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In this study, the field measurement was conducted on the twin shield tunnelling in a shield section of Hangzhou Metro Line 6,
where the surface deformation caused by twin shield tunnelling in the silty sand was obtained. 'e surface deformation law and
the applicability of the twin-line Peck formula in the silt area were analyzed. 'e relationship between the cutterhead torque and
the surface deformation in the silty sand was identified. Furthermore, the differences in surface deformation of twin shield
tunnelling in the Hangzhou soft soil area were discussed. 'e results show that the settlement process caused by twin shield
tunnelling in silty sand is faster than that of soft soil and has no rebound phenomenon. 'e twin-line Peck formula is suitable in
silty sand, but the prediction of the latter line using this formula is slightly deviated because of the secondary disturbance effect.
Due to the secondary disturbance of the soil caused by the construction of the latter line, the soil loss rate of the latter line is higher
than that of the former line. 'erefore, the reference ratio of the soil loss rate of the latter line and the former line is given.
Furthermore, the cutterhead torque of the shield machine was found to be associated with the maximum instantaneous value of
the surface deformation.

1. Introduction

In recent years, the development of subway tunnel engi-
neering is very rapid, and tunnel engineering plays a very
important role in the development of infrastructure con-
structions [1, 2]. Among the urban tunnel construction
method, the shield method is widely used due to its fast
construction speed and simple technology. However, it is
inevitable to cause some disturbance to the surrounding soil.
'is can break the stress-balanced stress state of the original
underground space and cause some deformation of the
surrounding soil in the process of shield tunneling [3–5],
which are particularly obvious in the double-line shield
construction. 'e measurement and analysis of surface
deformation is the most common method to study the
disturbance of surrounding soil resulted from the shield
construction, and the monitoring results can directly reflect

the actual surface deformation. 'erefore, the measured
analysis of ground deformation caused by shield con-
struction has important engineering significance for en-
suring construction safety and guiding soil reinforcement
[6].

Many scholars have studied the surface deformation
caused by shield construction, mainly based on the mea-
surement analysis method [7–12] and the numerical sim-
ulation method [13–18]. 'e research on the deformation of
surrounding soil caused by twin parallel shield tunneling
mainly relies on the Peck empirical formula, which can be
divided into two categories: (1) using the Peck formula to
directly calculate the total deformation of surface defor-
mation and (2) using the Peck formula to calculate the
surface deformation caused by the former and latter tunnel
excavation, respectively, and then the total surface settle-
ment deformation is obtained by superposition. In terms of
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field measurement and analysis, Ding et al. [19] measured
and analyzed the surface settlement caused by twin shield
tunnelling in the soft soil area and explored the law of
surface deformation and the value of soil loss rate. Wei et al.
[20] studied the relationship between surface deformation
and cutterhead torque during shield tunneling through the
statistical analysis of monitoring data and construction
parameters of Hangzhou Metro Line 2 and obtained a
suitable calculation method of cutterhead torque value for
Hangzhou soft clay soil. Wan et al. [21] carried out research
on the difficulties of cutterhead wear, blockage, and surface
settlement encountered in the construction of shield ma-
chine in the typical water sand cobble layer. 'ey found that
the opening rate, maximum opening size, and opening
position are the key factors affecting the geological adapt-
ability of the shield machine.

'e bearing capacity of silty sand is low, the permeability
of the wall is high, and the internal friction angle is large [22].
'erefore, the rotary cutter working in silty sand is often
bonded and worn, and even the working face collapses due
to the cohesionless dispersion of silty sand material [23].
Moreover, liquefaction is easy to occur under the vibration
of shield construction. To ensure the stable and efficient
construction of shield in silty sand, it is necessary to reduce
the disturbance to the stratum during tunneling and reduce
the risk of spewing and blocking during soil discharge.
However, at present, there are few studies on the influence of
surface deformation and construction parameters caused by
twin shield tunneling in silt sand. In addition, the influence
of shield tunneling construction parameters on surface
deformation is not considered in the abovementioned study.
'erefore, it is of great engineering significance to explore
the soil deformation caused by twin shield tunneling in silt
sand.

Based on the statistical analysis of the measured data of a
twin shield tunnel in Hangzhou Metro Line 6, this work
studies the surface deformation in the process of twin shield
construction in silt sand and makes a comparative analysis
with the soft clay area. 'e application of Peck-based em-
pirical formula and basic assumptions in the process of twin-
line excavation in the silty sand area is investigated. 'e
reference ratio between the soil loss rate in the former line
and the latter line in the silty sand area is proposed. 'e
relationship between shield construction parameters and
surface deformation is discussed.

2. On-Site Monitoring Experiment

2.1. Project Overview. 'is study takes the double-track
single-round shield section of Shuangpu station to Heshan
Road Station of Hangzhou Metro Line 6 as the research
object. 'e section line is located along Kehai Road,
Shuangpu Town, Xihu District, Hangzhou, China, with a
total length of 2486m. 'e left and right lines of the section
adopt a V-shaped slope, and the buried depth of the tunnel
top is 9.0∼15.5m. Shi Chuan island shield machine is
adopted, with an opening rate of 45%. As the shield machine
in this section passes through the sandy soil, the cutterhead
panel is cut off to become a spoke cutterhead. Increasing the

opening rate of the cutterhead is conducive to the slag
entering the soil bin. 'e lining structure of the tunnel
adopts prefabricated reinforced concrete segment lining,
with an inner diameter of 5.5m, an outer diameter of 6.2m,
and a width of 1.2m, which is staggered joint assembly.

'e distribution and parameters of the soil layer are
shown in Table 1. In the table, W is the moisture content of
soil layer, c is the wet gravity, e is the void ratio, ES is the
compression modulus, ρ is natural density, K0 is the static
side pressure coefficient, ɸcq is internal friction angle, and V
is Poisson’s ratio. 'e geological section of shield tunneling
is shown in Figure 1.

2.2. Layout of Measuring Points. In order to understand the
surface deformation of the silty sand shield section in the
process of tunneling, the monitoring points are arranged at
the construction site. 'e layout of the monitoring points is
as follows: several longitudinal monitoring points are
arranged at intervals along the advancing direction of the
tunnel on the central axis of the tunnel, and the transverse
monitoring section is arranged perpendicular to the axis
direction. A monitoring face is set every 35meters on the
tunnel axis and every 25meters within 120meters of the
shield starting section. In special cases, a monitoring face is
set, such as the place where the geological conditions change
greatly and the places, where many buildings exist above the
soil layer. Each monitoring surface is symmetrically
arranged with the axis as the center to 1.5m, 5m, 7.5m,
10m, 13.5m, 18.5m, and Lm (adjusted according to the
tunnel buried depth). 'e layout of some monitoring
sections is shown in Figure 2.

3. Analysis of Experiment Results

3.1. Analysis of Transverse Surface Deformation Law.
Based on the measured data of surface deformation of each
monitoring section, the variation trend of each monitoring
cross section in the process of twin shield tunneling in the
Hangzhou silty soil area is analyzed. It is found that the final
settlement curve generally presents a “W” shape and is
asymmetrical. 'ree typical sections were selected in this
study. 'e former tunnel and the latter tunnel were located
on the left and right sides of the middle line, respectively. As
shown in Figures 3–5, the abscissa in the figure represents
the amount of surface deformation, and the abscissa rep-
resents the horizontal distance between the monitoring
point and the middle line of the tunnel. 'e maximum
surface settlement above the latter line is obviously larger
than that of the former line. 'e maximum surface defor-
mation caused by the latter tunnel is larger than that of the
former tunnel. 'e main reason is the superposition dis-
turbance effect of the latter tunnel on the soil. 'ere is a little
difference in the secondary disturbance effect of each
section.

Figure 6 shows the measured surface deformation curve
of a section of Hangzhou Metro Line 2. 'e shield mainly
passes through the soft soil layer. Compared to Figures 3–5,
it is found that the final settlement trend of surface
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transverses deformation caused by twin shield tunneling in
the soft soil area, which still conforms to the above rules.'e
average settlement of the latter line in the soft soil area is
about 1.5 times bigger than that of the former line, while it is
about 2 times in the silty sand area. It can be seen that the
secondary disturbance effect produced by shield tunneling in
silty soil area is stronger than that in soft soil, which indicates
that the secondary disturbance phenomenon has a greater
impact on silty soil than that in soft soil. 'erefore, when the
twin shield tunnelling is not properly controlled in the
Hangzhou silt soil area, the surface deformation value is easy
to exceed the alarm value, thus affecting the construction
safety. 'e reason that the additional settlement caused by

the secondary disturbance effect of shield construction in
silty soil area is more obvious than that in the soft soil area
obtained from the field monitoring. 'is is related to the
porosity and permeability of silty soil. Compared with soft
soil, silty sand soil has larger void and lower cohesion [24].
'erefore, the self-stability of silty sand is worse and the
effect of disturbance is greater.

3.2. Analysis of Surface Deformation with Time. In the
process of shield construction, the surface will change with
the different advancing stages.'emeasurement points with
the largest deformation in the tunnel section during the

Table 1: Parameters of soils.

Soil properties W (%) c (kN/m3) e ES (MPa−1) ρ (g/cm3) K0 ɸcq (°) V
③ 3 Sandy silt with silt 26.0 19.5 0.742 0.100 1.95 0.40 28.0 0.29
③ 31 Silt 25.4 19.6 0.716 0.083 1.96 0.34 30.0 0.29
③ 5 Sandy silt 25.3 19.7 0.706 0.100 1.97 0.37 29.0 0.29
③ 6 Silt 25.3 19.5 0.721 0.086 1.95 0.32 31.0 0.26
⑤ 33 Silt 23.5 19.7 0.687 0.096 1.96 0.32 31.5 0.26

Figure 1: Geological profile of shield tunnel under construction.
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construction process are selected, respectively. As shown in
Figures 7 and 8, the cumulative deformation curves of the
largest deformation points in section DBC6 and section
DBC26 are recorded. In the figures, the ordinate represents
the amount of surface deformation, and the abscissa rep-
resents the time for the shield to pass through the monitored
section. 'e negative value of the abscissa represents the
days when the shield has not reached themonitoring section,
and the positive value represents the days when the shield
has crossed the monitoring section.

It can be seen from the analysis of Figures 7 and 8 that
when the shield machine reaches the monitoring section,

the soil begins to settle rapidly. During the process of the
shield machine passing through the monitoring section,
the soil continues to settle, and the settlement speed
gradually slows down after the shield tail passes through
the monitoring section and finally tends to be stable. 'is
is consistent with the stratum deformation law in the
sandy silt area obtained from the research in literature
[25–27]. Compared to Figure 9, different from the con-
clusion of [19] in the study of shield tunneling in soft soil
areas, silty sand does not begin to settle one day earlier
than soft soil, and there is no obvious rebound. 'e
settlement in silty soil areas tends to be stable about 2 days
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Figure 3: Surface deformation of section DBC10.

Formal Line
Later Line
Formal Line+Later Line

Former tunnel
Later tunnel

-35

-30

-25

-20

-15

-10

-5

0

5

Su
rfa

ce
 d

ef
or

m
at

io
n 

(m
m

)

-15 -10 -5 0 5 10 15 20-20
Horizontal distance between measuring point

and center line (m)

Figure 4: Surface deformation of section DBC26.
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Figure 5: Surface deformation of section DBC35.
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Figure 6: Measured curve of surface deformation of a section of
Hangzhou Metro Line 2.

4 Advances in Civil Engineering



after the shield machine reaches the cross section, while it
tends to be stable in soft soil areas for a longer time. 'e
reason is that the permeability coefficient of silty sand is
larger and the pore water pressure dissipates faster after
being disturbed by shield construction [28].

By comparing the cumulative surface deformation of
the former line and the latter line in the process of shield
tunneling in silty soil and soft soil, it is found that the soil
deformation of the latter line is more obvious under the
action of the second disturbance. As shown in Figures 7
and 8, the maximum settlement of the latter line of the
monitoring section in the silty soil area is 2.11 times and
2.75 times that of the former line, which is significantly
larger than that in the soft soil area about 1.5 times that of
the former line [17]. Compared with soft soil, the seepage
characteristics of silt soil are one of the potential causes
of larger soil deformation and failure [29]. 'is is related
to shear strain, sliding fraction, volumetric strain, par-
ticle displacement, and the cohesive failure zone of silt
soil. From a microscopic point of view, the deformation
characteristics of silt soil are affected by the pore size,
distribution, shape, and arrangement of the silty clay at
the bottom and side of the tunnel [30]. It proves the
conclusion that the influence of secondary disturbance
on silt soil is greater than that on soft soil. 'erefore,
special attention should be paid to the settlement of the
latter line during construction. At the same time, the
settlement of silty sand changes rapidly, so it is necessary
to do a good job in the early prevention, which can
provide a reference for construction and field
monitoring.

4. Applicability Analysis of Peck Formula

Peck [7] statistically analyzed a large number of measured
data of surface deformation caused by subway construction.
Considering that the soil loss causes stratum movement, he
proposed that the soil is in an undrained state during ground
settlement, and the volume of soil loss is equal to the volume
of the settlement tank. 'e surface settlement trough above
the tunnel is in accordance with the normal distribution, and
the horizontal settlement formula of the surface is obtained
as follows:

S(x) � Smax exp −
x
2

2i
2􏼠 􏼡,

Smax �
Vloss

i
���
2π

√ �
πR

2η
i

���
2π

√ ,

(1)

where x is the horizontal distance from the tunnel axis;
S(x) is the surface settlement at the location x; Smax is the
maximum surface settlement above the tunnel axis; i is
the width coefficient of the ground settlement tank; Vloss
is the soil loss per unit length; R is the tunnel excavation
radius; and η is the soil loss rate. On the basis of the Peck
formula, Suwansawat and Einstein [31] studied the
ground deformation formula of a double-line shield
tunnel.
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Figure 7: Deformation of monitoring points in section DBC6.
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Figure 8: Deformation of monitoring points in section DBC26.
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Figure 9: Accumulated deformation curve of SD185 section in
Feng-Gu section of Hangzhou Metro Line 2.
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where i1 is the width coefficient of the ground settlement slot
of the former tunnel; D is the soil loss rate of the former
tunnel; D is the width coefficient of the ground settlement
slot of the latter tunnel; η2 is the soil loss rate of the latter
tunnel; and D is the distance between the two tunnel axes.

Wei [32] summed up the value method of the width
coefficient of the tunnel ground settlement trough based on a
large number of literature studies. 'e value method of the
width coefficient of the ground settlement trough is divided
into three categories. According to the applicable conditions,
three types of formulas suitable for silty sand are selected as
follows:

i � (1 − 0.02φ)h, (3)

i � 0.25(h + R), (4)

i � kh. (5)

In the formula, h is the depth from the tunnel axis to the
ground; φ is the internal friction angle of the soil above the
tunnel axis; and R is the outer radius of the tunnel, in which,
in formula (3), φ takes 35° to 40° and in formula (5), k takes
0.2 to 0.3.

In this study, the surface deformation is predicted based
on the condition of monitoring section DBC10. 'e i ob-
tained by formulas (3) and (5) is 3∼4.5, and the i obtained by
formula (4) is 4.5. 'erefore, i the former line takes 4.5, and
if the value is assumed to be proportional to the final set-
tlement, i the latter line takes 5.84. 'e predicted settlement
curve is drawn by substituting it into the formula. 'e
predicted results and measured surface deformation are
shown in Figures 10 and 3.

Comparing the curves in Figures 10 and 3, it is found
that the measured deformation curve and the predicted
curve of section DBC10 present “W” shape, and the mea-
sured deformation curve and the predicted curve of other
monitoring sections are basically similar in shape, with a
high degree of coincidence, but there are some differences
between the surface settlement values of the latter line of
some sections and the predicted values. It can be seen that
using the two-line Peck formula to predict the surface de-
formation caused by twin shield tunneling in the Hangzhou
silt soil area has a certain reference value.

At present, there is no reasonable method to calculate the
soil loss rate. In this study, according to the back analysis
method described byWei [33], combined with the measured
data of surface settlement, formula (6) is used to calculate the
value of η. When the back-calculation points are selected
according to the measured data, only the sections whose
measured surface deformation conforms to the prediction of
the peck formula are selected.

η �
Smaxi

���
2π

√

πR
2 . (6)

'edistribution of soil loss rate of each section is listed in
Table 2, and the variation law of soil loss rate during double-
line shield construction in silty soil area is analyzed. It can be
seen from Table 2 that themain distribution range of soil loss
rate of each effective monitoring section in this test is 0.2%∼
0.8%, accounting for 88.46% of the total, of which 0.2%∼
0.5% is the most, accounting for 57.69% of the total, which is
similar to the situation of Hangzhou silt area. Further
analysis shows that the average soil loss rate of the latter line
is 1.83 times that of the former line, and 11.54% of the soil
loss rate of the latter line reaches 0.8∼1.2%, which is because
the soil loss rate of the latter line is increased due to the
influence of secondary disturbance. 'erefore, when the
two-line Peck formula is used to predict the surface de-
formation of silty soil area, it is suggested that the soil loss
rate of the latter line should be 1.8 times that of the former
line.

Table 3 shows the distribution of soil loss rate of shield
construction in a soft soil section of HangzhouMetro Line 2.
Compared to the distribution of soil loss rate in the silty sand
section in Table 2, the soil loss rate of the former line of silty
sand is less than that of soft soil, and that of the latter line is
close to or even greater than that of soft soil, which is
consistent with the conclusion that silty sand is more af-
fected by secondary disturbance.

