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)e sliming problem of chamber soil is caused by excessive groundwater seeping into the pressure chamber when an Earth
pressure balance shield tunnels through a water-rich weathered rock stratum under semiopen under-pressure mode. As a solution
to this problem, a calculation model was established based on field measurements of the discharged soil properties, the seepage
water volume, and the seepage path in Jinan Metro, China. Chamber soil sliming is a phenomenon in which chamber soil is in a
thin mud state, with no pressure balance in the pressure chamber of the EPB shield and an excessive water content of the chamber
soil owing to the continuous seepage of groundwater into the chamber. )e chamber pressure is relatively low, which is different
from the phenomenon of spewing when the chamber pressure is relatively high. A large amount of water seepage from the stratum
around the tunnel excavation surface and shield to the chamber is a significant factor leading to chamber soil sliming during the
construction process. It was considered that when the moisture content of the chamber soil, w, is 2wL ≤w≤ 3wL, slight chamber
soil sliming may occur, whereas when w≥ 3wL, serious chamber soil sliming may occur. Moreover, some measures to prevent and
control the occurrence of chamber soil sliming were discussed. Controlling the advancing time and the permeability coefficient of
chamber soil during construction is the most effective measure to avoid the phenomenon of soil sliming.

1. Introduction

In recent years, an increasing number of tunnels passing
through water-rich rock zones have become necessary.)ere
are abundant case studies and summaries on mountain
tunnels based on experience. Most mountain tunnels have
adopted a mining method, and, during the process of
construction, water inrush and mud outburst accidents
easily occur [1–3]. However, owing to a limitation of an
urban environment, metro tunnels are usually constructed
through a shield method, which achieves a high level of
safety. However, when the geological conditions in front of
the excavation face are unclear, it will lead to an instability
and water gushing of the excavation face [4, 5]. At present,

there is a lack of case studies and engineering experience on
subway tunnels passing through the rock strata in a city.

During construction, an Earth pressure balance (EPB)
shield is often used under a semiopen under-pressure mode
[6–8]; that is, the pressure chamber is not filled with ex-
cavated soil and the pressure of the chamber is not applied to
balance the Earth pressure and water pressure at the ex-
cavation surface. )e principle of EPB shield to maintain the
stability of excavation surface is to use the pressure of
chamber soil to balance the Earth pressure and water
pressure on the excavation surface. At this time, the pressure
chamber is full of excavated soil. In areas where the stratum
can stand alone steadily and the surface settlement is not
very sensitive, in order to pursue a faster construction speed,
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the construction with a nonfull chamber is generally
adopted, which will not affect the stability of the excavation
surface; at the same time, a faster construction speed can be
obtained under a smaller thrust and torque, and the re-
quirements for the chamber soil conditioning are relatively
simple. )erefore, the construction of semiopen under-
pressure mode is common in projects. )is type of situation
often occurs in a soft rock stratum, which can stand alone
and remain stable, as well as in medium-coarse sand and a
sandy-pebble stratum. Under this situation, it is difficult to
form a plastic flow in the chamber soil. )e soil in the plastic
flow state is paste-like, the permeability coefficient of the soil
is less than 10− 5m/s, the slump is 150–200mm, and the high
compressibility usually requires a volume compression rate
of at least 2% and low shear strength [9]. Owing to the
difficulty in forming a plastic flow of soil in a pressure
chamber, an EPB shield is prone to spewing [10–13],
blocking, and cake formation [14–19], as well as other
phenomena during the construction of such strata. )e EPB
shield originates from the construction of a soft clay stratum,
which easily forms a plastic flow after being disturbed in the
pressure chamber. )e soil in the pressure chamber not only
balances the Earth and water pressure on the excavation
surface but also discharges the soil smoothly under the
control of a screw conveyor. When the pressure chamber is
not filled with excavated soil and the pressure does not reach
the earth-water pressure on the excavation surface, the
tunneling state of the shield is between EPB mode and open
mode, which can be called a semiopen-mode EPB shield
construction.

Although a semiopen-mode EPB shield construction can
solve the problem of blocking in a complex stratum, there is
no balanced relationship among the chamber pressure,
Earth pressure, and water pressure of the stratum.)erefore,
in addition to the potential instability of the excavation
surface and the risk of surface deformation, the discharging
system and grouting system will also be affected. In a per-
meable stratum, if the groundwater pressure is greater than
the chamber pressure, a large amount of groundwater will
seep into the pressure chamber and affect the soil discharge.
Meanwhile, if the conventional grouting pressure behind the
segments is adopted, grout leakage will occur, in which the
grout behind the segments flows to the pressure chamber
[20].

Some scholars have studied the construction perfor-
mance and suitable driving mode of an EPB shield in dif-
ferent strata. According to the relationship between the
pressure of the pressure chamber and the underground
earth-water pressure on the excavation face, the driving
mode of the EPB shield can be divided into four categories:
open mode, semiopen mode, EPB mode, and over-pressure
mode. James studied the construction parameters and cutter
wear of an EPB shield and slurry shield when driving in the
composite stratum of soil and weathered igneous rock [21].
)is research shows that when the proportion of rock on the
excavation section is more than 15%, the average driving
speed of the EPB shield is significantly reduced. When the
proportion of rock is more than 95%, an open driving mode
is appropriate. In Hong Kong and Singapore, some EPB

shield tunnels under the conditions of weathered igneous
rock and a soil composite excavation face have adopted a
semiopen mode to reduce the wear and torque under full
cabin construction. In semiopen mode (also known as semi-
EPB mode), there is no soil in the upper half of the pressure
tank, and the support pressure is provided by compressed air
[22]. When the air pressure of the upper part is less than the
Earth and water pressure of the excavation face, it is called
semiopen under-pressure mode. To date, there have been
few case studies on the construction of an EPB shield with a
semiopen under-pressure in the literature.

