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Abstract

Shenzhen has abundant river systems, intense tectonic activity and complex geological conditions. The depth of Quaternary
deposits is thin and uneven, and the primary bedrock comprises granite with various degrees of weathering, which covers more
than 50% of the area of Shenzhen. Karst strata have developed in the eastern part of Shenzhen, and there are five groups of
fracture zones in the area. Shenzhen also has some problematic soils, including granite residual soil, and muddy clay and silt.
Metro tunnels are constructed using the shield tunnelling method. In Shenzhen, different strata are encountered during metro
shield tunnelling, including upper-soft and lower-hard strata, hard rock strata, soft-hard alternating strata, under-crossing river or
reservoir strata, muddy clay and silt strata and granite residual soil strata. The various strata encountered during shield tunnelling
may result in a series of problems with the geological environment. Environmental geological problems during tunnelling are
different for different strata, among which the major issues include serious cutter wear, difficulty in controlling the trajectory of
the shield machine, shield machine jam, roof fall and slurry spewing. Different countermeasures should be implemented accord-
ing to the characteristics of the strata to ensure the safe construction of metro tunnels. In this study, a case study of the Shenzhen
Metro Line 10 is introduced, where tunnels pass through three specific strata: hard rock strata, boulder strata and under-crossing
reservoir strata. In the future, more engineering cases that pass through different strata can be summarized according to the tunnel
construction project in Shenzhen.
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Introduction

During the rapid economic development and urbanization in
China over the last three decades, a large number of metro
tunnels have been constructed (Xu et al. 2008; Shen et al.
2009, 2010; Qiao et al. 2017; Peng and Peng 2018; Wu et al.
2018a). Planning for urban rail transit in China began in the
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1990s (Zhao et al. 2016; Lyu et al. 2018b), and there are cur-
rently 41 Chinese cities with metro tunnels either in operation
or under construction, including Shanghai (Liao et al. 2009;
Tan and Wang 2013a, 2013b; Shen et al. 2014; Lyu et al.
2019a, 2019b), Beijing (Liu et al. 2000; Chang 2013),
Guangzhou (He et al. 2016; Ren et al. 2016; Lyu et al. 2016,
2018a), Jinan (Lyu et al. 2020), Hangzhou (Xu et al. 2017,
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2018a; Tan et al. 2018) and Shenzhen (Li and Chen 2012; Yang
et al. 2016). For example, the metro system constructed in
Shanghai has a track length of 666 km and consists of 16 lines
and 389 stations (Xu et al. 2012, 2018b; Xu and Shen 2012; Wu
etal. 2014, 2017b; SM 2018a). The metro system in Beijing has
a track length of 597 km, consisting of 21 lines and 368 stations
(Zhang et al. 2008; BS 2018). Shield tunnelling is the main
construction method for metro tunnels. A series of problems
related to the geological environment are encountered during
the construction of metro tunnels (Ren et al. 2018a, 2018b). The
geological characteristics vary in different cities, such as the soft
soil in Shanghai (Xu et al. 2009, 2016; Elbaz et al. 2016),
shallow biogas in Hangzhou (Xu et al. 2017, 2018) and
water-rich strata in Tianjin (Shen et al. 2015; Wu et al. 2019).
These geological environmental problems should be evaluated
by considering the local geological characteristics.

Shenzhen City in Guangdong Province is one of the
most developed coastal cities in the south of China,

(a) Map of China and Shenzhen City
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with an area of 1890 km?® Figure 1 shows the admin-
istrative districts and layout of the metro system in
Shenzhen. Shenzhen is located on the east side of the
Pearl River Estuary and adjacent to the South China
Sea, as shown in Fig. la. Construction of the metro
system in Shenzhen began in 2004. Currently, the con-
structed metro in Shenzhen has a track length of
286 km and consists of eight lines and 199 stations
(SM 2018b). The layout of the metro system, including
the sections that are currently built and those under
construction, is shown in Fig. 1b. Shenzhen has distrib-
uted reservoirs and abundant river systems, including
the Dongjiang River, Haiwan River and Pearl River.
The terrain of Shenzhen is high in the southeast and
low in the northwest (LS 1983). Thus, the geological
conditions in Shenzhen are complex and varied (SG
2009). The depth of the Quaternary deposits is thin
and uneven. Granite with different degrees of

Guangdong | #e . Dapeng
Province ) g Hong Kong
oot Lingdingyang Estuary South China Sea
»
— Pearl River — Dongjiang River — Haiwan River — Coastline & Engineering site for Karst survey
(b) Map of Shenzhen Metro system (built and under construction)
N
@ 0 5 10km
—— Line 1
Dongguan City - L:}: )

Huizhou City

Line 9

——— Line 11

Note: solid lines indicate built metro lines and dash lines indicate under construction metro lines

Fig. 1 Map of administrative districts and metro system in Shenzhen (Based on Cui et al. 2016)
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weathering is widely distributed as the primary bedrock
and covers more than 50% of the area of Shenzhen,
with an outcrop area of 760 km? (Zhang et al. 2014,
Cui et al. 2016). This granite has a shallow buried
depth, large thickness and significant spheroidal
weathering (SG 2009). Karst strata have also developed
in eastern Shenzhen. Furthermore, tectonic activity in
the area is intense, and five large fault zones have de-
veloped in Shenzhen (SG 2009).