In this study, the soil loss rate of each section of the
former line and the latter line is drawn according to the
ring number, as shown in Figure 11. 'e soil loss rate has
no obvious change rule because the construction pa-
rameters in the process of shield tunneling have a great
impact on the soil loss rate, and the slight change of
construction parameters will greatly affect the soil loss
rate.
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Figure 10: Prediction of surface deformation of section DBC10.

6 Advances in Civil Engineering



5. Correlation Analysis of Cutterhead Torque
and Surface Deformation

'e correlation between the instantaneous ground heave
(the maximum deformation of the measuring point 12 hours
after the shield machine passing) and the cutterhead torque
of the shield machine is studied. 'e instantaneous defor-
mation value and corresponding cutterhead torque value of
eachmonitoring point at the arrival of the shield machine on
the former line and the latter line are recorded, as shown in
Figures 12 and 13.

Comparing Figures 12 and 13, it can be found that the
absolute value of the maximum deformation value of the
latter line is about 1.3 times bigger than that of the former
line. At the same time, there is a similar proportion between
the average torque of the former line and the latter line. 'e
average torque of the latter line is 2645 kN·m, and the av-
erage torque of the former line is 2073 kN·m. 'is indicates
that the maximum surface deformation value is related to

Table 2: Distribution of loss rate in silt soil region in Hangzhou Metro Line 6.

Soil loss rate 0.2∼0.5 0.5∼0.8 0.8∼1.2
Average value

Range (%) Number Proportion (%) Number Proportion (%) Number Proportion (%)
Former line 9 34.62 5 19.23 0 0.00 0.42
Latter line 6 23.08 3 11.54 3 11.54 0.77
Total 15 57.69 8 30.77 3 11.54 0.6

Table 3: Distribution of loss rate in soft soil region in Hangzhou Metro Line 2.

Soil loss rate 0.2∼0.5 0.5∼0.8 0.8∼1.2
Average value

Range (%) Number Proportion (%) Number Proportion (%) Number Proportion (%)
Former line 7 58.33 4 33.33 1 8.33 0.49
Latter line 6 42.86 6 42.86 2 14.28 0.61
Total 13 50.00 10 38.46 3 11.54 0.55
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Figure 11: Loss rate of all sections.
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the average torque during the shielding process. 'e main
reason for the difference between the average torque of the
former line and the latter line and the surface deformation is
that the second disturbance is carried out during the driving
process of the latter line, which increases the soil loss rate,
especially for the silt soil. 'e porosity is higher. 'e pore
size between the soil particles is uneven, and the influence of
the construction disturbance is greater.

In this study, the cutterhead diameter and maximum
torque of the shield machine in several engineering cases
are selected for comparative analysis. It can be seen from
Table 4 that the cutterhead excavation diameters of
Hangzhou Metro Line 6 and Line 2 are basically the same.
However, the soil layer changes from silty sand to muddy
silty clay, and the maximum cutterhead torque is reduced
to 0.62 times the original. 'e diameter of the London
Heathrow Airport Tunnel is about 1.5 times bigger than
that of the others, while the maximum torque is far more
than that of other cases. It can be seen that the cutterhead
excavation diameter and the excavation soil condition
have a significant impact on the cutterhead torque, and
the author speculates that the main reason is that the
cutterhead diameter and the strength indexes of the
shield tunneling soil are important parameters for cal-
culating the cutterhead torque.

6. Conclusion

'is study investigated and studies the surface deformation
and the influence of cutterhead torque caused by twin shield
tunneling in silt sand. 'e following results and conclusions
are obtained as follows:

(1) 'e transverse deformation of the cross section of
twin shield tunneling presents a “W” shape, whether
in silt or soft soil. In the silty soil area, when the
shield tunneling reaches the monitoring section, the
soil settles sharply, which is different from the soft
soil area. After the shield tail passes through, the soil
continues to settle and the settlement speed slows
down and finally becomes stable. In the silt soil
stratum, the secondary disturbance effect of twin
shield tunneling is stronger than that in the soft soil
area, which should attract more attention in
construction.

(2) By combining the measured data analysis with the
theoretical formula, this work puts forward the
hypothesis that the width coefficient of settlement
slot of twin shield tunnel is related to the final set-
tlement. 'e applicability of the two-line Peck for-
mula in the Hangzhou silt soil area is verified.

(3) Compared to the soft soil area, the secondary dis-
turbance effect produced by shield tunneling in silty
soil area is more obvious, and the reference ratio of
the soil loss rate of the latter line and the former line
is proposed. In addition, the soil loss rate is difficult
to be determined in the process of shield tunneling
because of the variable construction parameters and
great impact on the soil loss rate law.

(4) 'ere is the same proportion between the ratio of the
instantaneous maximum settlement and the average
torque of the former line and the latter line. 'rough
combining with the measured data and comparing
with other cases, it is found that the cutterhead
excavation diameter and soil conditions have a
greater impact on the cutterhead torque, which
should be paid attention to in shield construction.
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In recent years, the construction scale of urban rail transit project is still in a high growth stage. In addition, the geology and
surrounding environment of crossing lines are complex, and all kinds of safety accidents are still in a high incidence stage.
Based on the investigation and summary of safety risk events and their causes in urban rail transit engineering construction
at home and abroad, this paper fully combines the current national security management policies, introduces the “dual
control” concept of safety risk classification and hidden danger investigation, and develops the intelligent monitoring
system platform for urban rail transit engineering construction based on advanced technologies such as intelligent Internet
of *ings, 3D visualization, and artificial intelligence. It realizes the intelligent collection and analysis of engineering field
monitoring data, the dynamic early warning management of engineering risk sources, the process embedding “dual control”
mechanism of safety risk and hidden danger investigation, the real-time supervision of large equipment operations such as
shield and hoisting, and the real-time control of high-risk operation sections such as contact channels. At the same time, the
traceability and assessment management of the safety supervision process are strengthened. *e parties involved in the
project can realize the synchronous sharing of information through the platform and improve the efficiency of on-site safety
and quality control.

1. Introduction

Urban rail transit is the main traffic in China. *e de-
velopment of urban rail transit is of great significance to
relieve the pressure of urban public transport, promote
urban construction and promote the economic develop-
ment of related industries, improve the travel and living
quality of citizens, and improve the urban environment.
Because it is mostly constructed in the middle of pros-
perous area of city, affected by many factors, such as the
ground environment, geological conditions, construction
conditions, and construction technology, large-scale

network construction means that it will be confronted
with huge safety risks, vulnerabilities, and management
issues. In view of this, the national construction depart-
ment has issued a number of opinions and regulations,
which further clarified the requirements of the dual
prevention mechanism of safety risk control and risk
investigation and management in engineering construc-
tion [1–5]. In addition, it was pointed out in the outline of
the 13th Five-Year National Informatization Plan (in
China) that it is necessary to improve the informatization
level of construction industry, enhance the integrated
application of BIM, big data, intelligence, real-time
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communication, cloud computing, Internet of*ings, and
other information technologies, and build an integrated
supervision platform. Based on the above requirements, in
view of the safety supervision of rail transit engineering,
the research and development of information intelligent
supervision platform is imminent.

At present, in view of the construction and man-
agement of urban rail transit projects, it can greatly
improve the efficiency of management by establish the
risk management and governance system which is in-
formation-based, visual, and intelligent [6–8]. Many
scholars and institutions at home and abroad have also
carried out research and application in related fields. In
terms of security risk management, based on cost of
safety (COS) theory and analytic hierarchy process
(AHP), Aminbakhsh et al. [9] proposed a priority as-
sessment method for security risk in construction en-
gineering. Yoo et al. [10] forecast and evaluated the
impact of the expansion project of Seoul Metro Line 3 in
South Korea on the surrounding environment and
possible risks by GIS and artificial neural networks. Ding
and Zhou [11] established an urban subway safety risk
early warning platform which automatically realizes the
identification, evaluation, and early warning of engi-
neering safety risks by data fusion model and which has
been applied to Wuhan City subway construction project
management. Li et al. [12] put forward the subway
construction safety risk identification system and early
warning system by BIM platforms. Aiming at the risk in
subway construction, Yang et al. [13] developed a subway
construction dynamic safety risk management and
control information system and a supporting mobile
phone inspection APP. Shen et al. [14] developed the
Chengdu shield construction safety risk management
information system which integrates the construction
parameters, monitoring data, and live video surveillance
of shield at all working points in the city and which has
automatic reminder functions and perfect early warnings
and disposal and alarm working mechanism for signif-
icant risky sources in shield construction. Wei et al. [15]
established a 2D/3D visualization web platform which
makes use of sensors to collect data from different angles
and visualizes geological parameters and TBM param-
eters to predict potential risks in TBM construction. In
terms of risk investigation and management, Ding [16]
proposed a risk management system based on the clas-
sification, investigation, evaluation, reporting, and
governance of risk. Moreover, on the basis of the model,
the Beijing rail engineering safety and quality risk
management information platform was jointly devel-
oped. Zhou et al. [17] developed a risk detection in-
formation system based on wearable devices with risk
identification function and Internet data transmission
technology, and the system was used in Wuhan subway
engineering. Based on the shortcomings of current risk
management system, Gu et al. [18] constructed a risk
management system according to the closed-loop
management theory which classifies risk in accordance
with level, grade, and profession and proposed a six-link

closed-loop management model. In addition, Tianjin,
Nanning, Shenyang, Hefei, and other places have also
carried out the research and application of the safety risk
management information system for the construction of
rail transit projects [19–25].

In the application, some shortcomings of the existing
platform have gradually emerged, mainly as follows: the
platform has single function, the specialization of data
analysis and risk prediction is not enough, and the safety
risk management system and hidden danger investigation
system are independent of each other. In addition,
existing platforms often focus on single construction task,
single component, or single security risk status, and thus
it cannot aggregate and integrate multisource informa-
tion in real time, it has not yet realized the integrated
control of construction, operation, and maintenance, and
it lacks management and control of major safety risk
nodes such as lifting and hoisting and refinement of big
data analysis modules and key indicators; therefore, it is
impossible to realize overall and dynamic security risk
management and risk investigation. Currently, the dual
prevention content of security risks and hidden danger
inspection required by national policies, laws, and reg-
ulations has not yet been embedded. Combining the
above deficiencies, on the basis of fully understanding the
relevant policies of national security management and
emergency management, the basic theory of risk control,
and the rules of hidden danger investigation and man-
agement, the authors focus on the overall relevance and
unity of security risk management and hidden danger
investigation and management. Combined with the re-
quirements of the State Council to implement the dual
prevention mechanism in the field of high-risk industries,
this paper studies the integration of safety risk intelligent
assessment, hidden danger investigation and manage-
ment, intelligent data monitoring, shield and large lifting
equipment management, patrol and video monitoring,
and key risk nodes and contact channel safety manage-
ment and control.

2. Overall Design of the Platform’s
Operating Mechanism

2.1. Business Requirement Analysis. Based on the above
analysis and the understanding of risk management theory,
risk management mainly realizes the risk prediction before
engineering construction, puts forward the process pre-
control measures, and implements the precontrol measures
in the construction process, namely, risk control. Hidden
danger investigation mainly conducts regular investigation
on the risk precontrol measures proposed before in the
process of engineering construction to ensure that the
measures are in place. *e developer conducted in-depth
research of the intelligent monitoring system platform of
risk management and hidden danger control based on the
underlying monitoring technology of IOT in order to im-
prove the overall safety and quality of urban rail transport
network construction.
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2.2. Overall Design of Operating Mechanism. Based on the
foresaid research, taking engineering risk control as the
principal line, the overall operating mechanism of this
platform has established the corresponding dual control for
hidden danger detection and management. On the basis of
the static risk rating evaluation in the preparatory stage of
the construction, the major risk sources and their control
were viewed as the key of hidden danger investigation. On
top of that, all major risk sources were ensured to be under
effective control with multidimensional monitoring infor-
mation including supplementary data, construction pa-
rameters, and site inspection. In addition, the risk source
level was dynamically adjusted for larger hidden danger and
early warning alarm in the process of hidden danger de-
tection and risk source monitoring. *e specific dual control
design of risk and hidden danger management is shown in
Figure 1.

2.3. Integrated Design of Warning and Alarm Mechanism.
Combined with the characteristics of rail transit con-
struction and safety risk control, this platform developed
and designed a four-color early warning and alarm
mechanism for engineering risk monitoring based on
multidimensional data sources. *e blue warning corre-
sponding project is in the state of concern, the yellow
warning corresponding project is in the state of control, the
orange warning corresponding project is in the state of
alarm and has not been effectively controlled, and the red
warning corresponding project is in the state of emergency.
Among them, the judgment basis for the above warning is
as follows:

(1) Red warning: monitoring data seriously exceed the
standard or monitoring data have great mutations.
Combined with the on-site and surrounding envi-
ronmental inspection, it is comprehensively judged
as an unacceptable risk, and the agency is in the
critical state of emergency.

(2) Orange warning: the monitoring data reach the level
of engineering alarm. Combined with the site and
surrounding environmental inspection, it is com-
prehensively judged that the project is not willing to
accept risks, and the project is in an unsafe state. *e
site must immediately take control measures.

(3) Yellow warning: the monitoring data reach the level
of engineering alarm. Combined with the site and
surrounding environmental inspection, it is com-
prehensively judged as an acceptable risk, and the
site must take preventive measures.

(4) Blue warning: the monitoring data reach the level of
monitoring warning and monitoring alarm. It is
necessary to remind all parties to pay attention to the
continuous change of the monitoring data. When
necessary, preventive measures should be taken on
the scene.

*e explanation of the early warning “double control”
index is as follows: when the cumulative change or two-day

change rate exceeds 85% of the alarm value or when the on-
site inspection is abnormal, the system starts early warning.
Monitoring alarm: when one of the “double control” indi-
cators (cumulative change and change rate) exceeds the
alarm value or when the on-site inspection finds abnor-
malities. Engineering alarm: the monitoring data exceed the
cumulative alarm value and are still not convergent (the
change rate exceeds the alarm value for three consecutive
days) or the cumulative value has exceeded the control value
given by the design or when the abnormal situation is found
in the field inspection.

*is mechanism can realize the integrated early warning
and alarm of monitoring data, patrol inspection, hidden
danger investigation, video monitoring, large equipment
monitoring, and quality defect monitoring. At the same
time, the corresponding dynamic level adjustment of risk
sources can be matched to truly realize the effective dynamic
control of the whole process of key risk sources. Based on
GIS map, the real-time adjustment and display function of
dynamic level of risk sources in the whole network can be
realized. *e detailed design of early warning and alarm
mechanism is shown in Figures 2 and 3.

3. Overall Design of the System’s Framework

*e framework design of the platform’s system adopted the
latest computer software development technology and
mainstream framework design while ensuring the system
scalability and easy maintenance and other requirements.
Programming languages Java and .Net should be given
preference.*e framework was designed and developed with
MVC model to realize the display separation of logic, data,
and interface.*e platform’s software modules should adopt
hierarchical framework and object-oriented concept to re-
duce the coupling between modules as much as possible,
while the detailed design must consider the scalability. *e
overall design of the platform’s technical framework is
shown in Figure 4.

4. Overall Design of the System’s Function

In view of the platform’s overall requirements described in
Section 2.1, the main considerations in terms of functional
design of the platform’s framework cover intelligent mul-
tidimensional supervisory measurement, large equipment
safety monitoring (shield informational monitoring, crane
hoisting monitoring, video monitoring, and so on), overall
security risk control module, GIS map overview and in-
formation integration display module and other modules
with their respective function of geographic information
display, engineering information display, red and yellow
cards, every project has a file, message transfer, and so on.
*e overall functional design of the systems’ framework is
shown in Figure 5.

5. System Development and Application

Based on the overall design of the platform’s operation
mechanism, framework, and function, the platform’s
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intelligent system of risk and hidden danger monitoring for
urban rail transport project has been developed and formed
on account of the full investigation and absorption of the
advantage of the existing systems of major cities, and it was
fully applied in the third-round project of Hangzhou subway
construction, which achieved sound effect and economic
benefits.

5.1.PortalWebandGIS. By integrating the basic data of each
functional module, this module has realized info category
display, model navigation, important message notification,
task centralization, and other functions, so users need not
switch back and forth between different functional modules.

*rough GIS layer, it realized the multilayer display of
more than five major themes in the same interface, such as
construction state, risk tendency, hidden danger situation,
warning alarmmonitoring, and shield excavation, which can
control the overall safety of urban rail transport
construction.

Compared with other platforms, this module adds BIM
3D display (Figure 6) and engineering risk GIS 4D graph.

5.2. Intelligent Monitoring Measurement. Intelligent moni-
toring measurement module can realize at each work site the
collection, integration, analysis, graphical display, trend fore-
cast, and specified format report output of monitoring data.
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Figure 3: Overall safety evaluation model of engineering early warning based on index analysis.
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*e main idea is to integrate the IOT data in the safety
monitoring system and manual monitoring data to analyze the
relevant monitoring data at each work site in accordance with
business needs using cloud computing, big data analysis, and
other technologies, which can achieve data recording, graph
drawing, automatic contrastive analysis of monitoring data,
automatic warning for overrun, and the evaluation of the work
site safety through monitoring data. *e flowchart is shown in
Figure 7. In the layer of data display, monitoring point data
anomalies and their influence coverage are displayed in 3D
visualization with BIM technology.

