
direction when extreme large uploading in the vertical
direction occurs. It means that the horizontal earth pres-
sures at the right side and left side of the tunnel exceeds
the vertical earth pressures on the top and bottom of the
tunnel.

Generally, as shown in Fig. 10, the heave at the tunnel
crown J, is consisted of two parts: (1) the heave at the tun-
nel invert due to the underlying ground heave, d,;, and
(2) vertical elongation attributed to the upward stress relief
and soil weakening, J,,. The proportions of the two parts
depend on the ground condition, excavation geometries
and relative position between the excavation and the
underlying tunnel. The contribution ratio o of the heave
at tunnel invert, J, to the heave at tunnel crown, ., can
be calculated by Eq. (8):

0i _ 0p — Oy
= — =), 8
S Ty ®)
(1) Case 3

A long and narrow excavation for underground express
road is carried out above an underlying operating shield
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Line 1 induced by an at-side deep excavation. (a) Cross-sectional view of soil

profile and relative position between the tunnel and the excavation, and (b) measured tunnel displacement. Note: The horizontal coordinates in figure (b)

are position labels, of which the numbers behind “+” have a unit of “m
is 30 m.

tunnel for a collinear length of 3.09 km (Meng et al., 2020,
2022b). The maximum excavation depth is 18.0 m, and the
minimum residual cover depth of the underlying tunnel is
6.0 m. The unloading ratio, which is the ratio of the exca-
vation depth, H,, to the original tunnel cover depth, C, is
0.75. Gravelly clay, featured with strong structure, is
encountered within the tunnel range. In-situ tests for shear
wave velocity indicate that reduction degree of the shear
stiffness of the gravelly clay below the excavation base

”. For instance, the distance between position “25 + 290" and position “25 + 260”

could reach 70%. At the beginning of the project, the max-
imum tunnel heave reaches 6.3 mm just when the excava-
tion depth of a section is only 2.0-3.0 m, mainly
attributed to the large excavation width and the absence
of retaining system. Subsequently, for the section with an
unloading ratio of about 0.5, ground reinforcement by
jet-grouting and zoned excavation in longitudinal section
and cross section are carried out to mitigate the tunnel
heave. The measured tunnel heave within this range is
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Fig. 11. Deformation of the shield tunnel of Shenzhen Metro Line 11 due to
upward excavation. (a) Curve of normalized tunnel heave against unloading
ratio, (b) displacement in cross-sectional view, and (c) change of longitudinal joint
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means the displacement directs toward the tunnel axis in Fig. 11(b).
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smaller than 10 mm. In comparison, for the section with an
unloading ratio of 0.73, the aforementioned countermea-
sures achieve weak effectiveness and the maximum tunnel
heave reaches 23.5 mm. Thereafter, spaced shaft excava-
tion with anti-heave frame is adopted for the section with
high unloading ratio and satisfying effectiveness is
achieved.

The tunnel heave, transverse convergence, joint width,
and lining strain are monitored. It is found that the
increase in the tunnel heave after the soil mass excavation
is completed but before the base slab is constructed is
significant, which accounts for 38.2% of the stable heave
at the tunnel crown. With the low unloading ratio of
0-0.5, the tunnel heave linearly increases with growing
unloading ratio but exhibits nonlinear and rapid growth
for the unloading ratio exceeding 0.5 (Fig. 11(a)). The
critical unloading ratio for the sharp tunnel heave corre-
sponds to the situation that the downward soil arching
just develops to the tunnel crown, as introduced by
(Meng et al., 2022b, 2022c). The downward soil arching
herein has the opposite developing direction of soil arch-
ing effect in trapdoor test (Terzaghi, 1943), shield tunnel-
ing (Franza et al., 2019), and pipe-jacking (Ong & Choo,
2016; Choo & Ong, 2015). In a typical cross-sectional
view (Fig. 11(b)), the circumferential tunnel convergence
is predominantly the vertical elongation and horizontal
compression, and the circumferential internal force is
thus reduced. The contribution ratio o of the heave at
tunnel invert, Jy;, to the heave at tunnel crown, d., in this
section is 75%. Meanwhile, the joint width at the tunnel
crown is reduced but that at the tunnel springing line is
increased (Fig. 11(c)). Besides, the water leakages mainly
taking place at the circumferential joints do not occur at
the position with maximum longitudinal heave but the
location at sides of the position with both relatively
large joint opening and dislocation at circumferential
joints.