The typical buried depth of Shenzhen metro tunnels is
10-20 m below the surface, and the maximum depth is
approximately 40 m (Li et al. 2014; Sun et al. 2015; SM
2018b). Given the complex geological conditions in
Shenzhen, different strata are encountered during shield
tunnelling, which can result in geological environmental
problems. According to the urban plan for Shenzhen,
more than 20 lines with a track length of 753 km will
be in operation in the future (SM 2018b). To ensure the
safe construction and operation of metro tunnels in
Shenzhen, problems related to the geological environment
should be considered in terms of the characteristics of the
strata encountered during shield tunnelling. This will al-
low appropriate countermeasures to be adopted based on
the characteristics of the strata and anticipated problems
related to the geological environment.

The objective of this study is to investigate geological en-
vironmental problems during metro shield tunnelling in
Shenzhen. First, the geological and hydrogeological charac-
teristics of Shenzhen are introduced. Then, the geological en-
vironmental problems due to the strata encountered during
shield tunnelling are investigated. Finally, appropriate coun-
termeasures are proposed in consideration of a case study.

N
@ 5km
L

B

Quaternary Bedrock (granite)
Fig. 2 Geology of Shenzhen (Based on SG 2009 and Cui et al. 2016)

Geological and hydrogeological
characteristics of Shenzhen

The landforms of Shenzhen can be divided into three types:
mountain, terrace and coastal plain, which have elevations of
100-500, 10-80 and 0—10 m, respectively. Figure 2 shows the
geology in Shenzhen. The bedrock of Shenzhen consists of
different types of rocks, including sandstone, granite, mud-
stone, shale, limestone and marble. Granite is the primary
bedrock and is widely distributed in Shenzhen. Quaternary
deposits from 0 to 40 m are largely distributed in the western
area of Shenzhen and occur sporadically in other areas (SG
2009). There is a large area of karst strata in eastern Shenzhen.
Generally, the depth of metro tunnel construction is 10—40 m
below the surface.

Quaternary deposits
Classification of quaternary deposits

Table 1 summarizes the detailed classification and character-
istics of the Quaternary deposits in Shenzhen. The Quaternary
deposits consist of the Holocene Series, upper Pleistocene
Series and ungrouped residual layers. The sedimentary layer
of the Holocene Series is relatively developed and consists of
gravel, sand, sandy clay, clay, silt and peat, with a typical
thickness of 10-20 m. The upper Pleistocene series is mainly
composed of gravel, sand, sandy clay, silt and partially peat,
with a typical thickness of 5-15 m. The ungrouped residual
layers are mainly composed of gravel clay, sandy clay and
cohesive soil, and the thickness is generally 0—-64 m.
Figure 3 shows a sectional view of the Quaternary deposits.

Bedrock (other rocks)
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Fig. 3 Sectional view of the Quaternary deposits in Shenzhen (section A-B see Fig. 2)

Characteristics of quaternary soil

Figure 4 shows the typical physical and mechanical properties
of the Quaternary soil in Shenzhen. Soil layer no. 2 mainly
contains silt, silty fine sand, muddy clay and coarse sand and
is characterized by a high natural water content, large void
ratio, low bearing capacity and high compression coefficient.
Soil layer no. 3 contains silty fine sand, muddy clay, coarse
sand, gravelly sand and silt clay, with characteristics which are
slightly better than those of layer no. 2. Soil layer no. 4 con-
tains gravelly sand, pebbles and peaty clay and is character-
ized by a low natural water content, high bearing capacity and
low compression coefficient. Soil layer no. 5 contains clay and
silty clay and is characterized by a low compression coeffi-
cient and low vertical hydraulic conductivity. Soil layer no. 6
contains medium sand, silty clay, coarse sand and gravelly
sand and is characterized by a low void ratio and high bearing
capacity. Soil layer no. 7 contains sand and silty clay and is
characterized by a high compression modulus and high bear-
ing capacity. Soil layer no. 8 contains clay, sandy clay and
gravelly clay and is characterized by high vertical hydraulic
conductivity and high bearing capacity (SG 2009).

Muddy clay and silt soils

Muddy clay and silt are mainly distributed in the western
coastal areas of the South China Sea and the eastern coastal
areas of the Lingdingyang Estuary, covering an area of

Fig. 4 Typical physical and
mechanical properties of

Soil layer w/w/wp (%)
20 40 60 80100

approximately 60 km”. The thickness of the silt is generally
3—10 m, with a maximum of over 20 m. Silt on the beach is
mostly exposed to the surface and the water content in the
upper part of these areas can be as high as 100% (essentially
in a flowing state) with a self-stable slope of less than 5°. The
muddy clay buried in the marine—continental alternating sed-
imentary facies in the sea alluvial plain has a water content of
40-60% and is in a state of flowing plasticity (SG 2009).

Weathered granite
Different weathering degrees

Based on the degree of weathering, the granite in Shenzhen
can be divided into six types: residual soil, completely weath-
ered granite, highly weathered granite, moderately weathered
granite, slightly weathered granite and fresh rock. Table 2
summarizes the classification of granite weathering zones.