5.3. Intelligent Monitoring of Shield Machine. Based on
multiple heterogeneous data analysis and access tech-
nology to parameters of large shield tunneling machine of
all brands, the module has acquired comprehensive access
to PLC control parameters of well-known shield machines
both at home and abroad, such as Herrenknecht, China
Construction Tunneling Equipment, China Railway En-
gineering Equipment, Okumura, and Daye. While en-
suring network information security, it can realize

multilevel transmission stably and efficiently from LAN to
Internet and has functions such as shield parameter online
view, historical data review and statistical analysis, and so on.
When the parameter exceeds the limit, it triggers automatic
alarm and releases early warning notification in the form of
SMS and APP. In addition, the shield module GIS can also
achieve the dynamic display of shield machine tunneling path
and real-time location through algorithms and correlate the
major risk sources around the interval and the automatic
release of risk forecast by the system during the traversal, which
drew the attention of all parties.

5.4. Crane and Large Equipment Hoisting Monitoring.
*is module mainly includes general information, library
manager, hoisting log, safety control, and other submodules.
It can realize the effective supervision of all kinds of crane
and large equipment hoisting in the whole process.

5.5. Monitoring of Freezing Construction of Contact
Channel. *e key risk point monitoring module of
freezing engineering in contact channel can realize

Figure 6: Engineering BIM 3D display model.
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automatic temperature data access, real-time temperature
monitoring, automatic temperature abnormality pre-
alarm, historical data query and statistics, aided safety
assessment, freezing curtain calculation, and other
functions.

5.6. Risk Management Module. *is module is the core
module of the system platform. Mainly based on the deci-
sion-making control of safety risk, it can identify and assess
risks in the early stages of engineering construction, form
control lists, and realize functions as dynamic risk control
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and early warning management combined with the con-
struction of a risk source database, and the security risk
management and control process is shown in Figure 8.

5.6.1. Risk Source Management in Work Site. *e platform
can form a project-wide dynamic risk source database
according to the static risk assessment results, containing
risk sources, factors, events, and measures.*e work site risk
source can form its control list based on the static risk
assessment results and realize effective supervision of the
work site risk sources through the system platform in the
construction process.

5.6.2. Safety Assessment and Early Warning. *e safety
assessment submodule allows daily risk assessments to be
carried out to grasp the safety type of each work site. *e
page comprehensively displays information such as project
overview, work condition diagram, and measuring point
layout while associating risk source information according
to construction progress.

Early warning submodule can show the warning in-
formation of each work site, including the warning level,
time and status, and so on. *e corresponding alarm report
can be viewed in the attachment. In the search bar, you can
filter searches according to the warning time and status as
required.

5.7. Hidden Danger

5.7.1. Hidden Danger Investigation Module. Integrated in-
formation module for hidden danger, through filtering time,
can count the number of hidden dangers at all levels and
form a pie chart and can compute the hidden danger rec-
tification and form a bar chart so as to get detailed hidden
danger statistics of each line according to the frequency of
investigation below the chart.

5.7.2. Hidden Danger Investigation and Management
Module. *e hidden danger check screen allows partici-
pants to add a hidden danger investigation record by cre-
ating a new task. *e top of the page displays the number of
each investigation status by different colors, and we can filter
the qualified records by unit, situation, frequency type, start
time, and other information.

In the hidden danger management module, the top of
the page displays the status and quantity of hidden danger
list by different colors, and we can filter the qualified lists by
unit, hidden danger level, start time, and other information.
One can check the specific information of the list and the
progress of rectification through the “operation” button, and
the hidden danger will be shut after the rectification is
completed.

*e hidden danger statistics module can count the
number of various hidden danger levels by filtering lines and
times and form the corresponding bar chart and pie chart.

5.7.3. Hidden Danger Assessment. In the hidden danger
assessment module, the rules of deducting points in the
hidden danger management of Metro Group are inputted to
the system to realize automatic assessment on the platform.
You can select the work site to view the score through the left
navigation tree. *e system will show the total score and the
reasons for points deduction in detail, and the specific
deduction of points will pop up when you click on the
button.

5.8. Overall Operation of the System. As of December 31,
2020, the platform has been widely used in the third-round
project of Hangzhou subway construction. At present, the
monitoring module has reached a daily average processing
of more than 50,000 monitoring data, with a total of 594
early warning messages; the video monitoring module has
accessed a total of 261 work sites, with a total number of
1,783 videos; the crane hoisting module has recorded a total
of 2,979 sets of equipment and 2,312 operators; the shield
information module has accessed 332 shield machines and
monitored nearly 120 shield constructions at the same time
during the peak period of construction; the hidden danger
investigation and management module rectifies and shuts
more than 3,000 hidden dangers on average per month.
When the platform was applied in the actual construction,
the system has given full play to its role in improving the
quality and efficiency of safety management in the process of
intelligent multidimensional monitoring of engineering
safety, static risk assessment and dynamic risk source
control, hidden danger investigation and management of
risk unit, comprehensive multidimensional information
forewarning, and real-time information delivery. At the
same time, it gave an excellent model and demonstration to
the dual preventive work mechanism of risk rating control
and hidden danger management for domestic rail transport
projects, which brought about significant economic and
social benefits and high promotion and application value.

6. Summary

*e platform for the first time integrated and embedded into
the system the dual control mechanism of safety risk control
and hidden danger management, realizing the intelligent
integration of multidimensional data based on the infor-
mation of engineering safety monitoring, inspection, hidden
danger investigation, major key points monitoring, shield
and large equipment safety control, dynamic contact
channel freezing temperature field, video and access control,
engineering hidden danger investigation and management,
etc. It has also realized the functions of prediction and
prevention of key risk sources from the early stage of
construction, of early warning and alarm, and of dynamic
rating and control of the process risk, ensuring the whole
process safety in the construction. *e platform design
generally reflected the concept of high security and data
modelling, considered the overall information integration,
achieved the automatic collection system, and realized the
management process embedding, the 3D display, the
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information-based work condition display, the project
profile display, and other functions, which has great eco-
nomic and social benefits.
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,is paper is based on the case of the earth pressure balance (EPB) shield tunnelling project of the newMetro Line 2 undercrossing
the existingMetro Line 1 in the soft soil urban area of Hangzhou. Because the EPB shield must break through a plain concrete wall
before undercrossing the existing tunnels, the pipe roof prereinforcement was adopted to stabilize the soil between the existing
tunnels and the new shield tunnel. ,e deformation characteristics of the existing tunnels in the process of double shield
undercrossing were discussed. According to the variation of shield position, the settlement development could be divided into
three stages: shield approaching subsidence, shield crossing heave, and shield leaving subsidence. ,e horizontal displacement
shows a back and forth variation characteristic consistent with the direction of shield tunnelling. At the junction of tunnel and
station, the shield undercrossing caused considerable differential settlement between the existing tunnel and the station. ,e
construction of pipe roof prereinforcement will lead to the presettlement of the existing tunnels. ,e settlement of the existing
tunnels caused by the attitude deviation of pipe roof and grouting disturbance should be reduced in reasonable ranges. In addition,
the maximum longitudinal settlement of the existing tunnel during the shield second undercrossing was also discussed. It was
considered that the influence of wall breaking is greater than the sequence of shield undercrossing. ,e driving parameters of
shield tunnelling should be optimized before the second crossing.

1. Introduction

With the continuous advancement of urbanization, the
metro system in Chinese major cities is developing rapidly,
and the new shield tunnel crossing the existing metro tunnel
is increasing frequently [1–4]. Especially in the city, un-
derground space is increasingly complex nowadays, and the
dangerous conditions such as small clearance, narrow space,
and multiline staggered bring new challenges to shield
crossing construction [5–7]. ,e disturbance of the shield
tunnelling changes the stress and pore pressure of the
surrounding soil, resulting in the soil deformation. ,e soil

will transfer the deformation to the adjacent existing tunnel
to have an impact on it [8, 9]. Shield undercrossing resulting
in structural damage such as track bed detachment, segment
cracking, and joint leakage, which will affect the safety of
metro operation [10–12]. Due to the high requirements for
deformation control of metro tunnels, certain pre-
reinforcement measures were often adopted in engineering
to ensure the operation of the metro tunnels [13, 14].

At present, scholars mainly use theoretical analysis,
numerical simulation, model tests, and field measurement
approaches to conduct a large number of studies on the
impact of shield crossing on existing tunnels. For theoretical

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 7869899, 15 pages
https://doi.org/10.1155/2021/7869899

mailto:dingz@zucc.edu.cn
https://orcid.org/0000-0003-3384-2434
https://orcid.org/0000-0003-3408-0494
https://orcid.org/0000-0003-3066-7394
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/7869899


analysis, the two-stage method is usually adopted, and the
constant perfection in the foundation and tunnel model
improved the accuracy and breadth of analysis [15–17]. For
numerical simulation, many scholars have analyzed the
interaction between shield machine, soil, and existing tunnel
or carried out influence prediction based on the finite
simulation approach [18–21]. For model test, the influencing
factors analysis, such as soil condition, clear distance, in-
tersection angle, and crossing type and the interaction
evaluation of complex engineering condition, such as
multiline overlapping, have received more and more ex-
tensive attention in recent years [22–24].

,e field measurement data are the most direct ex-
pression of the impact of shield undercrossing [25–27]. ,e
tunnelling of Heathrow Express tunnels at the CTA in the
UK caused the maximum settlement of the existing Picca-
dilly Line tunnels to reach 63mm. ,ree years later, the
settlement reached 80mm, the maximum cross section
torsion was 0.15°, and a large number of cracks appeared
[10]. Shenzhen existing Metro Line 1 undercrossed by four
closely spaced tunnels of newMetro Line 7 and Line 9, with a
minimum net distance of only 2.8m [6]. ,e underground
passage of Hangzhou Wenyi Road new tunnels under-
crossed the existing Metro Line 2, resulting in a 23.5mm
uplift of the existing tunnels [27]. Mohamad et al. [28] used a
distributed optical fibre strain sensing system and measured
the stress and strain changes in the existing tunnel crossed by
,ameslink shield in oblique angle of 21°. Li and Yuan [29]
analyzed the influence of double shield undercrossing on the
double-decked tunnel based on field measurement, con-
sidering that the superposition effect of double shield
crossing would cause asymmetry longitudinal settlement of
the existing tunnel, which was different from the defor-
mation pattern of single shield crossing.

In addition, some prereinforcement measures are often
adopted in engineering to reduce the adverse impact of
shield undercrossing on the existing tunnels, such as in-
tunnel grouting reinforcement [13, 30], spoil discharge jet
grouting (SDJG) reinforcement [31, 32], steel segments
reinforcement [14, 33], and pipe roof prereinforcement [34].
Pipe roof prereinforcement has been proved to be an ef-
fective technique to provide a temporary support for the soil
before excavation face [35]. Luo et al. [36] analyzed the
deformation mechanism of pipe roof and deduced the de-
formation calculation formula of pipe roof in the process of
tunnel excavation. Yang et al. [37] obtained the relationship
between the effective length of pipe roof and the height of
excavation face. Wang et al. [38] reported a case study of
ground surface settlement in the construction process of
large-diameter shallow-buried tunnel prereinforced pipe
roof in soft soil geological conditions. Li et al. [39] observed
the project of tunnel construction under an operation air-
port runway and analyzed the runway movement caused by
pipe-screen reinforcement and in-pipe grouting. It can be
found that there were few reports about the engineering
cases of using pipe roof to improve the soil between new and
existing tunnels in soft soil urban areas, and the record of the
influence of pipe roof construction on the existing tunnels
was very limited. ,e effect of shield undercrossing on the

existing tunnels under the prereinforcement of pipe roof also
needed to be further evaluated.

,is paper presents a case study of HangzhouMetro Line
2 undercrossing Line 1 in soft soil urban area and aims to
investigate the influence of double earth pressure balance
(EPB) shield undercrossing and pipe roof prereinforcement
construction on the existing twin tunnels. ,e project is
located in the typical soft soil layer of Hangzhou Bay. ,e
new and existing tunnels are closely crossed under the busy
urban area, with a minimum clearance distance of 2.6m.
,is paper describes and reports the process of pipe roof
prereinforcement and the shield wall grinding. According to
the monitoring data, the deformation characteristics of the
existing twin tunnels during the first and second EPB shield
undercrossing were compared, and the differential settle-
ment between the tunnel and the station was reported.

2. Project Overview

2.1. Project Profile. Fengqilu Metro Station is located at the
underground of the intersection of Yan’an Road and Fengqi
Road in the urban area of Hangzhou and is connected with
the Fengqi Road-Yan’an Road underpass. Fengqilu Metro
Station is the interchange station for Metro Line 2 and Line
1, and the newly built Line 2 runs under Line 1.,e plan and
section view of the undercrossing area are shown in
Figures 1 and 2.

,e existing tunnel belongs to the section between
Fengqi Road and Wulin Square of Hangzhou Metro Line 1,
which is a circular-shaped shield twin tunnel in a north-
south direction. ,e distance between the twin tunnels is
10.7m and decreases slightly from south to north. ,e outer
and inner diameters of the tunnel segment are 6.2m and
5.5m, respectively, and the single ring width is 1.2m. ,e
buried depth of the tunnel is about 9m. Metro Line 1 began
operation at the end of 2012.

,e newly built Hangzhou Metro Line 2 is in east-west
direction, and a twin tunnel with a circular shape is adopted.
,e horizontal distance between two tunnels is 9.8m, and
the buried depth of the tunnel is about 18m.,e intersection
angle with the new and existing tunnel is 83°. ,e vertical
distance between new tunnel and existing downline and
upline tunnel is 2.8m and 2.6m, respectively. ,e downline
of Metro Line 2 started from Fengqilu Station on April 11
and undercrossed Line 1 for the first time from April 19 to
April 25, 2016. ,e undercrossing area of the new downline
tunnel is from ring 7 to ring 30. Before undercrossing, there
is a plain concrete wall of Underpass F that needs to be
broken through. ,e upline of Metro Line 2 started from
Zhonghe Road Station and passes through Line 1 for the
second time from May 9 to May 13. ,e undercrossing area
of the new upline tunnel is from ring 643 to ring 662. Two
JapaneseMitsubishi EPB shields with a diameter of 6340mm
were used to construct the tunnel.,e type and size of tunnel
segments are consistent with those of Metro Line 1. ,e
segments are connected by high strength bolts, and the joints
are waterproof with EPDM (ethylene-propylene-diene
monomer) rubber sealing strip, which has good processing
performance and aging resistance [40, 41].
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2.2. Engineering Geology Conditions. According to the en-
gineering geological investigation report, the undercrossing
area is marine and continental intersedimentation strata,
and the thickness of the quaternary strata is about 40m. ,e
surface of the site is filled with 0.7–5.0m thick soil, and about
20m below, it is mainly soft clay soil. ,e shallow

groundwater of the site belongs to pore diving, mainly
occurring in the surface fill and silty clay layer, and the
buried depth of static water table is 2.1∼3.6m. Metro Line 1
is mainly located in the mucky silty clay layer, and Metro
Line 2 is mainly located in the silty clay layer. ,e physical
and mechanical parameters of soils are shown in Table 1.
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3. Construction Progress of the New Metro
Line 2

3.1. Pipe Roof Reinforcement. ,e new Line 2 is mainly
located in the soft soil layer, and before the shield crosses the
existing Line 1, it needs to break through the 600mm thick
plain concrete wall of Fengqilu Underpass F. In consider-
ation of the disturbance of grind wall vibration to the soft
soil layer and the super near net distance of 2.6m, the pipe
roof prereinforcement measures were adopted before the
shield tunnelling of Line 2. Figures 1 and 2 show the layout
of the pipe roof in plan and vertical section. ,e pipe roof
prereinforcement was composed of 50 pieces of hot rolled
seamless steel pipes. ,e elastic modulus of steel pipe is
2.06×105MPa. 25 pieces were arranged in each arc direction
above the upline and downline of Line 2. ,e outer diameter
of the steel pipes was 159mm and the thickness was 8mm.
,e length of each steel pipe was 6m, and both ends were
preprocessed into external wire buckles for connection. ,e
construction length of a single pipe roof was 45m. ,e
annular spacing of the pipe roof was 350mm, and the
longitudinal slope was 10‰. ,e vertical distance between
the top of the pipe roof and Line 1 is about 1.8m.

,e construction steps of the pipe roof are shown in
Figure 3: first, determine the location of each steel pipe
and install the drill driver. ,en, holes were drilled in the
design position of the pipe roof to break the concrete and
other obstacles. ,ereafter, the pipe roof was driven into
the soil by the drill inside the steel pipe sleeve, and the
steel pipe was jacked in synchronously with the drill
driver, as shown in Figures 4(a) and 4(b). ,e steel pipe
was constructed from the middle to both sides, the
construction of the next steel pipe needs to jump off an
interval. In order to control the position of pipe roof
jacking, a probe rod was installed in the drill pipe. When
the steel pipe deviated, the wedge plate installed at the top
of the auger bit was used to correct the jacking angle, as
shown in Figure 4(c). Figure 5 is the site picture of the pipe
roof after installation.