At present, there is lack of systematic studies and en-
gineering experience in the construction of an EPB shield in
water-rich weathered rock using semiopen mode. Most of
the shield tunnels of the R2 line of JinanMetro are located in
water-rich weathered diorite stratum. )e groundwater is
rich, and the weathering degree of the rock stratum is
uneven. During the EPB shield tunneling, many semiopen
under-pressure modes occurred, as did the typical problem
of a chamber soil sliming. Regarding the occurrence of this
problem and the formulation of proper solutions, in this
study, the parameters of the construction and discharged soil
on the construction site and the seepage flow in the chamber
are measured. A theoretical analysis was conducted, and the
principle and control measures of chamber soil sliming are
discussed herein.

2. Project Overview and Problems

2.1. Project Overview. Jinan is the capital of Shandong
Province in China, with a total area of 10,244 km2 and a
permanent population of 7.5 million as of 2018. Jinan is rich
in springs, which has created challenges for the construction
of the metro lines. )e layout of the Jinan Metro lines and
the distribution of the springs are shown in Figure 1. )e
first phase of Jinan Metro line R2 is an east-west urban line
connecting the key areas of Jinan, such as the Lashan area,
the core area of the western new city, the old urban area, and
the high-tech zone. It is a backbone rail transit line aiming to
relieve the east-west traffic pressure and support the spatial
expansion of the strip city. Phase I of the R2 line starts from
Wangfuzhuang station in the west and ends at Pen-
gjiazhuang station in the east, with a total length of ap-
proximately 36.302 km, including a 34.502 km underground
line, a 1.489 km elevated line, and a 0.311 km open section.
)e tunnel is expected to be officially opened to traffic by the
end of 2020. )e interval tunnel is being constructed using a
four-spoke panel composite-type EPB shield with a cutter
head opening rate of 40%. As shown in Figure 2, the cutter
head excavation diameter is 6.68m, and the device is
equipped with 37 disc cutters and 48 scrapers. )e basic
parameters of the shield machine are listed in Table 1. )e
buried depth of the tunnel is approximately 4.9–49.7m, and
the geology along the tunnel is complex, including com-
pletely weathered diorite, strongly weathered diorite, and
moderately weathered diorite, limestone, silty clay, gravelly
soil, and sandy-pebble stratum. Among these strata, the
tunnel passes through the weathered diorite for the longest
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distance, which is more than 30% of the total length of the
underground line, that is, approximately 11 km.

)e research object is a section of the R2 line of Jinan
Metro. )e interval tunnel is 1.003 km long, with a depth of
9.7–17.7m, and the groundwater buried depth is approxi-
mately 2m. )e main strata traversed in the interval are
completely weathered diorite, strongly weathered diorite,
and moderately weathered diorite. )e strata profiles are
shown in Figure 3. )e completely weathered diorite has a
high degree of weathering, and the strongly weathered di-
orite has a good self-stability before excavation. After being
disturbed by the cutter head, the strongly weathered diorite
forms soil particles similar to medium-coarse sand with a
large permeability coefficient and little cohesion. )e

moderately weathered diorite has high strength and good
self-stability. )e specific geological parameters are listed in
Table 2.

2.2.EngineeringGeology. )e geomorphic unit of the project
tunnel is piedmont alluvial plain. )e terrain along the
tunnel line is generally gentle, and the ground elevation is
between 25.97 and 26.79m, with a maximum height dif-
ference of approximately 0.82m. )e strata involved in the
project are mainly Yanshanian intrusive gabbro, diorite, and
a Cenozoic quaternary system.

Diorite with different degrees of weathering is widely
distributed along the project. Diorite contains mainly pla-
gioclase, quartz, amphibole, epidotes, calcite, pyrite, and
chloride [23]. )e face of the completely weathered diorite is
grayish-yellow to grayish-green in color, the original rock
structure has been destroyed, and the core is mostly of a sand
type, which is fragile when handled by hand. )e face of the
strongly weathered diorite is grayish-green to grayish-yellow
in color, and the original rock has a clear, medium-coarse
grain structure, with the development of joint fissures. In
addition, the core is mostly fragmentary, with a short col-
umn and occasionally a long column, and is fragile from
hammering with a core recovery rate of 75%–85%. )e
moderately weathered diorite is grayish-green with a me-
dium-coarse grain structure, is of a block type, and has
slightly developed joint fissures. A calcite dyke can be seen in
the moderately weathered diorite. )e core is mostly co-
lumnar with a length of 10–25 cm and the core recovery rate
is 80%–90%. Meanwhile, there are many completely to
strongly weathered soft intercalations in some parts of
moderately weathered diorite.

)e completely weathered and strongly weathered di-
orite softens when encountering water, and its strength
decreases after saturation. Some sections of the tunnel are
located in structural fracture zones and rock layers with
different degrees of weathering. Under the influence of
adverse factors such as groundwater action and construction

Figure 2: Cutter wheel of EPB shield used in Jinan Metro line R2.

Table 1: Basic parameters of shield machine.