The thickness of granite weathering zones varies greatly,
even within the same degree of weathering. Generally, the
thickness of the highly weathered zone is approximately
10 m. However, in the southeast area of the Futian district,
the thickness of the highly weathered zone reaches 30—40 m;
in some areas, the thickness is greater than 80 m. The thick-
ness of the moderately weathered zone also varies significant-
ly, and it may be greater than 10 m and less than 1 m in some
building sites.
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Table 2 Classification of granite

weathering zone in Shenzhen (SG Sequence (from top to bottom)

Name of weathered belt Degree of decomposition

Residual soil Complete

Completely weathered zone Extremely high

Highly weathered zone Extremely high to high
Moderately weathered zone High to moderate
Slightly weathered zone Slight

Fresh rock Undecomposed

2009)
I
Il
1T
v
\%
VI

Residual soils

There are large areas of thick granite residual soils dis-
tributed in the Futian, Nanshan and Bao’an districts of
Shenzhen, whereas the residual soils in the eastern part
of Longgang are relatively thin (Dai et al. 2009). The
water content of granite residual soil is high, and the
porosity ratio is close to or greater than 1.0. The com-
pression capacity is large, and the compression modulus
is generally 4-6 MPa. The mineral composition of gran-
ite residual soil is primarily quartz, which accounts for
approximately 60%; the remaining clay minerals are
mainly kaolinite, with a lower content of illite. Most
of the granite residual soils originated from coarse-
grained granite and are gravel cohesive soils with a
relatively limited water content, good permeability,
small compressibility, fast consolidation and high bear-
ing capacity; these can function as a good bearing layer
for multi-storey buildings.

Spheroidal weathering

Joints in several directions divide the rock mass into polyhe-
dral blocks. The edges and corners of these blocks are

weathered and destroyed by the effects of temperature and
water in multiple directions and over a large depth range.
Over a long period of time, the edges and corners of a rock
block gradually disappear, and the block eventually trans-
forms into an ellipsoidal or spherical shape. This phenomenon
is called spheroidal weathering, which is a combination of
dominant chemical weathering and physical weathering.

Spheroidal weathering is a common phenomenon in gran-
ite weathering layers and appears in the granite residual soils,
completely weathered zone, highly weathered zone and at the
ground surface. The diameter of these spheres varies from as
large as 10 m to as small as 0.1 m. The stratum containing the
spheroidal weathering zone is called the boulder stratum in
Shenzhen.

Fracture structure

Figure 5 shows the main fault zones in Shenzhen. The
zones are divided into five groups according to the fault
tendency: northeast (NE), east—west (EW), northwest
(NW), north—northeast (NNE) and south—-north (SN)
trending fault zones (SG 2009). Each fault zone is com-
posed of several individual faults.

Fig. 5 Main fault zones in N
Shenzhen (Based on SG 2009) @ 0 5 10km
Dongguan City

—— NE trending fault zone
—— SN trending fault zone
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NE trending fault zone

The NE trending fault zones are large in scale, with a direction
of 50-70° from north; they mainly incline to the southeast and
northwest with a dip angle of 40-80°. Single faults mostly
have lengths greater than 5—10 km and widths greater than
10-20 m. The greatest width of an individual fault is greater
than 70 m. The influence bandwidth ranges from tens of me-
ters to 300 m and has good continuity. In some cases, the NE
trending fault zones cross the NNE or NW trending fault
zones. The faults are mainly characterized by compression
and torsion.

EW trending fault zone

The EW trending fault zones occur in the direction of 80—100°
from north and incline to the south with a dip angle of between
50° and 80°. These faults can extend for more than 30 km. The
influence bandwidth ranges from 100 to 300 m to 1.0-2.5 km.
Individual faults typically have a length of 1-8 km. The single
fault with the largest scale is 15 km in length and 5-20 m in
width. The faults are mainly characterized by compression
with a small degree of torsion.

NW trending fault zone

The NW trending fault zones occur in the direction of 300—
330° from north and incline to the northeast with a dip angle of
45-80°. These faults control the micro-geomorphology, such
as the valleys, streams and springs in Shenzhen. The length of
the NW trending fault zones is 10-30 km, in which individual
faults are typically 2—15 km in length and 2-30 m in width.
The faults are characterized by multiple periods of tectonic
movement, mainly by compression and torsion, with an anti-
clockwise twist.

NNE trending fault zone

The NNE trending fault zones occur in the direction of 20°—
35° from north and incline to the northeast with a dip angle of
between 40° and 80°. These faults are characterized by poor
development, a small scale and sporadic a distribution. Most
of the individual faults are straight and short. The early faults

are tensile, and the later faults are characterized by compres-
sion and torsion, with an anticlockwise twist.

SN trending fault zone

The SN trending fault zones occur in the direction of 345°—
360° from north and mainly incline to the east with a dip angle
of between 50° and 70°. These faults are characterized by poor
development, a small scale and a sporadic distribution. The
faults are mainly characterized by compression with a small
degree of torsion.

Karst strata

Karst is primarily distributed in the eastern part of Shenzhen,
particularly in the Longgang district. Based on the buried
depth, karst can be classified as covered karst (with a buried
depth of 440 m) and buried karst (with a buried depth of
greater than 40 m). Based on the influence depth range of a
general building load on the foundation and the probability of
a surface karst collapse disaster (Lyu et al. 2017), covered
karst is further divided into shallow buried areas (less than
15 m), intermediate buried areas (15-30 m) and deep buried
areas (30-40 m). Buried karst is developed in glutenite and
carbonate rocks. Table 3 summarizes the characteristics of
karst caves in one engineering site, the location of which is
shown in Fig. 1a. The rate of occurrence of holes with karst
caves is between 41.8 and 78.8%.