In order to enhance the overall stiffness of the pipe roof
and further control the settlement of Metro Line 1 above,
cement grout was filled inside the steel pipe after the in-
stallation of the pipe roof, and a certain pressure was
maintained to make the grout flow out of the grouting hole
on the steel pipe to infiltrate into the surrounding soil, so

that make each single concrete filled steel tube to form an
integral arch shell. ,e cement grade used for grouting is PO
42.5, and the water-to-cement ratio was 0.8 :1. ,e grouting
pressure was controlled within 0.5∼1.0MPa. ,e con-
struction and grouting of pipe roof for downline of Line 2
were from February 26 to March 10, 2016, for upline began
on April 27 and finished on May 7, 2016.

3.2. Break through Plain Concrete Walls. As shown in Fig-
ure 2, the 0.6m thick plain concrete wall needs to be broken
before the downline of Line 2 crosses the existing Line 1.,e
tunnel portal of the Fengqilu Station is about 6.7m away
from the wall, and the downline of existing Line 1 is about
5.1m away from the other side of the wall. ,e drilling core
sample showed that the concrete strength of the wall is up to
34.4MPa. If directly touching the concrete, the cutter head
of the EPB shield was easy to get stuck. As shown in Figure 6,
before the start of shield construction, four holes with a
diameter of 0.18m, corresponding to the position of the
grouting hole outside the shield shell, were drilled from the
tunnel portal of Fengqilu working pit, to drill through the
plain concrete wall. On the one hand, it is convenient for the
outside grouting hole to pass through the tunnel portal, and
on the other hand, it can make the shield tunnel break the
wall easier.

When the downline EPB shield cutter head was driving
to the 7th ring, the rip teeth cutters touched the plain
concrete wall. After that, the shield was suspended and the
workers entered the earth chamber under normal pressure
to drill some of the concrete manually where the previous
hole had been.,e diameter of the drill hole was controlled
at 0.4∼0.5m and the depth is controlled at about 0.45m, so
as to ensure that enough thickness of concrete is left on the
wall to prevent the soil from flowing in. ,ereafter, the
shield drove steadily and slowly, grinding through the
plain concrete wall, as shown in Figure 7. ,e construction
parameters of shield when grinding wall are shown in
Table 2.

When the EPB shield is grinding 0.45m into the concrete
wall, enough pressure should be established in the earth
chamber to maintain the earth pressure balance after the
shield was driven into the natural soil. But at this time, the
shield tail was still outside the portal, and no sealing system
had been formed, so the pressure was difficult to establish. In

Table 1: ,e physical and mechanical parameters of soils.

Layer
number Soil name Unit weight c

(kN/m3)

Permeability
coefficient (cm/s) Water content

ω (%)
Plastic limit
Wp (%)

Cohesion c
(kPa)

Friction angle
φ (°)

kv kh
②1 Silty clay 18.6 2.2×10−7 6.7×10−7 31.8 24.3 21.5 11.3
②2 Clayey silt 18.6 7.0×10−5 1.0×10−4 — — 6.0 20.0
④1 Mucky clay 18.0 2.2×10−7 3.1× 10−7 50.8 30.4 13.0 9.5

④2 Mucky silty clay
with silt 18.1 3.0×10−6 2.0×10−5 34.5 21.4 14.0 10.0

④4 Mucky silty clay 17.4 2.5×10−7 3.7×10−7 41.3 25.5 13.0 9.0
⑤2 Silty clay 19.3 1.7×10−7 3.0×10−7 31.2 25.2 30.0 14.0
⑦2 Silty clay 18.5 1.8×10−7 2.5×10−7 30.3 24.2 31.3 16.3
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order to fill the gap between the shield body and the sur-
rounding soil, polyurethane was injected into the four
corners of the shield to form a sealing ring. After that, steel
sleeves were welded outside the portal to keep the EPB shield
in a closed space so as to prevent soil loss and pressure relief,
as shown in Figure 8.

3.3.Driving Parameters of EPB Shield. Driving parameters of
EPB shield will directly affect the soil around the shield and
the adjacent existing tunnel, so it must be set accurately and
adjusted in real time according to the monitoring feedback
[42]. Before the downline shield of Metro Line 2 broke the
wall, it was located in the reinforcement area of the tunnel
portal, the EPB shield was half-empty or even empty ex-
cavated. ,e total thrust was about 5000–8000 kN, the cutter
head torque was about 1000 kN·m, and the driving speed was
stable at 10mm/min.

When the EPB shield was grinding the wall, the total
thrust increased to 18000 kN, the torque remained stable to
about 1100 kN·m, the driving speed was set to 0.5mm/min,
and the pressure of 0.28MPa was established in the earth
chamber.

When the EPB shield entered the natural soil and crossed
the existing Metro Line 1, the synchronous grouting of shield
tail started, and the grouting volume per ring was 1.7m3. After
the shield tail was discharged from the concrete wall, the
grouting volume was adjusted to 3∼3.5m3, the filling rate of
grouting was 181%∼212%, and the grouting pressure was
0.22∼0.35MPa. At this time, the earth chamber pressure was

set at 0.22∼0.29MPa, the total thrust was about
13500∼15500 kN, the cutter head torque was about
1450∼1550kN·m, the driving speed was controlled at 15mm/
min, and the soil discharged per ring was about 40m3.

When the upline EPB shield of Metro Line 2 was
undercrossing the existing Metro Line 1, the earth chamber
pressure was set at 0.25∼0.29MPa, the total thrust was about
13500 kN, the torque of the cutter head was about 1000 kN·m,
the driving speed was 20mm/min, the synchronous grouting
volume per ring was 2∼3.5m3, and the filling rate of grouting
was 121%∼212%.

4. Deformation Monitoring and Analysis of
Existing Metro Line 1

4.1. Monitoring Plan. In order to reflect the influence of the
EPB shield crossing process on Metro Line 1, a detailed
monitoring plan has been made. ,e monitoring contents
mainly involve track beds settlement, horizontal displacement,
convergence deformation, and station settlement. As shown in
Figure 9, 24 tunnel monitoring sections and 6 station moni-
toring sections were, respectively, arranged within the 150m
monitoring range of the existing Line 1.,e text “US” and “DS”
in Figure 9 represent the upline and downline monitoring
sections of Line 1, respectively. ,e interval for the monitoring
sections S7∼S21 of the tunnel is 3.6m, and the distance between
monitoring sections S21∼S30 is 6m.,e interval for the station
monitoring section S1∼S6 is 6m.

Five monitoring points were set up in each tunnel mon-
itoring section, as shown in Figure 10. ,e monitoring points
P1 and P2 on the track beds were simultaneously used to
measure the settlement and horizontal displacement of Line 1.
P3 and P4, P1 and P5 were used to measure the horizontal and
vertical convergence of the tunnel, respectively. In the station
monitoring section, one monitoring point was installed on the
track bed to measure the settlement of the track bed in the
station. ,e monitoring points were monitored by an auto-
matic measuring system composed of a Leica TS30 automatic
total station and a reflecting prism, as shown in Figure 11. To
focus on the deformation of the existing Line 1 caused by the
shield crossing, the monitoring data of the existing tunnels
returned to zero on April 5, 2016.

4.2. Settlement of the Existing Twin Tunnels of Line 1.
Figures 12 and 13 show the settlement development of some
monitoring sections of the existing Line 1 in the process of
double EPB shield tunnelling. ,e selected monitoring
sections were located directly above the axis of the shield
tunnelling. Positive values in the figure indicate tunnel heave
and negative values indicate settlement.

As shown in Figure 12, the time of EPB shield tunnelling
reflects the change of the relative position between the shield
and existing Line 1. It can be divided into three stages: Stage
1 was the shield approaching stage, Stage 2 was the shield
undercrossing stage, and Stage 3 was the shield away stage.
When the shield passed through for the first time, the
settlement of existing Line 1 showed an obvious stage
change: first subsidence, then heave, and after that fall back.
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Test and
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Figure 3: Construction steps of pipe roof construction.
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,e vibration of grinding wall caused the water loss of
mucky silty clay with high water content behind the wall,
which was the main reason for the settlement of the existing
tunnel on Stage 1. After the wall was broken, the newly
established pressure in the earth chamber, the rise of the
total thrust, and the full grouting volume of the shield tail,
coupled with the small number of shield tunnelling rings, the
limited space for the grout diffusion, the undrained mucky
silty clay layer, which is sensitive to disturbance, all of the
above reasons made Line 1 show a rapid heave on Stage 2.
After the shield tail protruded from the existing tunnel
structural edge, the synchronous grouting continues to
condense and the soil begins to consolidate resulting in the
fall of heave of Line 1 on Stage 3.

As shown in Figure 13, during the second undercrossing,
the settlement pattern of the existing Line 1 was different

from that of the first undercrossing. On Stage 1, due to the
less than one month from the first undercrossing, the pipe
roof above upline of Line 2 was constructed from April 27 to
May 7, and the settlement of existing Line 1 caused by the
first undercrossing was not completely stable. Before the
EPB shield passed through for the second time, the settle-
ment of the upline of Line 1 developed steadily and the
accumulated heave fell back to 2.1mm, but the settlement of
the downline developed rapidly and reached −6.5mm.
,erefore, on Stage 2, the earth chamber pressure and total
thrust of the shield were not adjusted when passing through
the upline of Line 1, and the heave of the upline was not
large. When undercrossing the downline of Line 1, the earth
chamber pressure was adjusted from 0.25MPa to 0.29MPa
so that the heave of downline could offset the accumulated
settlement. After the shield machine broke tunnel portal, the
settlement of the existing tunnels on Stage3 fell back to
stable.
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Figure 4: Pipe roof construction. (a) Pipe roof drill. (b) Drill driver. (c) Angle correction of drill bit.

Figure 5: Pipe roof installation.
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shield shell.
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Because of the existence of plain concrete wall and the
different distance between the twin tunnels of Line 1 and the
wall, the amount and trend of settlement of the existing twin
tunnels of Line 1 were different. ,e settlement of the
downline of Line 1 varies from −6.8mm to 13.2mm during
the two undercrossing processes, while the settlement of the
upline of Line 1 varies from −5.5mm to 10.5mm. According
to Technical Code for Protection of Urban Rail Transit
StructuresDB33/T1139-2017 (Zhejiang provincial standard)
[43], the allowable cumulative value of tunnel vertical dis-
placement is 15mm (for structural safety condition: grade
III). In this case, the tunnel heave had been close to this
value. Daily inspection results showed that the existing
tunnel structure remained intact and no new cracks and
leakage appeared. In the range from 6m before the cutter

head reaches the existing tunnel structure edge to 8m after
the shield tail leaves from the existing tunnel, the abrupt
heave of the existing tunnel needs to focus on.

4.3. Horizontal Displacement of the Existing Twin Tunnels of
Line 1. Figures 14 and 15 show the horizontal displacement
variation of the monitoring sections that were above the axis
of the EPB shield tunnelling. Positive values in the figure
indicate that the existing tunnel moves to the Zhonghe Road
Station (East) direction, while negative values indicate that
the tunnel moves to the Fengqilu Station (West) direction.
,e variation of horizontal displacement of the existing
tunnel could also be divided into three certain stages: Stage 1
was the displacement fluctuate stage when the shield was
closing, Stage 2 was the displacement develop stage when the
shield was passing, and Stage 3 was the displacement stable
stage when the shield leaves. According to Figures 14(a) and
14(b), the vibration of grinding wall had little influence on the
horizontal displacement of the existing tunnel. After the shield
broke thewall, the cutter head pushed the soil forward and then
caused the horizontal displacement of the twin tunnels of Line
1 in the same direction as the shield tunnelling on Stage 2.
When the shield passed through the existing tunnel, the
frictional effect of the shield shell caused the horizontal dis-
placement developed rapidly eastward to 2.4–2.8mm.

According to Figures 15(a) and 15(b), the horizontal
displacement of Line 1 caused by the second crossing of the
shield was similar to the first, but the absolute value of the

(a) (b)

Figure 7: Break through plain concrete walls. (a) Drill concrete manually. (b) EPB shield grinding.

Table 2: ,e variation of driving parameters during EPB shield grinding plain concrete wall.

Stroke (mm) Length of shield cutter
into the wall (cm)

Earth chamber
pressure (MPa) Total thrust (kN) Torque (kN·m) Advancing speed (mm/min)

1117 0 0.1 6727 180 0.5
1217 10 0.14 8146 180 0.5
1317 20 0.13 8388 1330 0.5
1420 30.3 0.14 12501 1100 0.5
1547 43 0.23 18360 1010 0.5
1590 47.3 0.23 18300 1100 0.5
1647 53 0.28 18420 1150 0.5
1747 63 0.28 18352 1110 0.5

Figure 8: Steel sleeve outside the tunnel portal.

Advances in Civil Engineering 7



change was larger than first. ,e horizontal displacement
was finally stabilized at 2.3mm∼3mm westward. ,e
magnitude and trend of horizontal displacement of upline
and downline of Line 1 caused by shield crossing were
similar, and there was no obvious relationship with the
sequence of shield crossing and the distance from the wall.
,e horizontal displacement of the downline of Line 1 varies
from −3.2mm to 2.9mm during the two crossing processes,
and of the upline varies from −2.6mm to 2.8mm. It is far
lower than the allowable cumulative value of 14mm
according to Technical Code for Protection of Urban Rail
Transit Structures DB33/T 1139-2017 [43].

4.4. Differential Settlement at the Junction of Station and
Tunnel of Line 1. Figure 16 shows the settlement develop-
ment of Line 1 at the junction of the station and tunnel in the
process of EPB shield crossing.,e data in Figure 16(a) were
from the station monitoring point DS6 and the tunnel
monitoring section DS8. ,e data in Figure 16(b) were from
the station monitoring point US6 and the tunnel monitoring
section US8. ,e distance between DS6 and DS8 (US6 and
US8) was about 4.2m. As shown in Figure 16, the settlement
between the existing tunnel and the station caused by shield
crossing was significantly different. Influenced by the first
shield undercrossing, due to the proximity of the shield
tunnelling axis, the maximum heave of the tunnel moni-
toring section DS8 reached 9.0mm. However, the settlement
of station monitoring point DS6, which is 4.2m away from

the DS8, was only −0.4mm. ,e differential settlement
reached 9.4mm, and the average differential settlement was
2.2mm per meter. After completion of the second shield
crossing, the final differential settlement stabilized at about
1.9mm.

For the upline of Line 1, the maximum heave of tunnel
monitoring section US8 caused by the shield tunnelling for
the first time was 2.0mm, the settlement of station moni-
toring point US6 was −0.7mm, and the differential settle-
ment was 2.7mm.,e final differential settlement was about
1.8mm.

In this project, the nearest horizontal distance between
the shield tunnelling axis and the station edge of Line 1 was
about 10m. Influenced by shield crossing, the heave and
settlement of the tunnel of Line 1 were very obvious within
this range, but the settlement of the station was not as
significant as that of the tunnel because of its large size and
irregular structure. It should be emphasized that the dif-
ferential settlement between the station and the tunnel will
affect the running comfort of the train. ,e tunnel station
stiffness difference and vehicle vibration may result in the
further development of differential settlement, which lead to
cracks, leakage, and other structure diseases at the junction.
,erefore, the differential settlement caused by shield
crossing at the interchange station area should be paid more
attention to.

5. Discussion

5.1. Influence of Pipe Roof Construction. ,e settlement
monitoring of the existing tunnel mentioned above excludes
the existing tunnel heave caused by pipe roof construction
itself. However, the construction of the pipe roof may also
lead to the settlement of the existing tunnels. Figure 17
shows the settlement of the existing Line 1 before the de-
parture of the downline of Line 2. Before shield tunnelling,
the maximum settlement of the existing tunnel was 6.2mm
due to the construction of the pipe roof. ,e reasons can be
attributed to two aspects: (1) ,e pipe roof has a length of
45m, and the outer diameter of the steel pipe is 159mm.
However, the pipe roof was driven by a drill driver and
guided by a wedge plate, so there were some difficulties in
attitude control and it was easy to produce attitude deviation
[39]. It can also be seen from Figure 17(b) that the upline of
Line 1, which was far from the tunnel portal, appeared heave
after the installation of the pipe roof, which proved that the
attitude of the pipe roof was deviated, and the attitude at the
far end was more difficult to control. (2) ,e stratum where
the pipe roof was located in④mucky silty clay layer, and the
pipe roof was connected as a whole by grouting. However,
the grout was easy to be lost under such stratum conditions
and further disturbed the soil, resulting in a certain degree of
additional settlement of the soil [44].

5.2. Comparison of the Maximum Longitudinal Settlement of
Existing Tunnels in Two Crossing Processes. In the process of
double shield undercrossing, the downline and upline of
existing Line 1 face the opposite crossing sequence, and both
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Figure 9: Layout of the monitoring sections of existing Line 1.
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appear to a certain degree of heave phenomenon. ,e
comparison of the maximum longitudinal settlement of the
existing Line 1 is shown in Figure 18. First of all, on the first
Stage 2, the shield crossing caused heave of the downline
tunnel was larger than the upline. On the second Stage 2, the
sequence of shield crossing was reversed, but the

longitudinal heave of the two existing tunnels showed
similar characteristics. ,ird, by comparing the heave of the
upline of Line 1 on the first and second Stage 2, it was found
that the size and distribution of tunnel heave were similar.
Combined with the above three points, it could be concluded
that the wall breaking of shield in a narrow space has a great

Track beds
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Figure 10: Arrangement of monitoring points for monitoring section.