(2) Case 4

The excavation width and depth of an excavation for
an integrated transportation junction of Shenzhen are 32
and 13.2 m, respectively. The collinear length for the
excavation and underlying twin shield tunnels of Shen-
zhen Metro Line 10 is 370 m, and the residual cover
depth of the shield tunnel after the soil mass excavation
is completed is 3.8-7.5 m. The main soil layer encountered
within the tunnel range is gravelly clay, same as that in
Case 3. The schematic for soil profile and relative position
between the excavation and underlying tunnel and tunnel
heave is shown in Fig. 12.

The maximum tunnel heave is 35.0 mm due to the over-
lying soil mass excavation. Meanwhile, the horizontal
diameter reduces, and the cross section tends to be a real
circle. By comparing the tunnel heave at crown and invert,
it is found that the heave at the tunnel invert and vertical
elongation at the cross section account for 64% and 36%
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of the heave of the tunnel crown. It should be noted herein
that the above contribution ratios differ a lot for other
cases with different ground conditions and relative posi-
tions. Water leakages, cracks, and fall-block are observed
at 17, 71, and 53 positions, respectively. The water leakages
predominantly occur at circumferential joints, with 13 posi-

tions. Water leakages at circumferential joints are dis-
tributed in the full cross section, while in comparison,
these at the longitudinal joints are mainly found at the tun-
nel crown. Cracks and fall-block principally occur around
the joint at the tunnel crown, evenly distributed at the lon-
gitudinal and circumferential joints.
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4.3 Upward loading

Surcharge on ground surface causes additional stress
and settlement, and the continuously developing consoli-
dation deformation as well. The difference between the
vertical and horizontal load on the tunnel in cross section
view is further increased due to the surcharge, resulting in
the growth in transverse convergence and intensifying of
oval-shape. Meanwhile, as the development of the oval-
shape, the lateral confinement of the surrounding soil
on the tunnel springing line is enhanced to a certain
extent, restricting the growth of the transverse
convergence.

(1) Case 5

The twin shield tunnels of a metro section of Fuzhou
Metro Line 5 have a cover depth of 9.3-22.0 m. The outer
diameter, thickness, and ring width of the tunnel lining are
6.20, 0.35, and 1.20 m, respectively. The shield tunnels are
mainly buried in the mud with sand, with overlying layers
of fill, planting soil, medium sand, and mud with sand, and
underlying layer of mud with sand with a thickness of 1.5—
6.4 m. The compression modulus of the mud with sand is
2.5 MPa.

Construction of the shield tunnel of the right line is com-
pleted on July 25, 2020. Subsequently, grouting below the
tunnel invert is implemented from October 5, 2020 to Octo-
ber 11, 2020. Measurement of the tunnel deformation after
the construction but before the operation is completed on
November 17, 2020. Appreciable settlement of rings 170—

240 of the right line and simultaneously surcharge height
of 5.5 m above this tunnel range was found on January
7, 2021 when the elevation of the track was adjusted (Liu
et al., 2023). The maximum settlement at the tunnel invert
and horizontal convergence are 50 and 52 mm, occurring at
rings 200 and 184, respectively. Water leakages at the cir-
cumferential joints are the predominant defect, taking
place around the springing line in cross section and at the
sides of the maximum settlement with both relatively large
joint opening and dislocation at circumferential joints in
longitudinal direction (Fig. 13). The joint opening and dis-
location at circumferential joints are calculated by two-
stage method, in which the shield tunnel is simplified as
the Timoshenko beam (Wu et al., 2015b). For preventing
further development of the tunnel deformation, ground
surface discharge and grouting at two lateral sides of the
tunnel are carried out.

(2) Case 6

The twin-shield tunnel of a metro section of Fuzhou
Metro Line 1 is constructed below a riverway. Mud, with
a compression modulus of 1.8 MPa, is encountered within
the tunnel range. The maximum thicknesses of the mud
above the tunnel crown and below the tunnel invert are
6.0 and 10.0 m, respectively. Backfill of the riverway is car-
ried out from May to October of 2017 for constructing a
road above the tunnels, with a maximum height of 4.0 m.
The backfill area is located on the surface of the longitudi-
nal positions from SK23 + 100 to SK23 + 290 of the shield
tunnel of the up line.
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“SK23 + 100” and “SK23 + 150” is 50 m.