Name Parameter Unit
Model CTE6650H-0945

Project name Jinan Metro line
R2

Segment (OD/ID, width) V 6,400/5,800,
∼1,200 mm

Excavation diameter V 6,680 mm
Cutter speed 0∼3.15 rpm

Maximum excavating speed ≈80 mm/
min

Maximum thrust 4,255 T
Total length of shield ≈85 m
Total length of main machine
(excluding cutter head) 8,389 mm

Maximum design pressure 5 bar
Cutter head size (diameter; length) V 6,680, 1,645 mm
Cutter head opening rate 40 %
OD� outer diameter; ID� internal diameter.
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Figure 1: Location and general layout of Jinan Metro lines and
distribution of the main spring groups.
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disturbances, adverse engineering phenomena such as
seepage and a piping effect are easy to occur during the
process of foundation pit construction, and accidents such as
a water inrush, a mud outburst, and collapse easily occur
during the construction of a connecting passage when the
mining method is used [24], which are also challenges to a
shield construction method.

2.3. Chamber Soil Sliming Phenomenon

2.3.1. Section State. According to the construction of the R2
line of Jinan Metro, when the EPB shield tunnel passes
through a full section of strongly weathered diorite or the
upper section is strongly weathered diorite and the lower
section is moderately weathered diorite, owing to the good
self-stability of the tunnel excavation face and the insensi-
tivity of the surface settlement, a semiopen under-pressure
driving mode is adopted. When passing through the
weathered diorite stratum, the stratum permeability coef-
ficient is approximately 10− 5m/s. )e soil is in the form of
debris after the cutter head excavation, without cohesion,
and soil-water separation occurs.

)e weathered rock is cut by the disc cutter to form
coarse and fine rock powder, whereas the rich fissure
groundwater seeps into the chamber andmixes with the rock
powder to form a mud-like soil, which is discharged using a
screw conveyor. However, because the discharged soil is
almost in a thin mud state, the soil in the joint part of the
screw conveyor and the belt conveyor leaks, and the cleaning
of a large amount of thin mud-like soil at the bottom of the
tunnel significantly reduces the construction efficiency. )is

phenomenon can be called chamber soil sliming. )e es-
sential difference between soil sliming and spewing is
whether the pressure in the pressure tank is maintained or
not. When the spew occurs, the chamber is in a pressure-
maintaining state, and the higher chamber pressure acts on
the soil and pore water, but when the chamber soil lacks the
necessary plastic flow state, the pore water pressure in the
soil cannot be effectively dissipated during the process of
discharge by the screw conveyor. After the soil is disturbed,
the water in the soil pore forms a concentrated seepage
channel and moves outward together with the soil particles.
)e mixture of soil and water originally discharged at the
same speed generates a relative movement. When the
seepage of water with a high-water pressure flows to the
outlet, there is a large pressure difference with the external
atmospheric pressure, resulting in a rapid outflow of water in
the soil and a driving of the transported soil, causing spewing
[10, 11, 25, 26]. )erefore, spewing occurs under a full
chamber state, the pressure in the chamber is relatively large,
and the chamber soil is a mixture of soil and water with high
fluidity. However, when soil sliming occurs, there is no
pressure-maintaining in the chamber, the volume of soil in
the chamber is less, and the pressure in the chamber is lower.
Generally, the chamber pressure is slightly higher than the
gravity pressure of the chamber soil, and the underground
water pressure is greater than the chamber pressure. A large
amount of underground water infiltrates into the chamber,
resulting in the mud-like soil. Meanwhile, the two condi-
tions also have different impacts on the construction. )e
spewing may cause the instability of the excavation surface,
the loss of groundwater, and the surface settlement. It can be
alleviated by injecting bentonite slurry and other soil
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Figure 3: Geological section of a section of Jinan Metro line R2. A, backfill soil; B, silty clay; C, completely weathered diorite; D, sandy
strongly weathered diorite; E, moderately weathered diorite.

Table 2: Geological parameters of the interval tunnel.

Soil ρ (g/cm3) w (%) wL (%) wP (%) Dry σc saturated (MPa) k (m/s)

Backfill soil 1.78 22.1 — — — — —
Silty clay 1.93 23.5 34.4 21.3 — — 3.25×10− 8

Completely weathered diorite 1.96 20.9 27.4 18.8 — — 3.4×10− 5

Sandy strongly weathered diorite 2.15 — — — 17.5 11.9 2.3×10− 5

Moderately weathered diorite 2.31 — — — 58.3 48.6 —
ρ� natural density; w �natural moisture content; wL � liquid limit; wP � plastic limit; σc � uniaxial compressive strength; k� hydraulic conductivity.

4 Advances in Civil Engineering



conditioning additives into the chamber. However, soil
sliming usually occurs in the stratum that can stand on its
own, so it basically does not affect the stability of the ex-
cavation surface. Due to the small amount of soil in the
chamber and the high moisture content of the chamber soil,
the soil conditioning additives will be diluted by water
quickly after being added to the chamber, making it difficult
to control and solve the problem of chamber soil sliming in a
timely manner.