Figure 11: Automatic total station and reflection prism.
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influence on the longitudinal deformation of the existing
tunnel, while the effect of sequence of shield crossing is
relatively insignificant.

In addition, the driving parameters of shield were ad-
justed in the second undercrossing (as shown in Table 3). It
took 5 days for shield machine to cross under the existing
tunnels in upline construction, but took 8 days for downline
construction. Shorter construction time is more likely to

reduce the disturbance to the soil [45]. Smaller earth
chamber pressure, total thrust, and grouting volume may
also result in the less impact of superposition effect of the
second shield crossing. Li and Yuan’s study [29] pointed out
that the shield driving parameters and monitoring results of
the existing tunnel gathered in the first crossing could be
fully studied and demonstrated before the second crossing,
to provide reliable engineering experience for subsequent
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Table 3: ,e driving parameters in double shield tunnelling process.

Newly
built line

Shield
tunnelling days

Crossing
patterns

Earth
chamber
pressure
(MPa)

Torque
(kN·m)

Total
thrust (kN)

Grouting
volume
per ring
(m3)

Average
advancing speed

(mm/min)

Downline

Break through plain
concrete wall: 6 days First break through the

wall, then
undercrossing

0.22∼0.29 1450∼1550 13500∼15500 3∼3.5 15Undercrossing: 8 days
Total: 14 days
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construction and reinforcement. Finally, on June 1, 5 days
after the shield was received, the longitudinal heave of the
downline and upline of Line 1 developed towards settlement
and finally reached −6.5mm and −8.3mm, both of which
were controlled within a reasonable range.

6. Conclusion

Based on the double EPB shield undercrossing the existing
twin tunnel project in the soft soil area of Hangzhou, this
paper introduced the measures of pipe roof reinforcement
and shield wall grinding. ,e deformation of the existing
twin tunnels was analyzed based on field monitoring. ,e
main conclusion of this paper is summarized as follows:

(1) When the EPB shield undercrossing the existing
tunnel under the complicated underground envi-
ronment, it is a feasible method to use pipe roof to
prereinforce the upper soil of the newly built tunnel.
,is case can be used as a reference for similar shield
undercrossing existing tunnel projects in the future.

(2) ,e deformation of existing tunnel is closely related
to the relative position of the EPB shield. ,e set-
tlement development can be divided into three stages
according to shield position change: shield
approaching subsidence, shield crossing heave, and
shield leaving subsidence. ,e horizontal displace-
ment shows a back and forth variation characteristic
consistent with the direction of shield tunnelling.
Considerable differential settlement will occur at the
junction of the tunnel and the station.

(3) Prereinforcement measures of pipe roof will cause
early settlement of existing tunnels. It is necessary to
carefully plan the installation and construction of
long-distance and large-diameter pipe roof, control
the pressure and flow rate of pipe roof grouting in
soft soil area, and handle well of monitoring feed-
back, so as to minimize the tunnel settlement caused
by attitude deviation and grouting disturbance
during pipe roof construction.

(4) Break through the concrete wall in a narrow space
will have a great impact on the existing tunnel. After
the wall is broken by the EPB shield, the newly built
earth chamber pressure, the rise of the total thrust,
and the grouting, which is difficult to diffuse at shield
tail, all the above will cause the heave of the existing
tunnel near the wall. For shield undercrossing twin

tunnels, the influence of the crossing sequence is less
significant than that of wall breaking. After the
optimization and adjustment of driving parameters,
the influence of shield second undercrossing on the
longitudinal heave of the existing tunnel can be well
controlled.
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sional centrifuge and numerical modeling of the interaction

between perpendicularly crossing tunnels,” Canadian Geo-
technical Journal, vol. 50, no. 9, pp. 935–946, 2013.

[23] P. Li, S. Du, X. Ma, Z. Yin, and S. Shen, “Centrifuge inves-
tigation into the effect of new shield tunnelling on an existing
underlying large-diameter tunnel,” Tunnelling and Under-
ground Space Technology, vol. 42, pp. 59–66, 2014.

[24] T. Boonyarak and C. W. W. Ng, “Effects of construction
sequence and cover depth on crossing-tunnel interaction,”
Canadian Geotechnical Journal, vol. 52, no. 7, pp. 851–867,
2015.

[25] D. Jin, D. Yuan, X. Li, and H. Zheng, “Analysis of the set-
tlement of an existing tunnel induced by shield tunneling
underneath,” Tunnelling and Underground Space Technology,
vol. 81, pp. 209–220, 2018.

[26] Q. Fang, D. Zhang, Q. Li, and L. N. Y. Wong, “Effects of twin
tunnels construction beneath existing shield-driven twin
tunnels,” Tunnelling and Underground Space Technology,
vol. 45, pp. 128–137, 2015.

[27] X. L. Gan, J. L. Yu, X. N. Gong, and M. Zhu, “Characteristics
and countermeasures of tunnel heave due to large-diameter
shield tunneling underneath,” Journal of Performance of
Constructed Facilities, vol. 34, no. 1, 13 pages, Article ID
04019081, 2020.

[28] H. Mohamad, P. J. Bennett, K. Soga, R. J. Mair, and K. Bowers,
“Behaviour of an old masonry tunnel due to tunnelling-in-
duced ground settlement,” Géotechnique, vol. 60, no. 12,
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Rock quality designation (RQD) is widely adopted as a fundamental tool in characterizing rock masses since it was devised in
1964. Since the conventional RQD calculation is limited due to its dependence on the selected threshold, previous research
introduced generalized RQD to adequately reflect the anisotropy and scale effect of RQD. However, the influence of the joint
development inside rock mass on generalized RQD remains unclear. )e objective of this work is to investigate characteristics of
the generalized RQD in view of different development degrees of discontinuities in rock mass, including spacing (density) and
trace length.)ree-dimensional fracture network modelling is employed to simulate the actual rock mass of open-pit iron mine in
China. Virtual scanlines are set to obtain RQD values in different directions. )e results primarily show that the generalized RQD
should be introduced to calculate the RQD with different thresholds to fully reflect the anisotropy of rock mass. )e optimal
threshold can be obtained based on an anisotropic coefficient, which is defined by (RQDmax-RQDmin). It is also indicated that the
fracture spacing has a great influence on both the anisotropy of RQD and the selection of the optimal threshold. )e optimal
threshold of the generalized RQD increases with the increase in the fracture spacing. In addition, the scale effect of RQD in
different models is discussed by changing the length of the scanlines. )e longer the scanlines we set, the more stable RQD value
can be obtained in the model. It is recommended to fit much longer scanline to get realistic RQD in heavily fractured rock mass.

1. Introduction

)e presence of discontinuities plays an essential role in the
strength and stability of rock masses, which controls the
damage characteristics of rock mass [1–4]. Rock quality
designation (RQD) is an important parameter in evaluating
the quality of rock masses using drill core cataloging. )is
parameter was initially proposed by [5]. It provides a quite
simple description of rock mass quality qualitatively [6]. At
present, it has been widely employed as the foundational
parameter in the rock mass classification system such as
Rock Mass Rating (RMR) and the Rock Quality Tunneling
Index (Q-system) [7–11]. RQD is internationally adopted in
areas of mines, rock mechanics, and engineering geology

[12, 13].)e value of RQD is expressed as follows [14], where
􏽐

n
i�1 xi is all pieces of core with length greater than 100mm

and X is the total length of the drilling borehole.

RQD � 100􏽘
n

i�1

xi

X
× 100%. (1)

However, three limitations in the aforementioned cal-
culation principles are observed when obtaining RQD. First,
the “threshold value of 10 cm” is used as the only criterion
for judging rock quality. Whether this threshold can be used
as the most reasonable threshold value for distinguishing
rock mass has been questioned by many scholars [15–19].
Second, due to the geological survey level and engineering
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cost, the value of RQD can be different for a given location
when measured from cores with different drilling orienta-
tions [20, 21]. )e conventional RQD cannot fully reflect the
heterogeneity and anisotropy of the rock mass [22, 23].
)ird, traditional methods often directly calculate the size of
RQD based on the length of each section of the core in the
borehole, ignoring the scale effect of RQD [24–26].

To overcome the aforementioned limitations, many
domestic and foreign scholars have conducted relevant
research. )e authors in [27] found that RQD changes with
the size of the scanline; that is, RQD has scale effect. )us,
the authors proposed corresponding empirical formulas as
follows:

RQD � 100(1 + λt)e
− λt

, (2)

where λ is the density of structural surface (average number
of structural surfaces per meter of scanline) and t is the
selected threshold for calculation. Harrison believed that a
reasonable selection of thresholds can expand the range of
RQD change and proposed a corresponding equation [16].
Based on the relationship between threshold and RQD
change, the generalized RQD was suggested in light of rock
mass anisotropy [28]. )e authors in [29] investigated the
generalized RQD through in situ cataloging of disconti-
nuities and 2D network simulation technology. )e results
pointed out the limitations in using 0.1m as the only
threshold. )e authors in [30] conducted the three-di-
mensional fracturing network method to simulate rock slope
of the Baihetan hydropower station. By arranging numerous
scanlines, it is indicated that the generalized RQD has ob-
vious spatial and scale effects.

)e RQD index is influenced by different parameters
which mainly include joint orientation, joint spacing,
fracture frequency, and joint roughness [31]. Although
predecessors have conducted extensive research on the
limitations of the traditional method to calculate the gen-
eralized RQD, how the development of the discontinuities in
rock mass will affect the characteristics of the generalized
RQD remains unclear. )erefore, this study adopts 3D
fracture network simulation [32, 33] to generate numerous
models of an actual rock mass by considering different
jointing degrees. A series of virtual scanlines were arranged
in different directions in each model. )e influence of joint
development on the anisotropy of the generalized RQD is
analyzed. )e scale effect of generalized RQD is also studied
by changing the length of the scanline, which provides a
certain theoretical basis for selecting a reasonable drilling
depth of rock projects.

2. Model Establishment of an Actual Rock Mass

2.1. Study Area and Geological Setting. Practical investiga-
tions on RQD measurements were carried out at Anqian
open-pit ironmine, which is located in southwest of Anshan,
in Liaoning Province, China. )e strata of this area were
precipitated in medium and high metamorphic series with
NW-SE trend.)emajor rock types at the open-pit slope are

ferruginous quartzite, schist, and phyllite of the Anshan
Group, which belongs to Precambrian.

We adopted the noncontact sampling method to con-
duct geological logging at Xudonggou stope using the
ShapeMetriX3D system [34]. Four key discontinuity pa-
rameters of 258 discontinuities, i.e., orientation, number of
sets, set spacing, and mean trace length, were collected and
analyzed. )ree sets of discontinuities intersect the rock
mass of the stope: a bedding and two major joints, according
to the variation range of dip angle (see Figure 1).

2.2. Model Parameters. Gu [35] divided the joints of rock
mass into five levels according to the scale of structures: I, II,
III, IV, and V. Among them, the IV-grade structural planes
extend from tens of centimeters to 20–30m, with a large
number distributed randomly, thereby affecting the integrity
and mechanical properties of the rock mass. )is issue is the
subject of statistical analysis and simulation of structural
planes. Studies have found that when the number of
structural planes is constant, the development degree of
discontinuities is mainly related to their spacing and duc-
tility, and the occurrence and distribution type of structural
planes have a minimal, even negligible, effect on it [36].

Regarding the quantitative description of structural
plane spacing and ductility, the International Society for
Rock Mechanics [37] proposed the ductility of structural
planes into five levels (<1, 1–3, 3–10, 10–20, and >20; m) and
the spacing into 7 levels (<20, 20–60, 60–200, 200–600,
600–2000, 2000–6000, and >6000; mm). Based on the
preceding classification and the scale of the case study, this
work only selects seven representative structural plane
spacing values and five representative structural ductility
ranges, which are tabulated in Table 1.

)e discontinuities inside the rock mass are mainly
divided into occurrence, ductility, and density (spacing).)e
accuracy of the above elements greatly determines the ac-
curacy of the 3D joint network model [38]. )ree sets of
discontinuities at Xudonggou stope are developed in the
rock mass. )e distribution of occurrence follows the Fisher
distribution [39], which contains only one parameter, the
Fisher constant K. )e spacing and trace length distribution
obey the negative exponential distribution [40]. )e specific
parameters of 3D fracture network simulation are listed in
Table 2. According to the result of [41], the value of CP3 is
2.0 for a uniform distribution of fracture orientation. For
most fracture geometries, CP3 will vary between 1.0 and 3.0.
)erefore, the value of CP3 is set to 2.0 here. Meanwhile, the
density of the discontinuities can be calculated from the
spacing presented in Table 1. )e solution method is based
on the work of [42]; and the calculation process is not
mentioned in this study.

2.3. Model Generation and Scanline Layout. )e existence of
discontinuities causes the rock mass to have an obvious scale
effect. )e parameters of rock mass change with the sam-
pling scale [43]. With the increase in the sample to a certain
critical value, the parameters of rock mass tend to be stable.
)e sampling size corresponding to the critical value is the
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representative elementary volume (REV). )e authors in
[44] introduced the index of the blockiness degree of
fractured rock masses. )e result indicated that the REV is
4–8 times of the spacing between discontinuities and no
more than 8 times of the spacing. According to the selected
maximum spacing of 6m, the scale of the study area is set
50m× 50m× 50m.

A total of 35 rock mass models with different structural
plane development levels are generated using 3-Dimensional
Distinct Element Codes (3DEC, Itasca Consulting [45]), as
illustrated in Figure 2. To fully reflect the development of the
discontinuities inside the rock mass, 5 cut planes are selected
in each model. 18 scanlines are arranged on each cut plane at
intervals of 10°. )e directions of scanlines cover 0°–360°. Due
to the symmetry of polar coordinates, we only calculate the
scanlines in the range of 0°–180°. )e selection of rock mass
section and the layout of scanlines are displayed in Figure 3.
According to the intersection of the internal structural plane of
the model and the survey line, the program can automatically

calculate the line density in the survey line direction. Com-
bining the Priest–Hudson formula (equation (2), we can
obtain the RQD value of the model in a certain direction.

3. Anisotropy of the Generalized RQD

Because of the discontinuous nature of rock masses, they are
anisotropic, inhomogeneous [46, 47]. )e values of RQD in
different locations of the same rock mass should be in-
consistent. )at is, the distribution of RQD also has an-
isotropy. )is section introduces the concept of the
generalized RQD to analyze the anisotropy of RQD based on
the degree of joints development.

3.1. Generalized RQD. Selecting a reasonable threshold can
expand the variation range of RQD, which plays an im-
portant role in studying the heterogeneity and anisotropy of
rock mass. )erefore, the concept of generalized RQD was

N
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(b)

Figure 1: Joints distribution at Anqian open-pit iron mine: (a) rose diagram of joint and (b) pole distribution.

Table 1: Representative values of joint spacing and persistence.

Scalability (unit: m) Extremely low Low Medium High Extremely high
1–3 3–8 8–14 14–20 20–30

Spacing (unit: m) Extremely dense Very dense Dense Medium Wide Very wide Extremely wide
0.2 0.5 0.8 1 1.5 3 6

Table 2: Parameters of 3D fracture network.

Group
Structure occurrence

Spacing distribution Volume density
Occurrence Distribution K value

Set 1 190°∠50° Fisher 50 Negative index
Cp3/SfSet 2 238°∠37° Fisher 20 Negative index

Set 3 64°∠78° Fisher 5 Negative index
Note: Cp3 is a constant and Sf is the spacing between structural planes.
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introduced to maximize the variation range of the con-
ventional RQD. For any threshold t, the percentage of the
ratio of the sum of the length of the core length not less than t
along a certain scanline (borehole) to the length of the
scanline (borehole) is defined as the generalized RQD [48].

According to the arrangement in Figure 3, the scanlines
of the selected section are set in each model with different
thresholds. )e average value can be calculated based on the
measurement results from those scanlines with the same
direction of each section. It is regarded as the RQD inside the
rock mass in a certain direction. All calculation results are
drawn into a 2D polar diagram. As shown in Figure 4, the
angle in the figure indicates the direction of the scanline and

the polar radius indicates the magnitude of RQD. Due to
constraints on length, Figure 4 only lists the RQD polar
coordinate plane diagrams of nine models composed of
extremely dense, medium dense, and extremely wide spacing
with extremely low, medium, and high ductility,
respectively.

3.2. Determination of Optimal 2reshold. Figure 4 describes
the RQD anisotropy under different structural plane de-
velopment levels and different threshold conditions. As the
distance remains the same, the polar coordinate plot changes
within a narrow range with the ductility changes from 1–3m
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Figure 2: Illustration of 3D fractures (spacing: 1 m; trace length: 8–14 m): (a) 3D plane network model; (b) dominant group set 1;
(c) dominant group set 2; (d) dominant group set 3.
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to 20–30m. As the internal ductility remains the same,
however, the polar coordinate plot changes significantly with
the spacing changes from 0.2m to 6m. Hence, it is indicated
that the RQD anisotropy is more sensitive to the spacing of
the discontinuities. In addition, the polar coordinate plot in
different models changes significantly with different
thresholds, which shows that the threshold also has a greater
impact on the RQD anisotropy. )erefore, the distance
between the discontinuities within the model and the se-
lected threshold are the main factors that affect the calcu-
lation results of RQD.