Hydrogeological conditions

The groundwater in Shenzhen includes pore water, bedrock
fissure water and karst water (SG 2009), as shown in Fig. 6.
The groundwater level fluctuates between 2 and 3 m below
the surface.

Pore water

Pore water is primarily distributed in the southwestern
edge of Shenzhen. The aquifer layers have a sporadic
and dispersed distribution and are mostly composed of
fine sand, coarse sand and gravel layers. Water abundance
is not uniform and varies from poor to moderate. The pore

Table 3 Statistics of karst caves in an engineering site (SG 2009)

Survey type Overburden thickness (m) N Nk NK/N (%) karst caves Top elevation of Bottom elevation of
height (m) karst caves (m) karst caves (m)

Detailed survey 15.6-32.0 134 56 41.8 0.2-20.2 17.65-16.60 —22.83-14.59

Supplementary survey 17.39-40.74 66 52 78.8 0.1-15.0 —18.0-16.0 —18.25-21.90

N number of drilled holes, Nk number of drilled holes with karst caves

@ Springer
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E= Medium-rich layered bedrock fissure water
Medium-rich massive bedrock fissure water
Medium massive bedrock fissure water
||I|I| Karst water

Fig. 6 Schematic of groundwater type distribution in Shenzhen (Based on SG 2009)

water in Shenzhen is divided into alluvial marine deposit
pore water, residual deposit pore water and alluvial
diluvium pore water. The water inflow of the alluvial ma-
rine deposit is poor, owing to the small interstices be-
tween the sand particles. The water inflow of a single well
in the residual deposit is normally less than 100 m?/day,
whereas that of the alluvial diluvium deposit is abundant,
with a maximum value of 1300 m>/day.

Bedrock fissure water

Fissure water is mainly distributed in mountainous and
hilly areas. Bedrock fissure water is subdivided into
layered bedrock fissure water, massive bedrock fissure
water and red layered fissure water, based on the genet-
ic type of the bedrock. Layered bedrock fissure water is
mainly distributed in the central and northwestern re-
gions of Shenzhen, with some in the eastern region.
Massive bedrock fissure water is mainly distributed in
the west and south of Shenzhen and covers 48.7% of
the area of Shenzhen. The water abundance is poor or
moderate, depending on the degree of fissure develop-
ment in the layered or massive bedrock. The distribution
range of red layered fissure water is limited and the
water abundance is poor.

@ Springer

B Poor layered bedrock fissure water
Poor red layered bedrock fissure water

Pore water

Karst water

Karst water is distributed in the karst basin located in the
northeastern part of Shenzhen and is present in the karst fis-
sures of dolomite, dolomitic limestone, dolomitic marble,
marble, crystalline limestone and breccia limestone. The water
abundance of karst aquifers is generally high, but is heteroge-
neous with obvious anisotropy. Generally, the water abun-
dance is high in areas with strong karst development and less
abundant karst caves, whereas the water abundance is poor in
areas of converse characteristics.

Geological environmental problems
during tunnel construction

Considering the geological and hydrogeological characteris-
tics of Shenzhen, as shown in Fig. 7, the following strata may
be encountered during shield tunnelling of metro tunnels,
which may result in the occurrence of various geological en-
vironmental problems: upper-soft and lower-hard strata, hard
rock strata (partially containing karst or faults), soft-hard al-
ternating strata (including boulder strata and bedrock uplift
strata), under-crossing river or reservoir strata, muddy clay
and silt strata and granite residual soil strata.
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Ground surface

Fig. 7 Schematic of shield
tunnelling strata in Shenzhen
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(4) Under-crossing river or
reservoir strata

Upper-soft and lower-hard strata

An upper-soft and lower-hard stratum indicates that the exca-
vation face encounters mixed ground containing a soft layer
(e.g., clay) at the top and a hard layer (e.g., granite) at the
bottom (Ren et al. 2016). Owing to the variable and uneven
geological conditions and relatively thin Quaternary deposits
in Shenzhen, metro tunnels are often dug in strata with litho-
logical changes, particularly upper-soft and lower-hard strata
(Liu 2010). The upper part of a typical upper-soft and lower-
hard stratum is a gravel cohesive soil or completely weathered
granite. These soils can be easily softened, disintegrated and
weakened. The lower part is mostly composed of moderately
weathered and slightly weathered granite, which have high
compression strength.

When shield tunnelling is carried out in upper-soft and
lower-hard strata, the uneven compression strength results
in increased cutter wear (Elbaz et al. 2018a). Because the
upper-soft stratum can easily enter the cutter chamber,
whereas the lower-hard rock does not break easily, the tra-
jectory of the shield machine is difficult to control. The
resulting deviation in the tunnelling direction leads to addi-
tional frictional resistance, which reduces the tunnelling
speed. If the parameters of the shield machine, such as the
speed of the cutter head, torque of the cutter head and thrust
of the oil cylinder, are not controlled effectively, slurry can
be spewed (Peng 2015; Ren et al. 2016).

During the shield tunnelling construction of a certain inter-
val of Line 2 of the Shenzhen Metro, the tunnelling parameters
of the shield machine were abnormal, and the cutter wear was
severe. A supplementary survey showed that there was a typ-
ical upper-soft lower-hard stratum approximately 50 m in
length on the excavation surface, which consisted of an upper
part of completely weathered granite and lower part of mod-
erately and slightly weathered granite, with a uniaxial com-
pressive strength of 137 MPa (Deng and Gu 2012).