2.3.2. Construction Parameters. )e self-stability of strongly
and moderately weathered diorite is high. To improve the
construction speed, the construction workers adopted a
semiopen under-pressure tunneling mode. )e strata tra-
versed by the EPB shield in the first 330 rings on the left line
of the tunnel in this area were mainly full-section highly
weathered diorite. Under semiopen under-pressure tun-
neling mode, the average excavating speed of each ring was
20–30mm/min, with the maximum reaching 43mm/min;
the excavation time of each ring was approximately 0.8 h and
the average torque of each ring was approximately 3,600 kN-
m; and the chamber soil could be normally discharged.
When driving to the 330th ring, moderately weathered
diorite invaded the lower part of the excavation section.
When driving to the 340–350th rings, the speed was rapidly
reduced to 2mm/min. Meanwhile, as the strength of the
stratum on the excavation surface increased, the penetration
degree of the cutter decreased, and the torque was ap-
proximately 2,700 kN-m, as shown in Figure 4. According to
the construction parameters of the left line shield machine in
rings 300–350, the volume of the chamber soil accounted for
1/3 to 1/2 of the volume of the pressure chamber, and the top
chamber pressure was 0 bar. According to the buried depth
of the tunnel, the water pressure at the top of the excavation
face was approximately 1.5 bar, and hence no air pressure
was applied at the top to balance the soil and water pressure
at the excavation face. )e pressure in the middle and
bottom of the pressure chamber is shown in Figure 5 when
the EPB shield passed the 300–350th rings. Because the
excavation face has a self-stability, the lateral Earth pressure
of the excavation face acting on the shield machine was not
considered. As can be seen from Figure 5, the groundwater
pressures in the middle and bottom of the excavation face
were approximately 1.76 and 2.1 bar, respectively. )e
chamber pressure in the construction process was signifi-
cantly lower than the underground water pressure in the
section. Under the action of the pressure difference between
the groundwater pressure and the chamber pressure, as well
as a slow speed, continuous seepage of the groundwater into
the pressure chamber occurred. Meanwhile, a composite
stratum with an uneven strength may cause damage to the
cutter; to further understand the condition of the excavation
face and cutter wear, the EPB shield can be stopped and the
chamber opened for inspection.

2.3.3. Moisture Content of Discharged Soil. To clarify the
degree of chamber soil sliming of Jinan Metro line R2 and
provide verification data for the subsequent calculation,

moisture content tests were conducted on the soil samples
taken from the discharged soil pit at the construction site
and the outlet of the screw conveyor, resulting in a moisture
content of approximately 55%–60%. In addition, the plastic
limit of the discharged soil, wP, was 16.9%, and the liquid
limit, wL, was 21.5%. )erefore, the actual moisture content
of the discharged soil reached 2.6–2.8 wL. )e discharged
soil showed poor workability and occupied the site and,
under a state of water and soil separation, was difficult to
transport out. )e discharged soil at the construction site is
shown in Figure 6.

3. Measurement Method and Calculation
Model of Water Seepage

3.1. Measured Section and Method. To solve the problem
regarding the amount of groundwater that will permeate
into the pressure chamber during the construction of each
ring when the chamber is not full and under-pressure, a field
seepage test was conducted. )e seepage amount of the
tunnel in this area was measured at the open section of the
350th ring of the left line. )e measured cross section
stratum comprised strongly weathered diorite in the upper
part and moderately weathered diorite in the lower part,
with good self-stability of the excavation surface and rich
fissure water, as shown in Figure 7. )e buried depth of this
section was approximately 16.2m, the groundwater was 2m,
and the permeability coefficient was approximately 10− 5m/s.

Owing to the high self-stability of the excavation surface,
a method for opening the chamber under normal pressure
was adopted in this project. After the soil in the chamber was
discharged completely, the construction personnel could
open the pressure chamber and enter the chamber for a
removable cutter-changing operation. However, to safely
and conveniently observe the change in the water level in the
chamber, the height of the controlled chamber soil was
located near the central cutter; that is, the height of the soil in
the chamber was 1/2 the height of the pressure chamber, and
the soil was in a saturated state. Under a different water head,
the continuous infiltration of groundwater will cause a rise
in the water level of the chamber. )e measurement per-
sonnel observed the source of water seepage in the man lock
and recorded the difference in the water level in the chamber
every hour. According to the difference in the water level, the
water seepage from the stratum to the chamber could be
obtained. Considering the relatively large permeability co-
efficient, a long measurement time, a large amount of water
seepage, and the safety of the measured personnel, when the
water level was close to the bottom plate of the man lock, the
water pump was used to pump out the excess water in the
chamber until the top of the chamber soil was exposed, and
the rise of the water level was then recorded again.)e above
steps were repeated until the measurement time reached 4 h.

3.2. Principle of the Seepage Calculation Model. Under a
semiopen under-pressure condition, in addition to the
seepage from the excavation surface into the chamber, a
large amount of water seepage occurred in the gap between
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the shield shell and the surrounding rock. )is is probably
due to the existence of an overbreak in the relatively hard
weathered rock; the tunneling diameter is slightly larger than
the shield diameter, and thus a gap between the shield and
stratum appears. Because the surrounding rock has good
self-stability, a gap can occur from the cutter head to the tail
of the shield. Around the tail of the shield, owing to the
filling effect of grout behind the segment, the gap might
disappear. During tunneling, in addition to synchronous
grouting of the gap at the tail of the shield, secondary
grouting was also conducted through the grouting holes on
the segments, and thus it can be considered that there was no
groundwater seepage around the segment rings after the
shield tail [27, 28]. When establishing the water seepage

model, it was assumed that the chamber soil was saturated,
and the excavation surface and surrounding rock of the shield
were considered as the groundwater seepage surfaces. )e
groundwater head and permeability coefficient of the sur-
rounding rock, as well as the water head in the chamber soil,
were the boundary conditions of the seepage. )e excavation
speed of the tunnel affected the time of groundwater seepage
into the chamber during the construction of each ring.