As shown in Fig. 14, the sections from SK23 + 000 to
SK23 + 300 of the shield tunnel of the up line suffered from
a maximum cumulative settlement of 4.0 mm from the
beginning of operation (May of 2016) to June of 2017.
During the period from May to October of 2017, after
the construction of the surface road, a longitudinal settle-
ment trough was found for sections from SK23 + 150 to
SK23 + 300, with a maximum settlement of 13.2 mm. Dur-
ing the period from September of 2017 to March of 2018,
the maximum increment in settlement reached 14.2 mm.
In December of 2019, grouting below the tunnel invert
was carried out for the section with appreciable settlement.
Till March of 2020, the increase rate of the settlement had
been reduced to a certain extent but subsequently recover-
ies to the original value. In July of 2020, the maximum set-
tlement reached 85.4 mm at position SK23 + 214. In
comparison, the sections of positions from SK23 + 160
to SK23 + 25 of the down line experienced a little increase
in horizontal convergence since the beginning of operation
in May of 2016. In March of 2017, the horizontal conver-
gence was just 2.0 mm. The horizontal convergence has
been stable since October of 2018 with a maximum value
of 15.0 mm.

Field check on the structural defect of positions from
SK23 + 000 to SK23 + 300 of the up line and from
XK23 + 000 to XK23 + 300 of the down line is carried
out. A total of water leakages at 136 positions and damages
of lining at 54 positions are observed. It is found that the
maximum joint dislocation is 11.0 mm, and the maximum
disengaging at the track bed is 5.5 mm. The maximum
width of the cracks on the lining is 0.26 mm in longitudinal
direction across the whole ring width, principally occurring

at the tunnel crown. Water leakages are majorly found at
the circumferential joints around the tunnel springing line.
Results of the three-dimensional laser scanning demon-
strate that the horizontal convergence of the up line is 0—
10 mm for 36%, 10-20 mm for 61%, and larger than
20 mm for 3%. Besides, the ovality of the tunnel smaller
than 6%o (tolerable value, MOHURD & AQSIQ, 2017)
accounts for 91% and the ovality of 6%c9%o accounts for
9%.

(3) Case 7

The twin-shield tunnel of a metro section of Shanghai
Metro Line 2 was constructed in October of 2008. The
outer and inner diameters of the tunnel lining are 6.2 and
5.5 m, and the ring width is 1.2 m, respectively. In Decem-
ber of 2008, rings from 280 to 260 of the up line suffer from
a sudden surcharge on the ground surface (Huang et al.,
2017). The average and maximum heights, right above ring
570, of the surcharge are 4.0 and 7.0 m, respectively. The
soil layer below the tunnel is ®) clay, and @ muddy clay
above the tunnel, with void ratios of 1.22 and 1.43,
respectively.

The horizontal convergence of the shield tunnel of the
up line is appreciable due to the surcharge, further enhanc-
ing the oval-shape of the tunnel lining. Two obvious con-
vergence zones are formed with two centers at rings 407
and 576. The horizontal convergence at ring 576 reaches
214.0 mm, about 34.5%0 of the designed diameter. Mean-
while, the joint opening at the tunnel crown of ring 570 is
27.1 mm, and the circumferential bolt at the nearby ring
581 is found to be fractured.
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Fig. 15. Summary of typical deformation and defect of shield tunnel.

Due to the combined effects of the tension of the bolt
and internal forces of the lining, fall-block and cracks at
the tunnel crown are quite common, especially at ring
571. The large transverse convergence also causes crushing
of the concrete at the joint around the springing line.
Meanwhile, longitudinal joints are opened at the outside,
inducing disengaging of the elastic gasket and thus large-
scale water leakages. Besides, water leakages at the tunnel
crown are occasionally observed, which might be attribu-
ted to the cracks in the concrete outside.

5 Summary on structural responses and defect of shield
tunnel

In light of the aforementioned case histories, this study
summaries the characteristics of the long-term deforma-