(5) Muddy clay and silt strata (6) Granite residual soil strata

Hard rock strata

Hard rock strata are particularly common in shield tunnelling
in Shenzhen. In addition to uniform hard rock, shield ma-
chines also need to tunnel in hard rock strata with faults or
karst in some cases. Typical hard rock strata have high quartz
content and high brittleness. The compressive strength of hard
rock strata is high, with a maximum uniaxial compressive
strength of 295 MPa (Liu 2010). During the shield tunnelling
construction of a certain interval of Line 5 of the Shenzhen
Metro, a long-distance hard rock stratum was encountered,
which accounted for 46.5% of the interval length. This hard
rock stratum had a uniaxial compressive strength of greater
than 100 MPa, and mainly consisted of granite, with a high
quartz content, high brittleness and hard rock (Li et al. 2009).
Because of the high compression strength of hard rock, the
cutter wears easily. When the cutter is breaking hard rock, the
rock exerts an anti-torque on the shield machine, which causes
the shield machine to rotate by itself. Thus, the trajectory of
the shield machine can be difficult to control. Segment stag-
ger, segment damage and over-excavation can occur owing to
deviations in tunnelling direction. In addition, segment stag-
ger and damage can lead to segment leakage (Li et al. 2009).
Changing the cutter frequently and correcting the trajectory of
the shield machine reduces the overall tunnelling efficiency.

If there are faults in the hard rock, the rock is crushed and
broken by the faults, thereby reducing rock stability. Once
rock containing a fault is disturbed by the shield machine,
ground settlement occurs (Hamid et al. 2015). Furthermore,
the fractures in the fault zone can store a large amount of
water, which can lead to slurry spewing (Ohbo et al. 2000;
Liu et al. 2018; Zhang et al. 2018).

Moreover, karst action in soluble rocks results in the for-
mation of karst caves in hard rock strata. Before a shield con-
struction, the state of the karst caves is geologically stable. The
surrounding fissures, the properties of the overlying soil layer
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and the hydrodynamic conditions are almost unchanged in
general. With the advance of the shield machine, the distur-
bance by the construction of the surrounding environment
changes the surrounding fissures, the properties of the overly-
ing soil layer and the hydrodynamic conditions, which in turn
damage the constructed tunnels and shield machine (Cui et al.
2015). If some water is present in the karst caves, screw con-
veyor spewing can occur. More seriously, a large quantity of
water can flow into the shield machine from the front of
cutterhead, which would damage the shield machine and con-
structed tunnels. In addition, karst caves lead to long-term
instability of the tunnel structure (Cui et al. 2015; Elbaz
et al. 2018b).

Soft-hard alternating strata

Strata in front of the shield machine that comprise soft soil at
first and then hard rock are called soft-hard alternating strata.
Strata containing spheroidal weathering of granite are called
boulder strata, which are a type of soft-hard alternating strata.
The uniaxial compressive strength of a boulder can reach
200 MPa (Zhu et al. 2011). A stratum mainly consisting of
soft soil with some bedrock uplifting is called a bedrock uplift
stratum, which is another type of soft-hard alternating stra-
tum. Boulders and bedrock are mainly distributed in the full
weathering and strong weathering zones and sometimes ap-
pear in artificial backfill (Li 2017).

When a shield machine tunnels from soft soil to hard rock,
the uneven strata cause the cutter to wear both rapidly and
eccentrically (Ren et al. 2018c, 2018d). Because the boulder
or bedrock cannot be thoroughly identified, the shield ma-
chine can easily become jammed and the tunnelling trajectory
is difficult to control. Thus, the excavation face can easily be
over-excavated, which would result in ground settlement (Liu
2010; Yang and Yuan 2011).

Under-crossing river or reservoir strata

Metro tunnels are often tunnelled under rivers or reservoirs in
Shenzhen, as Shenzhen has abundant river systems. Because
the depth of the Quaternary deposits in Shenzhen is thin, the
overlying strata of the tunnels under crossing rivers or reser-
voirs are generally very shallow. The shield tunnel on a certain
interval of Line 10 of the Shenzhen Metro passes under a
reservoir three times. It is a shallow-covered tunnel with a
minimum net distance of 4.36 m between the top of the shield
tunnel and the bottom of the reservoir. Because of the small
net distance between the top of the tunnel and the bottom of
the river or reservoir, roof fall can readily occur in the tunnel.
It is difficult to construct a self-supporting system in highly
weathered strata after a construction disturbance, which can
lead to cracking failure.

@ Springer

Muddy clay and silt strata

Most of the strata near the coastline in Shenzhen are muddy
clay and silt strata, which are problematic soils with a low
bearing capacity, high water content and highly thixotropy
and rheology. Some metro tunnels along the coast have been
tunnelled in a muddy clay and silt stratum, such as Line 5 of
the Shenzhen Metro (Li 2017). The shield machine causes a
large disturbance of this stratum during tunnelling, leading to
deformation and instability (Shen et al. 2016; Wu et al.
2017a). Mud cake can easily form in the centre area of the
cutter head, which results in decreased driving speed and in-
creased cutting torque. At the same time, the increased tem-
perature of the cutter chamber affects the service life of the
main bearing seal. During the soil conveyor process, soil plugs
are difficult to form because of the poor discharge capacity of
the soil. As a result, soil spewing can easily occur at the posi-
tion of the soil outlet. The stability of the excavation surface is
poor, owing to the strong rheological properties of the muddy
clay, and soil collapse can occur (Wu et al. 2018).