Since the anisotropy of the rock mass leads to the an-
isotropy of RQD, RQD anisotropy can reflect the anisotropy
of rock mass. A reasonable threshold should be selected to
maximize the variation range of RQD, which can reflect the
anisotropy characteristics of rock mass. In this study, we
define the optimal threshold of RQD as it can make the
degree of RQD anisotropy reach the maximum in the model.
Taking the model with a spacing of 1m and a ductility of
8–14m as an example, we set the thresholds from 0.1m to
1.0m. )e degree of the RQD anisotropy can be charac-
terized as the range of RQD (RQDmax-RQDmin). If the range
of RQD reaches the maximum, the corresponding threshold
can be considered as the optimal threshold.

It is illustrated in Figure 5 that the RQD range increases
first with the increase in the threshold and then decreases
when reaches a certain critical value. In this model, the RQD
range reaches the maximum with the threshold of 0.7m,
which means the optimal threshold is 0.7m. )erefore, the
conventional RQD owes obvious limitation because the
calculation with the only threshold of 0.1m cannot ade-
quately characterize the anisotropy of rock mass.

Furthermore, the optimal thresholds are not the same in
different models. )e degree of the discontinuity’s devel-
opment will affect the selection of the optimal threshold.
Figure 6 presents the relationship between the optimal

threshold and the development of the discontinuities (in-
cluding spacing and ductility) among 35 different models. It
shows that the optimal threshold of RQD increases with the
increase in the spacing between the discontinuities, but the
ductility has no significant effect on it. With the distance of
0.2–0.5m, the threshold does not change with the ductility of
the discontinuity. As the distance increases to 0.8–1.5m, the
optimal threshold changes slightly with the ductility. When
the distance reaches 3–6m, the optimal threshold starts to
fluctuate with the change of the ductility.

)erefore, the influence of the ductility of the discon-
tinuities on the optimal threshold of RQD is mainly related
to the spacing of the discontinuities, which becomes re-
markable with the increase in the spacing. Consequently, the
distance between the discontinuities is the major factor for
both the selection of the optimal threshold and the an-
isotropy of RQD.

4. Scale Effect of the Generalized RQD

Engineers usually calculate the RQD according to the length
of the core in the borehole, ignoring the impact of the
drilling depth on the RQD value. In fact, the true RQD of
rock mass at any drilling depth (the length of the scanline)
cannot be obtained [49, 50]. )us, the issue is discussed
using 3D fracture network simulation. )e scale effect of the
generalized RQD can be analyzed by changing the length of
the scanlines.

Generally, engineering geological drillings are vertical
because of the geological environment and drilling tech-
nology. )erefore, the scanlines are arranged as boreholes in
the generated rock mass model, which are perpendicular to
the xoy plane. A total of 121 scanlines are shown in Figure 7.
)e scanline is arranged every 5m to get enough data.

Priest and Hudson [27] suggested a theoretical equation
related to the calculation of the generalized RQD (equation

(a) (b)

Figure 3: Schematic of scanline and section arrangement: (a) section’s layout and (b) scanline’s layout.
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Figure 4: Continued.
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(3)), with respect to the hypothesis of negative exponential
distribution of joint spacing. Equation (2) was proposed with
regard to the effect of the scanline length. Another possible
more realistic expression for the generalized RQD was also
suggested by [51]. Compared with equation (3), the calcu-
lation of equation (4) is concerned more about the influence
of short scanline on the RQD result. In these equations, λ is
the density of the discontinuities, t is the calculation
threshold, and L is the length of the scanline.

RQD � 100 (1 + λt)e
− λt

− (1 + λL)e
− λL

􏽨 􏽩, (3)

RQD �
100 (1 + λt)e

− λt
− (1 + λL)e

− λL
􏽨 􏽩

1 − e
− λL

− λLe
− λL

. (4)

Five typical models with intervals of 0.2, 0.5, 0.8, and 1m
were selected as examples. )e values of the generalized
RQD with different lengths of the scanline are calculated
according to equation (4) and the optimal thresholds of each
model. )e variation curves of the generalized RQD are
plotted in Figure 8. It is assumed that the true RQD can be
obtained under the full length of scanline, i.e., 50m in this
study. )en, the rate of RQD change is brought forward to
compare the generalized RQD under each scanline length in
different models with that corresponding to the scanline
length of 50m. )e relationship between the rate of RQD
change and the length of the scanline is shown in Figure 9.

)e various models indicate that the generalized RQD
converges with the increase in the scanline length, which has
an obvious scale effect. )e RQD result can represent the
rock mass quality more accurately under the longer scanline.
However, the convergence of the generalized RQD in dif-
ferent models is not consistent. When the spacing is 0.2m,
the RQD changes from large to small and then to converge as
the length of the scanline increases. As the distance between
the discontinuities increases, the change of RQD increases
first and then decreases to convergence with the length of the
scanline. )e ductility of the discontinuities also affects the
convergence of the RQD. )e rate of the RQD change in
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each model increases as the ductility increases. It is indicated
that the convergence length of scanline is positively asso-
ciated with the ductility of the discontinuities.

For those rock masses without a recognizable structural
pattern, it is difficult to determine the real RQD. When the
number of scanlines is large enough, the average value of
RQD can be close to the real RQD of rock mass infinitely.
)erefore, the average RQD obtained from 121 scanlines
with full length (50m in this study) is assumed to be the real
RQD. Subsequently, the average value obtained from dif-
ferent lengths of scanlines, which is recorded as RQD#, is
regarded as the undetermined RQD of the rock mass. )is
study defines the variation rate of RQD as the difference
between RQD# and RQD. With respect to the engineering

requirement, it is considered to meet the research re-
quirements when the variation rate of RQD is not greater
than 2%, which is described in equation (5). We defined the
RQD# in a certain scanline satisfied the inequality as the
convergence RQD value, and the corresponding scanline
length is the convergence length of the scanline.

RQD# − RQD
RQD

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
≤ 2%. (5)

Table 3 tabulates the shortest convergence length of the
scanline and the convergence RQD value that meet equation
(5) requirements of each model. )e degree of joint de-
velopment distinctly affects the convergence length of the
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scanline. )e convergence length generally exhibits a slight
increase with the increase in the spacing. However, the
increase is not uniform in each model. Compared with the
spacing, the ductility greatly influences the convergence
length of the scanline. With the same spacing, the con-
vergence length in different models increases with the in-
crease in ductility.

According to the combined results of Figures 7 and 8 and
Table 3, the generalized RQD has an obvious scale effect.)e
RQD result is more stable with respect to the longer mea-
suring line, and it can represent the quality of the entire rock
mass more accurately. In addition, a longer scanline is
needed to obtain a reliable RQD value for a heavily fractured
rock mass.

5. Conclusions

)is study used 3D structural plane network simulation
technology to generate 35 rock mass models with different
structural plane spacing and ductility, arranged survey lines
inside the model instead of drilling holes, obtained enough
values of the generalized RQD, and studied the relationship
between the generalized RQD characteristics and the de-
velopment of discontinuities. )e specific conclusions are as
follows:

(1) )e traditional method using 0.1m as the only
threshold for RQD has significant limitations. It
cannot fully reflect the anisotropy and scale effect of

the rock mass. )e generalized RQD concept is
introduced, and the optimal threshold is obtained
based on the degree of RQD anisotropy. )e results
show that the degree of joint development affects the
selection of the optimal threshold. )e optimal
threshold increases with the increase in the spacing,
while of the discontinuities have a minimal influence
on the selection of the optimal threshold. However,
the influence degree of the ductility shows an in-
creasing trend with the increase in the spacing.

(2) )e degree of joint development has a significant
effect on RQD anisotropy [52]. When the spacing is
larger, the rockmass has higher anisotropy, while the
ductility has a minimal effect on RQD anisotropy,
which can even be ignored. )erefore, if the dis-
continuities with a larger spacing are encountered in
the practical engineering, the number of drillings
should be increased so that the RQD calculation can
fully reflect the anisotropy of the rock mass.

(3) )e generalized RQD has an obvious scale effect.)e
longer the scanline, the more stable the RQD ob-
tained, and the more accurately it can represent the
quality of the rock mass. In addition, when the
discontinuities are highly developed in the rock
mass, the scale effect of RQD is more obvious, and a
longer scanline is needed to obtain a real RQD.
)erefore, the sufficient length of the scanline is
necessary to obtain stable and reliable RQD. Par-
ticularly, in heavily fractured rock masses, the length
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Figure 9: Variation rate of RQD values with scanline length.

Table 3: Convergence scanline lengths and convergence RQD values of different models.

Joint
trace
length

0.2m 0.5m 0.8m 1 m
Convergence
line length
(L/m)

Convergence
RQD (%)

Convergence
line length
(L/m)

Convergence
RQD (%)

Convergence
line length
(L/m)

Convergence
RQD (%)

Convergence
line length
(L/m)

Convergence
RQD (%)

1–3m 5 61.2 7 49.9 10 47.3 13 44
3–8m 9 60.1 9 50.3 10 49 14 50.3
8–14m 12 58 16 48.8 17 37 13 39.8
14–20m 19 58 20 47.8 18 45.5 22 39.8
20–30m 17 57.3 19 47.9 20 45 27 38.7
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of the scanline should be appropriately increased to
ensure the accuracy of RQD [53].
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As a new tunnel presupport construction technology, the freeze-sealing pipe roof method (FSPR) has been successfully applied to
the Gongbei Tunnel Project for the first time in China. To overcome the practical difficulties of this new method in the freezing
construction process, such as welding difficulties of the profiled freezing tube, refrigerant leakage, and long construction period,
based on the principle of an equal cooling capacity, an improved design of freezing tube was proposed. By designing three different
pipe configurations and using scaled model tests and numerical simulation, the feasibility of the improvement and the difference
in the freezing temperature field were studied. 'e research results show that the improved design with double circular freezing
tubes exhibited a lower temperature and a higher cooling rate during the test, and the time required to meet the freezing design
requirements was significantly shortened. Finally, a composite structure of “pipe roof and frozen soil curtain” with a better
carrying capacity and water sealing performance was formed. It was recommended to strengthen the temperature monitoring at
the pipe wall in the preliminary stage of the freezing construction to ensure the water sealing effect between the pipes. In the later
stage, attention should be paid to monitoring the thickness of the frozen curtain and reducing excessive frost heave through
technical means such as cooling capacity control. 'e improvement and configurations proposed in this research could effectively
replace profiled freezing tubes in the original project, better adapt to horizontal freezing projects of similar curved tunnels, achieve
the freezing goal faster, and provide a reference for the promotion of the FSPR.

1. Introduction

'e construction and expansion of urban underground
structures, especially underground traffic tunnels, is the key to
alleviating the pressure on urban surface traffic, promoting
urban economic development, improving urban ecological
environments and urban structures, and achieving sustainable
development [1, 2]. Short-distance urban underground large-
section traffic tunnels mostly adopt shallow-buried and con-
cealed construction methods [3, 4]. In the southern and coastal
areas of China, this method mainly faces the problem of
complex saturated soft soil layers. As a common presupport
method in these areas, the pipe roof method (PRM) uses a
combination of multiple steel jacking pipes as the load-bearing
structure and installs water-stop locks between the jacking pipes
to achieve the goal of controlling ground subsidence and sealing

water [5–9]. 'e artificially ground freezing method (AGF) has
also been widely used in more than 220 municipal and subway
freezing projects in the water-bearing soft ground of China
[10–15].

As shown in Figure 1, the Gongbei Tunnel serves as a key
project for the Zhuhai connecting line of the Hong Kong-
Zhuhai-Macao Bridge, which passes through the Gongbei
Port of Zhuhai City. It is a typical shallow-buried tunnel with
a length of 255m, a buried depth of 4-5m, and a cross-
sectional area of 345m2, and its design line consists of a
gentle curve and a circular curve (R� 890m) [16, 17]. 'e
geology of the tunnel site is extremely complex, which is
composed of a large number of unevenly developed water-
rich soft sandy soil layers and silt clay layers. Numerous
ground buildings have been developed along the line, most
of which were pile foundations, and the closest distance
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between the pipe roof and the structural pile foundation was
only 0.46m, making the tunnel construction extremely
difficult. 'e pipe roof method has poor adaptability to
curved tunnels and cannot guarantee the water sealing effect
between the jacking pipes, leading to higher construction
risks. 'e artificially ground freezing method also has the
effect of frost heaving and thaw settlement of the ground,
causing an adverse impact on nearby structures of the
tunnel. After repeated demonstrations, the freeze-sealing
pipe roof method (FSPR) which combines the advantages of
the pipe roof method and the artificially ground freezing
method has been proposed. 'e principle of this new
method is that, firstly, several sections of large-diameter and
closely arranged steel pipes were jacked into the stratum to
form a pipe roof, and then the artificially ground freezing
was carried out by installing freezing tubes inside the pipe
wall to form a certain thickness of frozen soil curtain around
the pipe roof, finally forming a supporting system with both
bearing capacity and water sealing performance.

As in Figure 2, 18 concrete pipes (filled with concrete)
and 18 hollow pipes with a diameter of 1.6mwere alternately
arranged around the tunnel excavation section, and the
average distance between jacking pipes was about 357mm.
'e circular freezing tubes were installed on the left and
right sides of the inner wall of the concrete pipes (odd-
numbered pipes) to freezing soil layers, and the limiting tube
in the concrete pipe controls the thickness of frozen soil by
circulating hot saltwater in the later period of freezing. 'e
profiled freezing tubes (made of 125mm× 125mm× 8mm
angle iron) were directly welded on the inner wall of the
hollow pipes (even-numbered pipes) to strengthen freezing
between the pipes (Figure 3). 'ese hollow pipes were not
filled with concrete and were mainly used as passages for
freezing monitoring during the construction process. To
ensure the water sealing effect while avoiding excessive frost
heave, the thickness range of the frozen soil curtain was set
to 2–2.6m. 'e actual freezing time established by the
freezing construction plan was 180 days, of which the active
freezing period lasted for the first 90 days.

Based on the engineering characteristics of the Gongbei
Tunnel, Hu et al. [18, 19] established a temperature field
calculation model for the FSPR through theoretical deri-
vations and numerical simulations and obtained an ana-
lytical solution of the steady-state temperature field.
Moreover, the feasibility of this method has been verified
through model tests [20, 21] and field measurements [22].
Ren et al. [23] performed numerical simulations and large-
scale model tests to demonstrate the feasibility and reliability
of the fine dynamic control freezing and sealing water design
scheme. Ji et al. [24] proposed that it is necessary to carry out
further investigations on technical issues of the FSPR, such
as long-distance zoned horizontal freezing ground rein-
forcement mechanism, freezing parameters, and modes.
Kang et al. [25] conducted numerical simulations on the
excavation of the Gongbei Tunnel and pointed out that the
change of the temperature field was the key factor for
predicting the frozen wall thickness. Lu et al. [26] analyzed
and predicted the overall temperature field of a freezing pipe
circular arrangement and the change of the freezing curtain
thickness with time through finite element numerical sim-
ulations. Zhang et al. [27] predicted the soil temperature
change and surface frost heave displacement during an
artificial freezing process based on a thermomechanical
coupling method and compared the effects of two methods
of controlling ground frost heave: soil pregrouting around
the pipe roof and the application of limiting tubes. Ren et al.
[28] analyzed and verified the pipe combination method
through field temperature measurements based on the en-
gineering design plan.

'e abovementioned research played an important role
in promoting the theoretical development and application of
the FSPR. However, some practical problems were still
encountered during the freezing construction period. In
particular, the installation of the profiled freezing tube re-
quires a large amount of overhead and arc welding, and all
the works need to be completed in a narrow space inside the
jacking pipe. 'ese excessive welding difficulties cannot
guarantee the installation quality and often lead to cracks
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Figure 1: Schematic diagram of the Gongbei Tunnel.
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and refrigerant leakage, resulting in high maintenance costs.
Furthermore, it not only affected the construction schedule
but also brought about working environment problems,
such as construction thermal disturbance and safety hazards.

In this study, to overcome the practical difficulties of
FSPR in the freezing construction process, we took jacking
pipes and freezing tubes as the research objects and
proposed an improved design for the profiled freezing
tubes based on previous research [29, 30]. 'e feasibility
of the improvement and the difference in the freezing
temperature field under different pipe configurations
during the active freezing period was investigated through
scaled model tests and numerical simulations to provide a
certain reference for the promotion of this new con-
struction method.

2. Scaled Model Test and Process

2.1. Scaling Laws and Test Materials. Considering different
test conditions, the geometric scaling law was first deter-
mined as Cl � 1/10. Other related scaling laws were obtained
based on the Kosovich criterion and the Fourier criterion
(Table 1) [31–33]. 'e test soil layer material was selected
according to project site conditions. 'e diameters of the
jacking pipe and the freezing tube, velocity and flow, and the
physical parameters of the test materials through laboratory
tests are presented in Tables 2–4, respectively.

2.2. Model Design and Test System. 'ree types of jacking
pipes were designed in this test: one concrete pipe and two
hollow pipes. 'e concrete pipe was made by installing a
freezing tube on each horizontal side of the inner wall of the
steel pipe and filling it with C30 fine aggregate concrete. One of
the hollow pipes has the same structure as the engineering
prototype, and the other one is an improved design based on
the principle of equal cooling capacity, which uses cement
mortar (made of Ordinary Portland Cement, sand, and water)
to wrap and fix the circular freezing tubes on the inner wall of
the hollow pipe, instead of the welded profiled freezing tubes in
the prototype (Figure 4). Due to the complexity of the pipe roof
form in the actual project, it was appropriately simplified in the
current test. Some of the concrete pipes and the hollow pipes
were taken for the horizontal arrangement to design three
different pipe configurations (Figure 5).