4. Results

4.1. Measured Water Seepage. According to the above
measurement method, the volume of groundwater seepage
into the chamber was calculated based on the change in the
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water level in the chamber within a certain time. )e tunnel
adopted synchronous grouting and secondary grouting
behind the segments and applied a C-S grout to form a water
stop hoop between the segment rings and the stratum every
five rings.)us, it can be considered that there was less water
seepage in the chamber behind the shield tail. According to
the observation in the man lock, the groundwater seepage
into the chamber was mainly the fissure water of the tunnel
excavation surface and the stratum around the shield,
particularly the latter. )e measured value of water seepage
from the stratum to the chamber is shown in Figure 8. As
shown here, after 0.5, 3, and 4 h, volumes of 3.8, 22.8, and
30.4m3 of groundwater seeped into the pressure chamber,
respectively.

4.2. Seepage Model and Calculation Results

4.2.1. Calculation Model and Parameters. Based on Darcy’s
law and taking a certain section of the R2 line of the Jinan
Metro as the prototype, a calculation model of the sur-
rounding rock groundwater seepage into the chamber was
established, a model diagram of which is shown in Figure 9.
In the model, H and Hw are the tunnel and groundwater

depths, respectively; hw is the groundwater head at the top
of the tunnel; α is the water head coefficient in the chamber,
which refers to the ratio of the water head height in the
chamber and the tunnel diameter; αD and D are the water
head height in the chamber and the tunnel diameter, re-
spectively; and L is the shield length. It can be seen from
Figure 9 that the groundwater head at the bottom of the
tunnel excavation face is hw +D, whereas the water head at
the bottom of the pressure chamber is αD. )ere is a water
head difference, Δh, between the bottom of the excavation
face and the bottom of the pressure chamber, under which
the groundwater will gradually seep into the pressure
chamber. )e model is suitable for the water-rich stratum
with good self-stability and no obvious difference of per-
meability coefficient between the excavation face and the
stratum along the direction of shield cylinder. )e stratum
used in the calculation model was weathered diorite, which
was similar to medium-coarse sand with little cohesion

(a) (b)

Figure 6: Discharged soil at the construction site.

Figure 7: Excavation surface condition during field seepage
measurement.
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after excavation.)e permeability coefficient of the stratum
was approximately 10− 5m/s, and the buried depths of this
tunnel section and the groundwater were 16.2 and 2m,
respectively. )e initial water content of the stratum was
20%, the excavation diameter was 6.68m, the shield length
was 8.389m, the excavation time was 4 h/ring, and the
segment width was 1.2m. )e chamber soil volume
accounted for 1/2 of the chamber volume, and the water
level in the chamber was the same as the height of the
chamber soil.

4.2.2. Calculation of Seepage from the Stratum around the
Shield. During the excavation in semiopen mode, the water
seepage around the shield was divided into parts A and B, as
shown in Figure 9. )ere are differences in the hydraulic
gradients between the part without chamber soil, part A, and
that with chamber soil, part B, during the seepage process.
)e hydraulic gradient of part A is 1, whereas the hydraulic
gradient of part B is related to the location of the selected
calculation unit.

As shown in Figure 9, the length of the shield is L and the
water seepage from the stratum around the shield in part A is
as follows:

iSA � 1,

QSA � kiSAASAt.
(1)

To simplify the calculation, the hydraulic gradient of the
soil element in the middle of the chamber soil was obtained
to calculate the water seepage from the stratum around the
shield in part B, which is expressed as follows:

iSB �
hw +(1 − α)d

hw +(1 − α/2)d
,

QSB � kiSBASBt,

(2)

where i is the hydraulic gradient, referring to the ratio of
head loss along the seepage path to the length of the seepage
path;QS is the water seepage of the stratum around the shield
for a certain period of time, m3; hw is the groundwater head
at the top of the tunnel, m; α is the coefficient of the water
head in the chamber, referring to the ratio of the height of
the water head in the pressure chamber to the diameter of
the tunnel; d is the tunnel diameter, m; k is the permeability
coefficient of the stratum, m/s; A is the seepage area, m2; and
t is the seepage time, h.

4.2.3. Calculation of Seepage on the Excavation Surface.
Under the condition of semiopen under-pressure driving
mode, the water seepage on the excavation surface is also
comprised of two parts.

)e seepage volume of part A of the excavation surface is
as follows:

iFA � 1,

QFA � kiFAAFAt.
(3)

)e center of the tunnel was taken as the origin of the
coordinate axis, as shown in Figure 9. )e calculation unit
was selected and integrated along the height of the chamber
soil, and the calculation formulas of the seepage volume of
part B of the excavation surface were obtained as follows:

Water level
in chamber

Ground level

H
hw

Hw

Air

Chamber soil

D
αD

A

B

L

Groundwater
level

(a)

A

B

y

D

x
dy

(b)

Figure 9: Schematic of the seepage model.
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QFB � 2kt 
(α− (1/2))d

− (d/2)

hw +(1 − α)d

hw +(d/2) − y

������

d2

4
− y

2



dy,

QFB � 2kt hw +(1 − α)d 

−
��������
h2

w + hwd


arcsin
2hw(α − (1/2)) + d(α − 1)

(α − 1)d − hw




 

+ hw +
d

2
 arcsin(2α − 1) − d

�������
α(1 − α)


+ 1.57 hw +

d

2
−

��������

h2
w + hwd



 

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

,

(4)

where QF is the seepage volume of the excavation surface
stratum within a certain period of time, m3.