tion and defect of the operating shield tunnels in struc-
tured soft ground in China coastal areas resulting from
different factors, as shown in Fig. 15. Among all the fac-
tors inducing tunnel deformation and defect, post-
construction consolidation, frozen cross passage, cyclic
train load and groundwater pumping can be categorized
as the first group that resulting in the significant longitu-
dinal differential deformation and circumferential joints
deformation but slight transverse convergence. The struc-
tural defect is predominantly the water leakages at the
circumferential joints located at the sides of peak of the
curve of longitudinal deformation against longitudinal
position. Nearby construction including upward unload-
ing and loading, and lateral unloading could be catego-
rized as the second group. Upward and downward
unloading decreases the circumferential load on the tun-
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nel and mitigates the initial oval-shape tunnel lining, but
causes longitudinal differential deformation, joint defor-
mation and thus water leakage at the same position,
which are categorized as the first group. The longitudinal
deformation is in the direction toward the orientation of
the unloading. Apart from the above longitudinal defor-
mation and defects, lateral unloading could further
increase the differences between the vertical load and
the horizontal load on the lining, and thus the oval-
shape tunnel lining. Besides, water leakages at longitudi-
nal joints and even longitudinal concrete cracks can also
be observed. The circumferential load change, deforma-
tion and defect due to upward loading are similar to
those due to lateral unloading. Longitudinal deformation
curve in the figure within the table not only denotes
heave. For nearby excavation, the direction of the longi-
tudinal deformation is the same as the unloading direc-
tion or opposite to the loading direction. Tunnel defects
are predominantly the water leakages at circumferential
joints, occurring at tunnel crown, springing line and
invert due to upward unloading, lateral unloading and
upward loading, respectively. Meanwhile, upward loading
could even cause longitudinal cracks in joints and con-
crete at tunnel crown.

The hydraulic permeability of the typical structured soils
is generally lower than 10® cm/s. The post-construction
tunnel deformation due to different reasons all exhibit
appreciable time effects. For instance, the duration of the
development of the tunnel settlement due to the ground
surface surcharge depends on the consolidation rate of
the underlying soil, which can reach several years or even
decades. Soil mass excavation causes the differences in
the pore-water pressure and earth pressure between the
inside and outside soils, which consequently lead to the
increase in the deformations of the underlying tunnel
(Meng et al., 2020) and the at-side tunnel (Meng et al.,
2021a), unless the base slab is constructed. Meanwhile,
structural defect such as water leakages also develop with
the increasing tunnel deformation. The aforementioned
behavior related to the hydraulic permeability of coastal
structured soft soils differs a lot from those with other soil
types, like soft rock and sand.

6 Conclusions

(1) Shield tunneling-induced ground disturbance leads
to excess pore-water pressure, soil stress redistribu-
tion and weakening, further resulting in the post-
construction ground consolidation settlement and
hence the tunnel settlement. The magnitudes of the
tunnel settlement depend on the shield-driving
parameters. Melt of soils near frozen cross passage
causes ground settlement and generates an apprecia-
ble longitudinal settlement trough with a center of

the passage. The magnitudes, rate, and duration of
the tunnel settlement are significant. Cumulative tun-
nel settlement due to cyclic train load mainly occurs
at the beginning of operation period. The above fac-
tors have little influence on the circumferential load
on the tunnel lining. The predominant structural
responses are the longitudinal differential settlement
and corresponding water leakages at the circumferen-
tial joints.

(2) Groundwater pumping and land reclamation result in

the ground underconsolidated characteristic, and
hence large-scale overall settlement of the burial tun-
nel. Significant longitudinal differential deformation
of tunnels occurs locally, including in the center of
groundwater extraction areas, regions with large dif-
ferences in reclamation heights, and areas where the
distribution of underlying strata beneath the tunnels
changes markedly. Different from the groundwater
pumping, land reclamation could lead to the
increases in the vertical circumferential load on the
tunnel lining, and thus significant transverse conver-
gence and obvious longitudinal lining cracks and
water leakages at joints.

(3) Upward unloading and loading, and lateral unload-

ing on the operating tunnel are typical results due
to nearby construction. Among these, upward
unloading decreases the circumferential load on
the tunnel and mitigates the initial oval-shape tun-
nel lining, but causes longitudinal differential defor-
mation, joint deformation and thus water leakage
at circumferential joints. Lateral unloading and
upward loading could further increase the differ-
ences between the vertical load and the horizontal
load on the tunnel lining, and thus the oval-shape
tunnel lining. Apart from the circumferential defects
due to the longitudinal differential settlement, longi-
tudinal lining cracks and water leakages can be
observed due to the lateral unloading and upward
loading. In general, the water leakages at the cir-
cumferential joints do not occur at the position
with maximum longitudinal deformation, but the
location at sides of the position with both relatively
large joint opening and dislocation at circumferen-
tial joints. Soil arching effect due to the nearby con-
struction plays an important role in the tunnel
deformation.

(4) Structured soft soils are characterized with high sen-

sitivity and low permeability. The post-construction
tunnel deformation due to different reasons all exhibit
appreciable time effects, especially for facts strongly
disturbing the ground like upward surcharge and fro-
zen cross passage. Countermeasures for mitigating
the long-term deformation of the shield tunnel should
focus on the development of the deformation.
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