(1) Configuration A:'e combination of a concrete pipe
and a hollow pipe (including the profiled freezing
tubes), and this configuration was consistent with the
engineering prototype.

(2) Configuration B:'e combination of a concrete pipe
and a hollow pipe (including the improved double
circular freezing tubes).

(3) Configuration C: 'e combination of two concrete
pipes and three hollow pipes (including improved
double circular freezing tubes).

1 2
Concrete pipe

Concrete pipe

Excavation section

Hollow pipe

Hollow pipe

Freezing tube
Limiting tube

Profiled freezing tube

Frozen curtain

Frozen curtain

3 4
5

6
7

8
9
10
11
12

13
14

15
16171819202122

23
24

25
26
27
28
29
30

31
32

33
34 35

36

Excavation

Figure 2: Principle diagram of FSPR method designed for Gongbei Tunnel.
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'e horizontal distance between adjacent pipes and the
distance between adjacent measurement points were both
50mm. In Configurations A and B, temperature measure-
ment points were arranged on the midline between the two
pipes and in the vertical and horizontal directions of the
hollow pipe. In Configuration C, considering that the pipes
alternately formed the pipe roof, three rows of temperature
measurement points were set in the vertical direction. All the
red points in Figure 5 were control points, which were used
to monitor whether the test results complied with the
freezing design requirements.

'e size of the model box was
1200mm× 3900mm× 1500mm (H×W× L), which was
welded by 6mm thick steel plates and divided into three test
areas. Insulation materials were laid on the inner wall of the
box, and partitions were provided in adjacent test areas. All
the jacking pipes were installed horizontally in the center of
the box, and the height of the pipe center from the ground
was 600mm (Figure 6).

Two temperature monitoring systems were designed for
this test (Figure 7(a)). A TML TDS-602 data logger with
thermocouple sensors was used as the main monitoring
system (Figure 7(b)) and the test data were based on it. 'e
accuracy of the sensor was ±0.1°C and the range was from
−80°C to +200°C. A CW-500 digital thermometer was used
as the auxiliary monitoring system, which performed aux-
iliary acquisition during the test to guarantee the authen-
ticity of the data. 'e plane of the measurement points of
these two systems was symmetrical along the horizontal
centerline of the model (Figure 7(a)). Each freezing tube had
an independent valve and was connected with the main inlet
and return pipes of the refrigeration system (Figure 7(c)). An
SKLD-80F electromagnetic flowmeter was installed on the
main freezing tube to monitor the total flow. Following the
freezing construction organization of the Gongbei Tunnel,
the temperature of the freezing system was controlled in the
range of −25 to −28°C; hence, the freezing system tem-
perature of this test was set to −25°C.

Table 1: Scaling laws.

Scaling
parameter

Geometry
(mm)

Temperature
(°C)

'ermal capacity
(J·kg−1·K)

'ermal conductivity
(W·m−1·K−1)

Velocity of flow
(m/min)

Rate of flow
(m3/h)

Time
(h)

Scaling law 1/10 1 1 1 10 1/10 1/100

Table 2: Diameters of jacking pipe and freezing tube.

Diameter Prototype (mm) Model (mm)
Jacking pipe 1600 160
Freezing tube 80 8

Table 3: Velocity and flow.

Parameter (single-tube) Prototype Model
Flow rate (m3/h) 5 0.5
Flow velocity (m/min) 16.6 166

Table 4: Physical parameters of test materials.

Material Density
(kg·m−3)

'ermal capacity
(J·kg−1·K)

'ermal conductivity
(W·m−1·K−1) Water content (%) Freezing point (°C)

Saturated sand ρ ρsat Unfrozen Frozen Unfrozen Frozen 40.29 −0.51436 2054 1370 1070 1.48 1.80
C30 concrete 2455 920 1.64 — —
Cement mortar 1910 845 1.29 — —
Steel pipe 7840 319 62 — —
Air 1.28 1005 0.02 — —

Hollow pipe
(including profiled freezing tube)

15º

Weld Double circular freezing tube

Cement mortar
Improve design

Concrete pipe
(filled with C30 concrete)

Hollow pipe
(including the improved double circular freezing tube)

Freezing tube Profiled freezing tube

Figure 4: 'ree types of jacking pipes.
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2.3. Test Process

(1) Combining the active freezing period of the project
(90 days) and the time scaling law (1/100), the
converted freezing time of this test was set to 0.9 days
(about 21 hours).

(2) Turn on the refrigeration system and reduce the
saltwater temperature to the design value (−25°C).

(3) When the refrigeration system began to circulate,
one-time freezing was conducted in all test areas.'e
system automatically monitors and collects the
temperature data until the end of the test.

(4) 'e average thickness of the frozen soil curtain
specified in the Gongbei Tunnel’s freezing con-
struction design data ranges from 2 to 2.6m. Con-
sidering the geometric scaling law Cl � 1/10, it can be
obtained that the freezing target of this test is to make
the frozen wall thickness reach 260mm, which
means that the temperature of the red points in
Figure 5 has reached the freezing point (−0.5°C).

3. Test Results and Discussion

3.1. Contrast Analysis of Improved Design. Figures 8 and 9
display the “temperature-time” curves at midline points and
vertical line points in Configurations A and B, respectively.'e
blue horizontal dotted line in each figure represents the freezing

point (−0.5°C) baseline. In Tables 5–7, T0 and T21 represent the
initial temperature and final temperature of the test, respec-
tively,V represents the average cooling rate in 21hours, andΔT
and Δt represent temperature difference and time difference,
respectively. It was noticeable that all curves manifested a
general trend of decreasing first and then stabilizing.'e curves
of the symmetrical points basically coincide, and the tem-
perature of the points on the contour line (Figure 5) was the
lowest. 'e temperature at each point dropped sharply in the
first 5 hours; however, the slope of the curve for Configuration
B was greater. At 12h, the temperature of m1 and m5 in
Configuration A reached the freezing point, indicating that the
thickness of the frozen soil between the pipes reached 160mm;
however, the corresponding time inConfiguration Bwas only 5
hours. 'e temperatures at m2∗ and m6∗ had reached the
freezing point at 14h (7 hours earlier than Configuration A),
which indicates that the thickness of the frozen soil between the
two pipes reached 260mm, and the freezing time was short-
ened by 33.3%. At 21 h, the average temperature at m2∗ and
m6∗ was −4.4°C, which was 3.75°C lower than that of m2 and
m6, and the average cooling rate increased by 25.5% (Table 5).

Compared with Configuration A, the temperatures at
control points v2∗ and v6∗ in Configuration B had reached
the freezing point at 16 h, and the average temperature was
reduced by 4.65°C at 21 h, and the average cooling rate
increased by 34.1% (Table 6). 'e temperature at h2∗ had
reached the freezing point at 10 h (9 hours earlier than the
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time at h2, corresponding to a reduction of 47%) (Table 7).
At 21 h, the temperature at h2∗was 3°C lower than that at h2,
and the average cooling rate increased by 13%, indicating
that the improved design enhanced the vertical and hori-
zontal freezing effect of the hollow pipe.

Although both configurations ultimately met test design
requirements, it is obvious that the improved design yielded
superior results and reflected a shorter freezing time and a
higher cooling rate. 'e remaining points also supported
these observations.
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Figure 6: Test model box.
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Figure 7: Layout of the test system: (a) Schematic plan of the test system. (b) TDS-602 data logger. (c) Freezing system.
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3.2. Analysis of Test Results Based on Improved Pipe Roof.
It was clear from Figure 10(a) that, in comparison to
Configuration B, as Configuration C used multiple jacking
pipes to form the “pipe roof,” the freezing effect was further
improved in the middle and late stages of the test. 'e
temperature curves at m1∗ and 21 measurement points
coincided in the first four hours, indicating that, in the early
freezing stage, temperature fields between jacking pipes
changed in the same degree and the “group pipe effect” was
not yet obvious. With the prolonged freezing time, the
temperature curve at the measurement point 21 dropped

further, and the “group pipe effect” gradually improved the
freezing effect. At the end of the test, the temperatures at
m1∗ and 21 measurement points were −10.3°C and −13°C,
respectively, and the other points conformed to the above
rules.

It was observable from Figure 10(b) and Table 8 that the
temperature curve at each measurement point 50mm above
the pipe contour line in Configuration C followed the same
variation trend. In comparison to Configuration B, the
“group pipe effect” in Configuration C was more evident.
Temperatures at all measurement points dropped below the
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Figure 8: Temperature-time curves at midline points: (a) Configuration A. (b) Configuration B.
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Figure 9: Temperature-time curves along the vertical line of hollow pipes: (a) Configuration A. (b) Configuration B.
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freezing point at 11 h, and the time was shortened by 1 hour.
Moreover, the average temperature at 21 h was −7.5°C, which
was about 2.6°C (53%) lower than that of Configuration B,
and the average cooling rate also increased by 16%.
'erefore, by adopting the pipe roof form consisting of a
hollow pipe with improved double circular freezing tubes
and a concrete pipe, a frozen soil curtain with a certain
thickness quickly formed in the soil layer, and the freezing
target can be achieved earlier.

4. Numerical Simulation Results
and Discussion

4.1. Model Establishment. Numerical models were estab-
lished for the three pipe configurations to study the de-
velopment law and the differences of freezing temperature
field. Taking Configuration C as an example, the two-di-
mensional temperature field of the test model was simulated
in COMSOL Multiphysics® v. 5.4 (Figure 11). 'e

Table 5: Contrast of temperature data of control points at midline.

Measuring point T0 (°C) T21 (°C) ΔT (°C) V (°C/h) Time of temperature below freezing point (h) Δt (h)
m2 19.8 −0.6

−4.4 −0.97 21
−9m2∗ 22.2 −5.0 −1.30 12

m6 19.2 −0.7
−3.1 −1.03 21

−7m6∗ 21.6 −3.8 −1.21 14

Table 6: Contrast of temperature data of control points at vertical line.

Measuring point T0 (°C) T21 (°C) ΔT (°C) V (°C/h) Time of temperature below freezing point (h) Δt (h)
v2 18.4 0.5

−5.3 −0.85 — —v2∗ 19.2 −4.8 −1.14 12
v6 17.8 1.3

−4.0 −0.79 — —v6∗ 19.6 −2.7 −1.06 16

Table 7: Contrast of temperature data at horizontal direction.

Measuring point T0 (°C) T21 (°C) ΔT (°C) V (°C/h) Time of temperature below freezing point (h) Δt (h)
h2 19.9 −1.2

−5.4 −1.00 19 9h2∗ 19.6 −4.2 −1.13 10
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calculation module adopted the porous medium heat
transfer module, which can effectively simulate the heat
transfer phenomena in the soil [34–36]. 'e computational
domain grid system used nonstructural triangular elements,
and the grid density was higher near the steel pipes and the
freezing tubes (Figure 12). 'e minimum element size,
average element mass, and minimum element mass of the
numerical model were 0.42mm, 0.8289, and 0.04317, re-
spectively, indicating that the mesh element quality was
good and the calculation results were convergent [37]. 'e
numerical model had two boundaries (Figure 11): the first
one was the soil layer boundary, which acted as an insulation
layer, and the initial temperature of the soil layer was set to
20°C; and the second one was the freezing tube wall (−25°C),
which followed the Dirichlet boundary condition.

'e comparison between the simulation data and the test
data of selected measurement points in Figure 13 shows that
the numerical results are in good agreement with the test,
which means that the numerical simulation method used in
this paper has good accuracy. 'erefore, it can conduct in-
depth and comprehensive research on the variation law of
freezing temperature field and the development of frozen
soil curtain.

4.2. Validation of Improved Results. Figures 14 and 15
compare the 21-hour freezing temperature field distribu-
tions and the frozen soil wall thicknesses at different posi-
tions in Configurations A and B, respectively. As the freezing
tubes were near the horizontal direction of the pipes, the

temperature in the horizontal direction was lower than that
in the vertical direction, and the shape of the isotherm at a
far distance was approximately elliptical. 'e average
thicknesses of the frozen wall formed between the two pipes
in Configurations A and B were 252mm and 281mm, re-
spectively, which means that a reliable water sealing
structure between the pipes was formed. However, in
comparison to Configuration A, the average thickness of the
frozen soil wall on the vertical line of the hollow pipe, the
vertical line of the concrete pipe, and between the two pipes
increased by 20%, 7%, and 12% in Configuration B,
respectively.

4.3. Discussion on Development and Distribution Law of
Freezing Temperature Field Based on Improved Design.
Figure 16(a) exhibits the temperature field cloud diagram of
Configuration C at 3 h, and the black line represented the
boundary of the frozen soil wall. As the distance between the
pipes was very small and the freezing tubes were close to the
horizontal position on both sides of the pipes, the frozen soil
wall of a certain thickness was initially formed between the
pipes. Due to the alternating arrangement of the concrete
pipes and hollow pipes, the shape of the frozen soil wall
between the pipes was asymmetric, and the thickness near
the concrete pipe was slightly larger, and the overall average
thickness was about 123.2mm. Although the frozen soil wall
had a role in sealing water to a certain extent, it was limited
by its thickness; thus, cracks and water flow passages may
have appeared at the junction of frozen soil and the pipe wall

Table 8: Temperature data at measurement point 50mm above the contour line in Configurations B and C.

Measuring point T0 (°C) T21 (°C) V (°C/h) Time of temperature below freezing point (h)
14 22.1 −7.6 −1.41 10
20 22.2 −7.5 −1.41 11
26 22.6 −7.3 −1.42 11
m2∗ 22.2 −5 −1.30 12
v2∗ 19.2 −4.8 −1.14 12
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Figure 11: Numerical model of Configuration C.
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Figure 12: Grid system of Configuration C.
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due to the influences of external factors, such as ground
stresses and construction thermal disturbances. 'e frozen
soil wall completely wrapped the concrete pipe at 6 h
(Figure 16(b)), and the temperatures at 15# and 16# had
reached the freezing point. Some soil on the upper and lower
sides of the hollow pipe remained unfrozen, and the average
thickness of the frozen soil wall between the pipes was about
174mm. However, it was still necessary to closely observe
the development of the frozen soil wall at the upper and
lower contour lines of the hollow pipe to avoid the effects of
thermal disturbances. At 21 h (Figure 16(c)), the range of the
frozen soil wall was further expanded, all pipes were
wrapped by it, and the contour of it had an uneven shape. At
this stage, a “steel pipe-frozen soil curtain” composite
structure with better carrying capacity and water sealing
performance had been formed. 'e average thickness of the
frozen soil curtain around the concrete pipe (349.5mm) was
slightly larger than that around the hollow pipe (336.9mm);
thus, this pipe configuration effectively met the freezing
design requirements.

It was evident from Figure 16(d) that the curves of
average frozen soil wall thickness in Configurations B and C
obtained from numerical simulation were consistent with
the test results. At the beginning of the freezing process, the
frozen soil walls of Configurations B and C developed
rapidly, and the time taken to expand their range to the pipe
diameter (160mm) was about 5 hours. After 7 hours, the
“group pipe effect” became evident in Configuration C, and
the development speed was faster, reaching a design
thickness of 260mm at 13 h (5 hours earlier than Config-
uration B). 'erefore, by adopting the improved double
circular freezing tubes, the freezing effect was further
strengthened in the pipe roof structure (Configuration C).
Subsequently, the development entered a relatively slower
stage. At this time, the thickness of the frozen soil curtain
should be monitored precisely, and the formation of ex-
cessive frost heave should be reduced through technical
means, such as cooling capacity control of the refrigeration
system.

5. Conclusions

(1) To solve the existing problems of the Gongbei Tunnel
Project, an improved design was proposed based on
the FSPR. 'e temperature field distribution char-
acteristics and freezing performances for three dif-
ferent pipe configurations were investigated by
scaled model tests and numerical simulations. 'e
improved double circular freezing tubes were easy to
manufacture and install, and this approach could
solve several practical problems in the actual project,
such as profiled freezing tube welding difficulties,
refrigerant leakage, and working environment
hazards.

(2) 'e improved results (Configuration B) exhibited a
better freezing effect in terms of lower temperature
and higher cooling rate and significantly shortened
the time required for soil freezing in the test. In
comparison to the prototype (Configuration A), the

average thickness of the frozen wall on the vertical
line of the hollow pipe, the vertical line of the
concrete pipe, and between two pipes increased by
20%, 7%, and 12%, respectively.