4.2.4. Calculation Results of Water Seepage. According to
the specific stratum permeability coefficient, excavation
speed, groundwater head, and chamber soil height, the
seepage volume of the tunnel excavation face and shield
surrounding the stratum to the chamber can be obtained,
and the variation of the water content of the chamber soil
during the seepage process can then be calculated according
to the excavation soil volume of each ring and the initial
water content of the chamber soil.

Based on the above measured water seepage from the
excavation surface and the surrounding stratum of the shield
to the chamber, the calculated value of the model was
compared with the measured value, as shown in Figure 10.
Here, it can be seen that the established seepage calculation
model has good accuracy. Because the shield at the selected
section was in a downhill state, more water might flow to the
chamber under the action of gravity; however, the influence
of the shield angle was not considered in the calculation
model, and thus the measured value will be slightly larger
than the calculated value. )rough the field test, it was
observed that a large amount of groundwater in the chamber
comes from the gap between the shield cylinder and the
stratum. In the construction, the water stop hoops between
the segments and the stratum were provided every 5 rings,
which can effectively limit the seepage caused by no so-
lidification of grouting behind the segments. However, the
impermeability of the newly injected grouting is poor when
it is not solidified, so it is indeed possible to have a small
amount of seepage. But when establishing the calculation
model, it was assumed that there will be no water seepage
behind the shield tail due to the existence of grouting. )e
length of the water seepage path along the direction of the
shield cylinder was taken as the length of the cylinder, and
the consistency between the calculation results and the
measured results is good. )erefore, it is considered that the
water seepage near the newly assembled segments can be
ignored, and the groundwater seepage along the shield
cylinder ends at the shield tail. Overall, the calculationmodel
of seepage can accurately reflect the actual situation.

4.3. Influence Law and Sensitivity Analysis of Each Parameter
on Moisture Content of Chamber Soil. )e high water con-
tent of the chamber soil is one of the characteristics of the

phenomenon of chamber soil sliming. To clarify the influ-
ence rule and occurrence condition of the relevant factors of
this phenomenon, the water seepage volume was converted
into the water content of the chamber soil for further
analysis. )e water head in the chamber, excavation time,
permeability coefficient, and groundwater head are im-
portant factors affecting the water content of the chamber
soil, and the value range of each parameter is listed in
Table 3. )e EPB tunneling mode is an ideal construction
mode; that is, the chamber pressure is balanced with the
earth-water pressure of the excavation face, and the water in
the stratum will not seep into the chamber, and thus the EPB
mode was not considered in this study. When the chamber
was in semiopen under-pressure mode, the water pressure in
the chamber was calculated separately. )e height of the
water level in the chamber was the same as the height of the
chamber soil.

)e influence rules of the water head in the chamber, the
excavation time, the permeability coefficient, and the
groundwater head on the moisture content of the discharged
soil are shown in Figures 11–14, respectively. Figure 11
shows that the water head in the chamber is negatively
correlated with the moisture content of the discharged soil.
Increasing the height of the chamber soil was conducive to
reducing the seepage of groundwater into the pressure
chamber. It can be seen from Figure 12 that when
k� 10− 5m/s and α� 2/3, the moisture content of the dis-
charged soil increased significantly with an increase in the
excavation time. Figure 13 shows that the moisture content
curve of the discharged soil turned when the permeability
coefficient, k, was 10− 6m/s; when k increased from 10− 7 to
10− 6m/s, the discharged soil moisture content increased
slowly, whereas when k increased from 10− 6 to 10− 5m/s, the
discharged soil moisture content increased rapidly. As
shown in Figure 14, with an increase in the groundwater
head, the moisture content of the discharged soil slightly
increased, and, with a decrease of the water head coefficient
in the chamber, the influence of the groundwater head on
the moisture content of the discharged soil decreased.

To propose effective prevention and control measures
against the phenomenon of chamber soil sliming, the key
factors affecting this phenomenon must first be clarified.
)erefore, a sensitivity analysis method was used to analyze
the correlation between the relevant parameters and the
moisture content of the discharged soil. Meanwhile, through
a sensitivity analysis, the main and secondary influence
parameters of chamber soil sliming can be determined,
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which is helpful when proposing control measures. )e first
step of the sensitivity analysis method was to establish an
analysis system model [29], that is, the functional rela-
tionship between the system characteristic P and factors
x1, x2, . . . , xn; for example, P � f (x1, x2, . . . , xn). )e sec-
ond step was to provide the benchmark parameter set
according to the specific problems to be analyzed. )e
benchmark value and range of variation of each parameter

selected in this study are listed in Table 4, and the sensitivity
of each parameter was then calculated according to the
following equation:

Sk �
|ΔP/P|

ΔXk/Xk




�
ΔP
ΔXk





Xk

P




, (5)

where Sk is the sensitivity of factor xk, where k� 1, 2, . . ., n;
|ΔP/P| is the relative change rate of the system character-
istics; and |ΔXk/Xk| is the relative change rate of a certain
factor.