Granite residual soil strata

Granite residual soil is a problematic type of soil that differs
from common cohesive soil. It is uneven, anisotropic and
prone to softening, easy disintegration and disturbance. In
the first phase of the Shenzhen Metro project, including con-
struction of Line No. 1 in the East-West direction and Line No.
4 in the South-North direction, approximately 19 km of gran-
ite residual soils occur along the 24.4 km length of the entire
line. In the granite residual soils, gravel clay accounts for 80—
85%, sandy clay for approximately 15% and clay for less than
3% (Bao 2004). The strength of granite residual soil decreases
with increasing water content, which renders the soil in front
of the cutter head prone to collapse. Owing to the uneven
weathering degree of granite residual soil, the strength of the
granite residual soil varies, which makes the trajectory of the
shield machine difficult to control. Because the granite resid-
ual soil is easily softened, the spewing phenomenon is severe,
and the amount of slurry is large. If the shield machine deflects
or the slurry spews, it is time-consuming to correct the direc-
tion of the shield machine or clean the slurry, which reduces
the overall tunnelling efficiency.

Countermeasures for shield tunnelling
in different strata

When shield tunnelling in different strata, appropriate coun-
termeasures should be adopted to address the various prob-
lems related to the geological environment. Table 4 summa-
rizes the main countermeasures for different strata. The coun-
termeasures are described in detail in the references listed in
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Table 4 Main countermeasures for different strata

Strata

Main countermeasures

References

Upper-soft and lower-hard strata

Hard rock strata Uniform hard rock strata

Hard rock strata with faults

Hard rock strata with karst

bedrocks uplift strata
Boulders strata

Soft-hard alternating strata

Under-crossing river or reservoir strata

Adjusting the tunnelling
parameters during
tunnelling

Controlling tunnelling
parameters

Investigating the degree
of cutter wear and
replacing the cutter if
necessary, sometimes
consolidating the
fault strata

Treating the karst caves

Removing the uplift
bedrocks or boulders

Increasing the thickness

Liu (2010); Fu (2009);
Deng and Gu (2012)

Jin (2007)

Ohbo et al. (2000)

Cui et al. (2015)

Zhang et al. (2011); Zhu
et al. (2011); Jin et al.
(2018a, 2018b)

Zhang et al. (2004)

Special soil strata

Muddy clay and silt strata
Granite residual soil strata

of overlying strata on

the tunnel or

reinforcing the

overlying strata

Improving the strata by Wang (2009); Gao (2012);

grouting Mu (2012); Shen et al.
(2013); Cheng et al.
(2017, 2018)

Table 4. The main countermeasures for different strata are as
follows:

Upper-soft and lower-hard strata: the selection and layout
of'the cutters should focus on enhancing their adaptability
to deal with the actual geological conditions. Adjustments
of the cutter head speed, cutter head torque, pressure of
the cutter chamber and thrust of the oil cylinder can be
used to control the trajectory of the shield machine.
Hard rock strata: during shield tunnelling in uniform hard
rock strata, the tunnelling parameters of the shield ma-
chine should follow a principle of ‘high speed, small
torque and large thrust to improve the trajectory control
of the shield machine. During shield tunnelling in hard
rock strata containing faults, the degree of cutter wear
should be investigated before the shield machine enters
the fault zone. If the wear capacity of the cutter radius
reaches 20-25 mm, the cutter should be replaced in ad-
vance to ensure that the shield machine can pass through
the fault zone without stopping. In some cases, the fault
strata should be consolidated through grouting. During
shield tunnelling in hard rock strata with karst caves, all
of the karst caves should be treated before tunnelling.
Soft-hard alternating strata: generally, the uplift bedrock
and small boulders can be broken directly by the cutter of
the shield machine. Large boulders should first be frac-
tured into smaller rocks and then removed piece-by-piece
by the shield machine.

4. Under-crossing river or reservoir strata: an economical
method to increase the thickness of the overburden on
the tunnel through filling of soils to the bottom of the river
or reservoir is generally applied. Considering the require-
ments of shipping and drainage, grouting reinforcement
of the bottom of the river or reservoir can be employed.
Particularly in shallow overlying areas, grouting rein-
forcement and anti-floating structures should be simulta-
neously adopted.

5. Problematic soil strata: a horizontal twin-jet grouting
method can be applied to control the shield posture as
the shield machine begins tunnelling. During the shield
tunnelling, strata grouting reinforcement methods can be
used.

Case study
Project overview

The construction site is a tunnel section of the Xuexiang
Station to Gankeng Station route (labelled as the Xue—Gan
section) of Line 10 of the Shenzhen Metro; the interval length
is 2417 m, as shown in Fig. 1b. The Xue—Gan section was
constructed using shield tunnelling and mine tunnelling
methods. Two earth pressure balance shield machines with
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Fig. 8 Geological profile in Xue— Xuexiang

Gan section of Line 10 of the
Shenzhen Metro
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diameters of 6 m were utilized. The lining of the tunnel has an
outer diameter of 6 m and an inner diameter of 5.4 m.