Only one factor is changed in each calculation, and other
factors remain unchanged. )e sensitivity of each factor is
analyzed individually, the results of which are listed in
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Table 3: Seepage model parameters.
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Table 5. Here, it can be seen that, among the four selected
parameters, the moisture content of the discharged soil has
the highest sensitivity to the excavating time, t, followed by
the permeability coefficient, k, and water head coefficient in
the chamber, α; and the relationship between the moisture
content of the discharged soil and groundwater head, hw,
was the furthest. )erefore, in the process of construction,
the most effective measure used to control the phenomenon
of chamber soil sliming is to shorten the excavation time and
reduce the permeability coefficient of the chamber soil by
means of soil conditioning.

4.4. Occurrence Conditions and Critical Values. Combined
with the above research and engineering measured data, the
possibility of chamber soil sliming under semiopen under-
pressure mode was evaluated based on the permeability
coefficient; the pressure difference between the excavation
surface water pressure and chamber pressure, P; and the
excavation time. After the weathered diorite was excavated,
the liquid limit of the discharged soil, wL, was approximately
21.5%. Combined with the moisture content of the dis-
charged soil on site, it was considered that when the
moisture content of the chamber soil, w, is 2wL ≤w≤ 3wL,
slight chamber soil sliming may occur, whereas when
w≥ 3wL, serious chamber soil sliming may occur. )us, the
critical condition for the occurrence of chamber soil sliming
is as shown in Figure 15.

According to the establishedmodel, when the excavation
time was 4 h/ring and the permeability coefficient was

k≥ 5×10− 6m/s, chamber soil sliming may occur, and when
k≥ 1× 10− 5m/s, this phenomenon is more serious. )e
longer the excavation time, the lower the permeability co-
efficient required for sliming to occur. When the advancing
time was 6 h/ring and k≥ 4×10− 6m/s, chamber soil sliming
will occur, and when k≥ 7×10− 6m/s, more serious sliming
may occur. )erefore, with an increase in the advancing
time, the range of formation permeability coefficient, which
may cause serious chamber soil sliming, clearly increases.

5. Discussion

5.1. Comparison of the Critical Conditions of Sliming and
Spewing of Chamber Soil. )e difference and connection
between the sliming and spewing of the chamber soil are
described above. )e sliming of the chamber soil was ex-
cavated under the condition of a nonfull chamber and low
chamber pressure and a large amount of groundwater
seepage into the chamber, resulting in a thin mud state of
chamber soil close to the liquid phase. Under the condition
of tunneling with a full chamber and high chamber pressure,
there was a large pressure difference between the water
pressure in the chamber and the atmospheric pressure at the
screw conveyor outlet, which results in a spewing of a
mixture of soil and water in the chamber. In both cases, the
moisture content of the discharged soil was higher; thus, it
was easily confused during the construction process.
However, the moisture content of the discharge soil during
sliming was generally higher than that during the spewing.

)e critical conditions of the spewing phenomenon have
been studied by scholars [10, 11]. Zheng et al. considered the
water pressure of the screw conveyor outlet and ground-
water flow as the spewing conditions and calculated the
range of the groundwater pressure at the center of the ex-
cavation surface and the permeability coefficient of the
chamber soil when the spewing occurred [10]. )e
groundwater head and permeability coefficient of the project
were introduced under the critical condition of spewing by
Zheng et al. [10] who concluded that serious gushing will
occur. However, based on the observation of the discharge of
soil during the site construction, it was found that the soil
was not spewed from the outlet. As the reason for this
difference, the excavation surface strength of the project was
high, the semiopen under-pressure mode was adopted by the
construction personnel, and the chamber pressure was
relatively low.

As shown in Figure 15, the stratum permeability coef-
ficient and the pressure difference between the excavation
surface water pressure and the chamber pressure were used
to analyze the critical conditions for the occurrence of
chamber soil sliming under different excavation speeds.
Compared with the above critical conditions of spewing, the

Table 5: Sensitivity of moisture content of discharged soil to each
parameter.

Parameter hw (m) α t (h/ring) k (m/s)

Sensitivity 0.056 0.113 0.769 0.692
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Figure 14: Influence of hw on the moisture content of chamber soil
when t� 4 h/ring and k� 10− 5m/s.

Table 4: Reference value and change range of each parameter.

Parameter hw (m) A t (h/ring) k (m/s)

Benchmark value 16 1/2 4 10–5

Variation range 7∼16 1/3∼2/3 4∼8 10− 7∼10− 5

Advances in Civil Engineering 11



influence of the construction time was also considered.
Taking this project as an example, the permeability coeffi-
cient of the stratum was approximately 1× 10− 5m/s, sem-
iopen under-pressure mode was used for driving, and no soil
conditioning additive was used to improve the plastic flow of
the chamber soil. )e project passed through completely
weathered diorite or strongly weathered diorite strata in the
full section in the first 330 rings. It can be seen from Figure 4
that the excavation speed was relatively fast, namely, ap-
proximately 0.8 h for each ring, without the occurrence of
chamber soil sliming. However, at the 340–350th rings, the
invasion of the moderately weathered diorite with high
strength resulted in a time of approximately 10 h for each
ring excavation. It can be seen from Figure 5 that the dif-
ference between the excavation surface water pressure and
chamber pressure in the actual project was approximately
50–60 kPa. )erefore, according to the critical conditions in
Figure 15, serious soil sliming probably occurred in the
340–350th rings, indicating that the moisture content of

discharged soil is w≥ 3wL, whereas the measured water
content of the discharged soil on site is 2.6–2.8wL, which
shows some errors. )is analysis result might be due to the
fact that the water separated from the discharged soil in-
evitably causes part of the water to be lost from the soil
sample when the soil sample is taken from the discharge
outlet and the discharged soil pit, which results in the
measured water content of the soil being less than the
calculated value. In addition, the calculation model sim-
plifies the seepage process of groundwater, which also leads
to a difference between the calculated and measured values.