Figure 8 shows the geological formation in the Xue—Gan
section. Various strata have been identified: plain fill (labelled
as 1), mucky cohesive soil (2—1), silty clay (2-2), pebbly clay
(3), gravel cohesive soil (4), completely weathered granite (5),
sandy highly weathered granite (6—1), massive highly weath-
ered granite (6-2), moderately weathered granite (7) and
slightly weathered granite (8). The physical and mechanical
properties of the soil strata are given in Fig. 9. During shield
tunnelling, the shield machine passed once through a hard
rock stratum with faults, twice through boulder strata and
three times through under-crossing reservoir strata. When
the shield machine passes through the hard rock stratum with
faults, ground settlement may occur. In the boulder strata, the
cutter wears easily and the trajectory of the shield machine is
difficult to control, which reduces the overall tunnelling effi-
ciency. As for under-crossing reservoir strata, roof fall can
occur in the tunnelling process. To ensure the shield machine
passed through these strata efficiently and successfully, differ-
ent countermeasures were adopted.
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@ Completely weathered layer
(©)

©IC
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Hard rock strata with faults

The fault zone in the Xue—Gan section is not an active fault. It
is located 412 m from Xuexiang station, is approximately
13 m in width and is part of the NW trending fault zone.
Near the fault zone, the strata from top to bottom consist of
completely weathered granite, highly weathered granite, mod-
erately weathered granite and slightly weathered granite. The
fault zone is developed and contains numerous cracks and
broken rocks (e.g. mylonite, breccia), which have high wa-
ter-permeability.

When the shield machine was 5 m from the fault zone, the
wear capacity of the cutter wear radius was 23 mm. Therefore,
the cutters with appropriate parameters were replaced to en-
sure the shield machine would pass through the fault zone
without stopping. As the shield machine passed through the
fault zone, synchronous grouting and secondary grouting
were applied to control ground settlement. The average
grouting quantity of the synchronous grouting was approxi-
mately 5 m® per ring with a grouting pressure of 0.4 MPa, and
that of the secondary grouting was approximately 8 m® per

Fig. 9 Soil properties in Xue— Soil layer - w/w /w, (%) e 7, (RN/m’) ¢ (kPa) #()  a,(1/MPa) E (MPa)  k(m/d)
Gan section of Line 10 of the 20 30 40 50 0.81.21.616 18 20 203040 102030 0306093 6 91200 05 1.0
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Note: w=natural water content; wp:plastic limit; w,:liquid limit; e=void ratio; y“:unit weight; c=cohesion;

¢= internal frictional angle; a =compression coefficient; £ =compression modulus; k=suggested permeability coefficiet
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Table 5 Detailed information of

the boulders No. Elevation (m) Buried depth (m) Thickness (m) Degree of weathering
1 63.79-65.29 30.90-32.40 1.50 Massive high weathering
2 57.19-60.59 35.60-39.00 3.40 Massive high weathering
3 51.59-54.29 41.90-44.60 2.70 Massive high weathering
4 62.09-67.89 42.20-48.00 5.80 Moderate weathering

ring with a grouting pressure of 0.5 MPa. If the actual grouting
quantity reaches the theoretical grouting quantity but the
grouting pressure remains small, which indicates that the fault
fractures are not completely filled, more grouting material
should be injected. If the pressure increases sharply, which
indicates that the gaps have been grouted tightly, grouting
should be stopped immediately to avoid uplift of the ground
surface with continued grouting.

Boulder strata

There are two boulder strata in the Xue—Gan section, located
130 and 526 m from Xuexiang Station. Four boulders were
explored, and their detailed information is summarized in
Table 5. These boulders are distributed 30-50 m below the
ground surface in highly weathered strata. One boulder ex-
hibits moderate weathering, and the others have massive high
weathering with a thickness of 1.5-5.8 m.

The borehole blasting method was used to break up the
boulders in this case. Figure 10 a shows a plan view of the
blasting holes and monitoring holes in the ground surface
above the boulder zones. For each boulder, two monitoring
holes should be established to confirm the blasting quality.
The blasting holes were drilled within the boulder boundary,
and the horizontal spacing was 0.8 m. The diameters of the
blasting and monitoring holes are both 110 mm. Figure 10 b
shows a sectional view of the blasting holes. After drilling the
holes to the bottom of the boulder, their quality should be
checked. The permissible errors for the hole depth and hole
spacing are both 0.2 m, and that of the inclination is 2%.
Explosives are placed in the holes to conduct the blasting.
Finally, the blasting quality should be checked via the moni-
toring holes, and the diameter of the broken rocks should be
controlled within 0.3 m.

Under-crossing reservoir strata

The shield tunnel passed under a reservoir three times, at lo-
cations 322, 472 and 602 m from Xuexiang station. The net
distances between the top of the tunnel and the bottom of the
reservoir are 10.028, 12.228 and 4.360 m, respectively. When
the net distance between the top of the tunnel and the bottom
of the river or reservoir is less than the minimum thickness of
the overburden on the tunnel, the tunnel is defined as a

shallow-covered tunnel. Generally, the minimum thickness
of the overburden on the tunnel (/) is determined according
to the following equations (Zhang et al. 2004):
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Fig. 10 Schematic of borehole blasting (Boulder No. 1 in Table 5)
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where F; is the thrust of the shield machine (kN), K, is the
coefficient of passive earth pressure, H,, is the depth of water
(m), 7, is the unit weight of water (kN/m?), v is the unit
weight of soil (kN/m3), c is the soil cohesion (kPa), ¢ is the
internal friction angle of the soil (°), and D is the tunnel diam-
eter (m).

According to Egs. (1) and (2), the minimum thickness of
the overburden on the tunnel (H) is 6.445 m. Thus, the third

Fig. 11 Shield tunnelling under-
crossing the reservoir strata
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under-crossing is a shallow-covered tunnel with a net distance
0f4.360 m, in which the strata mainly consist of highly weath-
ered granite and silty clay with a loose structure that can be
easily disturbed. The location relationship between the tunnel
and Tuokeng reservoir is shown in Fig. 11a.

To ensure that the shield machine can pass through
the under-crossing reservoir strata successfully, two
measures are adopted during construction: (1) sleeve

(a) Plan view (unit: m)
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( Ground surface

Ground surface

Fig. 12 Grouting process for one (a)
sleeve valve tube

7.36m

L\ P2 | V2N 172

valve tube grouting reinforcement and (2) preloading
reinforcement at the bottom of the reservoir.

Sleeve valve tube grouting reinforcement

As shown in Fig. 11a, b, the width of the grouting reinforce-
ment is 1.5 m beyond each side of the tunnel in the horizontal
direction, the height is from the centreline of the tunnel to 2 m
above the dome of the tunnel, and the length is 94 m for the
left lane and 79 m for the right lane along the tunnelling
direction. The spacing of the sleeve valve tube is 2 x 2 m with
a triangular pattern, as shown in Fig. 11c. The inner diameter
of the drilling hole is 56 mm, as shown in Fig. 13a. After
drilling the hole, a sleeve valve tube with a total length of
11 m is inserted to a depth of 10 m (Figs. 12 and 13b).
Then, ordinary Portland cement is injected to the bottom of
the sleeve valve tube through a grouting pipe (Figs. 12 and
13c¢). The initial grouting pressure (P) is 0.2—0.5 MPa, and the
grouting rate is 7-10 L/min. When P exceeds 0.5 MPa, the
grouting pipe is raised through a distance of 0.4 m and the

Fig. 13 Site construction
photographs of reinforcement for
under-crossing reservoir strata in
Xue—-Gan section

.:(C) Injye‘ctmg cement [

Sleeve valve tube

Sleeve valve tube

______________________________________

grouting is continued (Fig. 12a). This process is repeated until
the grouting pipe has been lifted through a total of 5 m
(Fig. 12b). The grouting procedure should be repeated until
all of the sleeve valve tubes are grouted, and the reinforcement
range is completely filled.

Preloading reinforcement in the bottom
of the reservoir

As shown in Fig. 11a, b, the width of preloading reinforce-
ment is 6 m from the centreline of the tunnel, the height is
1.5 m, and the length is 94 m for the left lane and 79 m for the
right lane along the tunnelling direction. After the sleeve valve
tube grouting reinforcement is completed, F8@ 150 mm x

150 mm steel mesh is laid in the preloading reinforcement
area and C20 concrete is then poured to a thickness of
100 mm to form a reinforced concrete cushion structure, as
shown in Fig. 13d. After the structure reaches the desired
strength, the soil bag is packed to preload the bottom of the
Treservoir.

3 S o -h‘: B
(d) Reinforced concrete cushion structure e
o i F W A

E L
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Conclusions
The following conclusions can be drawn from this study:

1. The geological conditions of Shenzhen are complex
and location-dependent. The Quaternary deposits are
widely distributed in the western area of Shenzhen,
with a shallow depth and uneven distribution.
Granite is the primary bedrock in Shenzhen, and it
has different degrees of weathering. Shenzhen has
also developed problematic soils, including granite
residual soil and muddy clay and silt. There are five
developed fault zones. Karst is mainly distributed in
the eastern area of Shenzhen. The groundwater in
Shenzhen includes pore water, bedrock fissure water
and karst water.

2. Owing to the complex geological conditions, during
metro shield tunnelling, six specific strata may be
encountered: upper-soft and lower-hard strata, hard
rock strata (partially containing karst or faults), soft—
hard alternating strata (including boulder strata and
bedrock uplift strata), under-crossing river or reser-
voir strata, muddy clay and silt strata and granite
residual soil strata. Considering the characteristics
of these six types of strata, different problems relat-
ed to the geological environment may arise, such as
serious cutter wear, difficulty in controlling the tra-
jectory of the shield machine, shield machine jam,
segment stagger, segment damage, over-excavation,
roof fall and slurry spewing.

3. To ensure the safety of tunnel construction, appro-
priate countermeasures should be adopted, such as
adjusting the tunnelling parameters, consolidating
the fault strata, treating the karst caves, removing
the uplift bedrocks or boulders, increasing the thick-
ness of overlying strata on the tunnel, reinforcing
the overlying strata and improving the strata by
grouting.

4. During construction of the Xue—Gan section of Shenzhen
Metro Line 10, tunnels passed through hard rock strata
with faults, boulder strata and under-crossing reservoir
strata. Countermeasures such as the replacement of cutters
in advance, synchronous grouting and secondary grouting
were adopted for the hard rock strata with faults. A bore-
hole blasting method was employed for the boulder strata.
Grouting reinforcement and preloading reinforcement at
the bottom of the reservoir were used for the under-
crossing reservoir strata.
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