To summarize, the critical condition indexes of the
chamber soil sliming and spewing are similar, with both
considering the groundwater pressure and the permeability
coefficient of the stratum, and the results are close to those of
the actual project. It is easy to confuse the phenomena of
sliming and spewing of the chamber soil. When judging
whether these two phenomena will occur, the shield ma-
chine driving mode, stratum parameters, chamber pressure,
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Figure 15: Critical condition of the sliming phenomenon of chamber soil.
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groundwater pressure, and excavation time should be
comprehensively considered.

5.2. Prevention Measures of Chamber Soil Sliming.
According to the results in Figures 11–14 and Table 5, the
most effective measure used to avoid chamber soil sliming is
to control the excavation time and the permeability coef-
ficient of the chamber soil during the construction.

Combined with the above research, a semiopen under-
pressure mode is most suitable for stratum with high
strength and low water amount. When excavating in
weathered stratum with a large amount of water, a large
permeability coefficient, and high strength, this mode can
also be used to reduce the thrust and the wear of the cutter
head and improve the construction speed. Here, the ex-
cavation time should be strictly controlled to avoid the
phenomenon of sliming caused by excessive groundwater
seepage into the pressure chamber. Taking the project as
an example, the stratum permeability coefficient was
1 × 10− 5 m/s, and the groundwater head was 7–16m; if no
conditioning measures are taken for the soil in the
chamber, the chamber soil volume should be controlled to
account for at least 2/3 of the chamber volume, and the
excavation time should not exceed 2 h/ring.

)e shield machine used in the project was a four-spoke
panel composite EPB shield, the cutting capacity of which
was significantly reduced when encountering moderately
weathered diorite; in addition, the speed was limited, which
resulted in a large amount of groundwater seepage into the
pressure chamber, and the soil in the chamber could not be
smoothly discharged. A large amount of thin mud-like
chamber soil leaked into the bottom of the tunnel, which
affected the working environment and segment assembly. It
took a long time for the construction personnel to clean up
the soil with a high moisture content, which further limited
the construction speed. More groundwater then seeped
into the chamber, creating a vicious cycle. )us, when the
speed cannot be increased, a low chamber soil height
should be avoided. According to this study, the chamber
soil height should be kept at 2/3 or more of the pressure
chamber height, and the soil conditioning measures should
be taken so the chamber soil forms a plastic flow state, with
a permeability coefficient of less than 1× 10− 6 m/s to bal-
ance the groundwater and Earth pressure on the excavation
surface and prevent the groundwater seepage into the
pressure chamber. In the case of a dense formation and
good airproof capability, the method of applying air
pressure to the upper half of the pressure chamber can also
be adopted simultaneously. Maintaining an air pressure
slightly higher than the groundwater pressure in the upper
half of the chamber can prevent a large amount of
groundwater seepage. In addition, through an observation
of the situation occurring in the chamber, it was found that
the stratum around the shield and the excavation surface
will seep into the chamber, and the seeping water mainly
comes from the stratum around the shield. )erefore,
during the process of shield machine propulsion, measures
can be taken to inject waterproof materials into the gap

between the shield body and stratum, such as bentonite
slurry with a high density and viscosity, reducing the water
seepage around the shield.

6. Conclusions

(1) Chamber soil sliming is a phenomenon in which
chamber soil is in a thin mud state, with no pressure
balance in the pressure chamber of the EPB shield
and an excessive water content of the chamber soil
owing to the continuous seepage of groundwater
into the chamber; in addition, the chamber pressure
is relatively low, which is different from the phe-
nomenon of spewing when the chamber pressure is
relatively high.

(2) Based on the field measurement, a large amount of
water seepage from the stratum around the tunnel
excavation surface and shield to the chamber is a
significant factor leading to chamber soil sliming
during the construction process. Considering the
influence of the water head in the chamber, the
excavation time, the permeability coefficient of the
stratum, and the groundwater head, a calculation
model of water seepage was established, which can
be used to calculate the change law of the water
seepage volume and the moisture content of the
chamber soil. )e field-measured and calculated
values of the water seepage were verified, and it is
considered that the calculation model of the water
seepage conforms relatively well to actual engi-
neering practice.

(3) )e influence of each parameter on the moisture
content of the chamber soil and the sensitivity be-
tween each parameter and the phenomenon of
chamber soil sliming were analyzed. On this basis,
the critical conditions for the occurrence of sliming
were divided, and the relations and differences be-
tween the critical conditions of sliming and the
spewing phenomena were discussed.

(4) Regarding the phenomenon of chamber soil sliming,
several preventative measures were proposed. When
the EPB shield is used for tunneling in water-rich
weathered rock stratum with high permeability and
high strength, semiopen under-pressure excavating
mode can be used. However, to avoid excessive water
seepage in the chamber, control of the excavation
time is recommended to be within 2 h/ring. When
the speed cannot be increased for some objective
reasons, the chamber soil height should be kept at 2/3
or more of the pressure chamber height, and soil
conditioning measures should be taken such that the
soil forms a plastic flow. In addition, the application
of air pressure to the upper part of the chamber
without soil, or the injection of a thick slurry and
other waterproof materials into the gap between the
shield shell and the stratum during the excavation,
can be considered to prevent the occurrence of
sliming.
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