(3) Compared with the first two configurations, the
“group pipe effect” was more significant in Con-
figuration C; thus, the freezing effect was further
improved. Numerical simulation results revealed
that a certain thickness of the frozen wall was quickly
formed between the pipes at first. Subsequently, the
concrete pipe was completely wrapped by frozen soil,
and the freezing range then gradually expanded to
the hollow pipe. Finally, a composite structure of
“pipe roof and frozen soil curtain” with better car-
rying capacity and water sealing performance had
been formed. It was suggested to strengthen the
monitoring of frozen soil temperature at the pipe
wall in the preliminary stage of the freezing con-
struction process to avoid “thermal disturbances”
causing cracks and water flow channels at the in-
terface between the frozen soil and the pipe wall. In
the later stage, the thickness of the frozen curtain
should be monitored precisely, and the excessive
frost heave should be reduced through technical
means, such as cooling capacity control.
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Shield tunneling activities inevitably pass throughpile foundations at close distance in densely urban areas.Various studies have investigated
the interaction betweennewly constructed tunnels and existing pile foundations.However, the influence of different construction sequences
of twin paralleled shield tunneling on single long pile is seldom considered. A case was found in the project of Changsha Metro Line 5,
where the twin paralleled tunnels were constructed near the Wanjiali Viaduct piles. A three-dimensional finite element model was
established to analyze the pier settlement, ground surface settlement trough, and the vertical and horizontal displacement of pile under
different construction sequences in layered soil. /e results show that the adjacent pile and surrounding environment are affected
substantially with the change of construction sequence of twin paralleled tunnels./e construction sequence of condition (b), in which the
tunnel closer to the pile foundation is first constructed and then the tunnel farther away from the pile foundation is second constructed, can
reduce the settlement of pier by 13.1%, themaximum surface settlement by 7.0%, themaximum vertical displacement of pile foundation by
7.9%, and the maximum horizontal displacement by 6.9%. /e present findings can provide reference for similar projects.

1. Introduction

With the increasing congestion of surface traffic, exploiting
the potential and promoting the benefits of the subsurface in
cities have become an indispensable approach. Shield tun-
neling has a lot of advantages such as its high degree au-
tomation, easy management, no climate influence, one-time
hole formation, and fast construction speed, which makes a
rapid development of a new layer of supplemental infra-
structure possible, allowing us new combinations that serve
the modern needs of the city [1–3]. Meanwhile, a growing
demand on housing, viaduct, infrastructure, and open space
is competing for the urban surface areas, but also the
subsurface, whichmakes shield tunneling often needs to pass
through lots of pile foundations. However, even the most
advanced shield technology will inevitably redistribute the
initial stress of surrounding soil, causing surface subsidence,

inclination, and discontinuous deformation, which may
affect adjacent pile foundations [4–8].

In order to understand the pile-soil-tunnel interaction
mechanism, many scholars have conducted centrifuge
model tests and field measurement analysis [9–13]. Franza
and Marshall [11] presented outcomes from 24 geotechnical
centrifuge tests and investigated the global tunnel-piled
frame interaction scenario by using a newly developed real-
time hybrid testing technique./e results illustrated that pile
settlement and failure mechanisms are highly dependent on
the load redistribution that occurs between piles during
tunnel volume loss, which are related to structure weight and
stiffness. Wang et al. [14] studied the construction schemes
and influence of shield tunneling on reinforcing and re-
building bridges in the case of shield tunnel of Hangzhou
Metro 2 crossing through Fengqi Bridge. Sirivachiraporn
and Phienwej [15] analyzed the field measurement data of
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the first Bangkok subway project to evaluate the ground
movement characteristics and responses of adjacent build-
ings./e results indicate that buildings on long piles showed
the least induced settlements. But for buildings on short
piles, the settlements depend on the distance from tunnel
center line and pile tip depth. In addition, the interaction
between shield tunnel and adjacent pile foundation has also
been studied by proposing theoretical analytical solutions
and numerical simulation by some scholars [16–25]. Franza
et al. [16] presented an elastic study of tunnel-pile-structure
interaction through Winkler-Based Two-Stage Analysis
Methods. /e results illustrated how pile foundations in-
crease the risk of structural damage compared to shallow
foundations, whereas structural stiffness can reduce building
deformations. Zhang et al. [17] proposed a simplified so-
lution based on Pasternak’s foundation model to predict the
lateral displacements of a single pile and group piles induced
by shield tunneling considering the effects of lateral soil
displacements. Lee [19] studied the effects of tunneling in
weak weathered rock on the behavior of a preexisting single
pile by performing three-dimensional elastoplastic numer-
ical analyses. /e results showed that the reduction of the
apparent allowable pile capacity due to tunneling-induced
pile head settlement is significant. Huang et al. [24] analyzed
the displacement process of pile vertical, horizontal and
along the tunnel based on the theory of fluid-soil coupling.
As a summary, the above scholars all conducted that shield
tunneling adjacent to existing pile foundations will cause pile
settlement, lateral displacement of pile, additional axial load
on piles, and induced bending moments along piles, which is
mainly dependent on the distance between piles and tunnels,
the ratio of pile length to tunnel depth, and the stratum loss.

Although a lot of studies have been carried out to in-
vestigate the effects of tunneling on existing piles, the ex-
cavation of only one tunnel is often considered. /e
underground transportation system often involves twin
paralleled tunnels, which are sometimes inevitably con-
structed adjacent to existing pile foundations. Different
construction sequences of twin paralleled shield tunnels will
certainly make some differences in ground surface settle-
ment and displacement of pile foundation. However, it is
difficult to accurately consider the influence of different
construction sequences by using theoretical analysis
method, especially the blocking effect of tunnel constructed
first. At present, few scholars study the effects of different
construction sequences by performing numerical calculation
method to systematically analyze the influence on adjacent
pile foundations.

In view of the aforementioned issues, it is of great sig-
nificance to study the effects of different construction se-
quences on ground surface settlement and displacement of
single pile due to twin paralleled shield tunneling.

/e outline of this paper is as follows: Firstly, the dis-
turbance zone of stratum perpendicular to the direction of
shield tunneling is explained, and the mechanism of shield
tunneling on adjacent single pile foundation is further
discussed. Secondly, the project overview and site geology of
Changsha Metro Line 5 (from South Gaoqiao Station to
Guitang Station) are presented as engineering background.

/irdly, a three-dimensional finite element numerical cal-
culation model is established. /e constitutive model, cal-
culation parameters, and construction simulation procedure
of the numerical model are described in detail. Fourthly,
combined with field measured data, the changing trend of
bridge pier settlement and the results of ground surface
settlement and displacement of pile foundation caused by
shield tunneling under different construction sequences are
analyzed. Finally, through the comparative analysis of the
data, the most appropriate construction sequence of the twin
paralleled shield tunnels passing through the pile foundation
is proposed, which provides reference for similar projects.

2. Mechanism of Shield Tunneling on the
Adjacent Single Long Pile

Shield tunneling inevitably causes stratum loss, and the
stratum in disturbed zone will produce uneven settlement in
the process of stress redistribution, which causes the wedge-
caulking of soil particles. If the overburden layer of the
tunnel is thick enough, the arching effect will occur in the
stratum in a certain range above the tunnel. As shown in
Figure 1, the strata perpendicular to the direction of shield
tunneling can be divided into three zones according to the
different degree of stratum disturbance caused by shield
tunneling passing through pile foundation. Zone I (strong
disturbance zone): the zone between shield tunnel vault,
rupture surface, and collapse arch, where the strata appear
plastic flow and collapse will occur if there is no support;
Zone II (medium disturbance zone): a certain range of zone
outside the rupture surface, where the strata have elastic
deformation or increased stress, which belongs to the elastic
zone; Zone III (weak disturbance zone): the zone is less
affected by shield tunneling. When the thickness of over-
burden layer of shield tunnel is small or the tunnel section is
large, the scope of Zone I and Zone II disturbed by shield
tunneling will expand, even extend to the ground surface. In
addition, when the distance between the two lines of the
shield tunnel is relatively close, the disturbance effect of the
two lines will show superposition effect, and the disturbed
zone will be connected.

Pile foundations are used to support the load of su-
perstructure by transferring it to the surrounding soil
resulting in the stress concentration near the pile. On the
contrary, shield tunneling is a process of releasing stress
which results in the ground movements. After shield tun-
neling, one side of the pile is unloaded, which affects the
mechanical performance of the pile.

/e influence of shield tunneling on displacement of
adjacent pile foundation is mainly reflected in the effect of
soil displacement caused by shield tunneling. /e object
of this study is single long pile, such as urban viaduct
pile. As the pile toe of urban viaduct is deep, it is usually
lower than the shield tunnel. /erefore, shield tunneling
have less effect on the bearing capacity of pile toe. /e
main factors influencing the pile foundations are as
follows:

(1) /e stratum loss caused by shield tunneling
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(2) /e lateral displacement of pile caused by the lateral
displacement of soil

(3) /e negative friction caused by the settlement of soil
around the pile will further lead to additional set-
tlement of the pile

3. Engineering Background

3.1. Project Overview. Changsha Metro Line 5 is the north-
south backbone line in Changsha, Hunan Province, China.
/e first phase of Changsha Metro Line 5 successively
crosses the Guitang River, Changsha Metro Line 4, and
passes through the Wanjiali Viaduct, gas stations, houses,
and other major risk sources in close range. Among them,
Changsha Metro Line 5 and Wanjiali Viaduct parallel up to
16.7 kilometers. As shown in Figure 2, the most represen-
tative tunnels between South Gaoqiao Station and Guitang
Station were selected as the engineering background. /e
interval tunnels are located on the east side of Wanjiali
Viaduct. Under the influence of the existing river and the
Guitang River Bridge, the layout of the piles of Wanjiali
Viaduct has changed when crossing the Guitang River.
Comparison of site viaduct pile layout is shown in Figure 3.
/is makes the shortest distance between the left tunnel and
two C35 bored concrete piles with a diameter of 1.2m only
3.07 meters. /e code for this pier is Pm334, and the pile
length is 50m. /e twin paralleled tunnels made of C50
precast concrete segments, with an inner diameter of 5.4m
and buried depth of 19.2m, having a lining thickness of
0.3m, width of 1.5m, are excavated using Earth pressure
balance shield tunnel boring machine. /e distance between
the left line and the right line is 6.15m.

According to the requirements of construction organi-
zation and arrangement, two shield machines are configured
in this interval. /e two shield tunneling machines started
from the south end of South Gaoqiao Station in a staggered
month and reached Guitang Station in the direction of small
mileage of the line. In the actual construction of this project,

the construction sequence of this project is to excavate the
right tunnel which is farther from the piles and then the left
tunnel which is closer to the piles./e construction sequence
has not been analyzed in detail before. /e finite element
modeling area is located near the design mileage between
ZDK27 + 352.322 and ZDK27+ 397.322. /e monitoring
layout of viaduct pier settlement is shown in Figure 4.
Precision level, theodolite, indium steel gauge, inclinometer,
and other equipment are used to measure the settlement of
bridge piers and the ground surface settlement trough. Two
measuring points are arranged symmetrically on each pier.
/e monitoring period is once a day.

3.2. Site Condition. /ere are 5 layers of soil from the ground
surface to the depth of 70m, which are miscellaneous fill, silty
clay, pebble, strongly weathered conglomerate, and moder-
ately weathered conglomerate in sequence. /e ground water
table is located at 11.4m above the top of the twin paralleled
tunnels. In addition, the bedrock of the site can be divided
into two zones of high weathering and moderate weathering
within the scope of investigation depth. According to previous
geological drilling report, the highly weathered conglomerate
is grayish white with purplish red, partly with thin layers of
argillaceous siltstone, clastic structure and massive structure.
/e natural compressive strength is from 1.19 to 1.96MPa,
and the average value is 1.59MPa. /e moderately weathered
conglomerate is purplish red with clastic structure, thick
laminated structure, mainly argillaceous cementation. /e
natural compressive strength ranges from 6.15 to 18.67MPa,
with an average of 10.57MPa.

As shown in Figure 5, the pile bearing layer of Wanjiali
Viaduct is moderately weathered conglomerate, and the twin
paralleled tunnels are located in the strongly weathered
conglomerate. Physical and mechanical parameters of sur-
rounded layers are listed in Table 1.

4. Numerical Calculation

4.1.#ree-Dimensional FiniteElementModel. To understand
ground surface settlement and displacement of single long pile
due to twin paralleled shield tunneling with different con-
struction sequences in layered soils, Midas GTS NX was
employed to conduct a three-dimensional finite element
model, including twin paralleled shield tunnels, viaduct piles,
segments, grouting and surrounding soils. As shown in Fig-
ure 6, based on the actual project, two different tunnel con-
struction sequences were considered in this study. Among
them, condition (a) is consistent with the actual construction
sequence, that is, the right line which is farther away from the
pile foundation is excavated first, and then the left line which is
closer to the pile foundation is excavated. Condition (b) is
opposite to condition (a), that is, the left line which is closer to
the pile foundation is excavated first, and then the right line
which is farther away from the pile foundation is excavated.

Considering the influence of boundary effects on the
accuracy of the numerical results, the size of the three-di-
mensional model was determined as 60m in length, 50m in
width, and 70m in height. /e soil was treated as the

Shield
tunnel one

Shield
tunnel two

Pile foundation

Ground surface

Zone I

Zone II

Zone III

Zone I

Zone II

Figure 1: Stratum disturbance zone caused by shield tunneling
(perpendicular to the direction of shield tunneling).
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horizontal layered foundation to simplify the calculation. A
perspective view of the finite element model is shown in
Figure 7. Segments were simulated as plate elements, while
the soil mass, piles, and grouting were simulated using
tetrahedral and hexahedral hybrid elements. /e density of
elements in critical areas, such as twin paralleled tunnels and
pile foundations, was increased to improve the calculation
accuracy. /e mesh applied in this model consisted of
247322 elements and 155046 nodes.

4.2.ConstitutiveModel andCalculationParameters. It is well
recognized that in order to properly capture the ground
surface settlement and displacement of adjacent piles

induced by unloading, it is of great significance to take into
account the effect of soil unloading caused by shield tun-
neling in the constitutive model. /e modified
Mohr–Coulomb constitutive is an elastoplastic constitutive,
which is closer to plasticity theory than Mohr–Coulomb
constitutive, and is a constitutive model combining non-
linear elasticity and plasticity. It can consider the different
elastic modulus values according to the loading and
unloading conditions. /e modified Mohr–Coulomb con-
stitutive can also consider the relationship between the soil
stiffness and the stress state. Meanwhile, the modified
Mohr–Coulomb constitutive can simulate the behavior of
different types of soil including soft and hard soil, taking the
dilatancy of soil into account. /e comparison of the

125m

NS

Figure 2: /e location of the interval tunnel.

(a) (b)

Figure 3: Comparison of site viaduct pile layout. (a) Normal. (b) Across the river.
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Mohr–Coulomb yield criterion and the modified
Mohr–Coulomb yield criterion in the π plane is shown in
Figure 8. /e modified Mohr–Coulomb yield criterion

adopts the rounded corner treatment in π plane, which can
eliminate the unstable factors in the analysis process.
/erefore, the modified Mohr–Coulomb constitutive model
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of soil was selected from the constitutive model library of
Midas GTS NX, which has better simulation results and
computational convergence.

In addition, the calibration of soil parameters is an
important factor to ensure the reliability of finite element
calculation results. /e calculation parameters of sur-
rounded layers after calibration are shown in Table 2.

Shield segments, pile foundations, and grouting were
simplified with elastic materials. /e shield segments were
treated as homogeneous rings, made of C50 concrete, and
the pile foundations were made of C35 concrete. It is as-
sumed that perfect bond between the pile and soil is
maintained, and no detachment occurs. /e material pa-
rameters of bridge pile, segment, and grouting are shown in
Table 3.

4.3. Numerical Simulation Procedure. Excavation con-
struction stages were simulated step by step; each excavation
stage forwards 1.5m. /e excavation construction was

realized by the method of “element birth and death.”
According to the section size of the viaduct pile and the
arrangement of the upper lane, the uniform distribution
load on the single pile is set as 400 kN. Generally, when the
shield passes through an important structure in a close
distance, the thrust force in front of the shield machine and
the grouting pressure will be controlled. /erefore, the
thrust force of the shield machine is set as 8000 kN and the
grouting pressure is set as 0.6MPa in this study. /e
concrete numerical analysis is executed according to the
following steps:

(1) Activate all the soil mass, including the tunnel ex-
cavation area and the soil at the grouting layer. Set
the displacement boundary, stable ground water
table, and gravity acceleration. /en, balance the
initial stress field by displacement clearance.

(2) Activate the pile attribute, apply the superstructure
load of 400 kN on the pile head, and reset the dis-
placements to 0.

Table 1: Physical mechanical parameters of surrounded layers.

Soil type at each layer /ickness H
(m)

Elasticity
modulus E
(MPa)

Poisson’s
ratio μ

Unit weight c

(kN·m− 3)
Cohesion c

(kPa)

Internal
friction angle

φ (°)

Permeability
coefficient k (m·d− 1)

① Miscellaneous fill 7.8 8.5 0.35 19.0 10 12 0.700
② Silty clay 3.2 15.5 0.30 20.0 30 16 0.008
③ Pebble 2.9 35.0 0.25 20.0 2 36 25.000
④ Highly weathered
conglomerate 23.0 38.5 0.27 23.5 40 30 0.500

⑤ Moderately
weathered
conglomerate

33.1 47.0 0.24 25.0 120 35 0.100

Bridge pile
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tunnel

Working load (400kN)

Ground water table

19
.2

m

50
m

11
.4

m

First
tunnel 

Ground surface
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Second
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19
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m

50
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11
.4

m

Ground surface

(b)

Figure 6: Different tunnel construction sequences. (a) Condition (a). (b) Condition (b).
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(3) Taking the right line as an example, the thrust force
of 8000 kN on the face of the first ring of the right
tunnel is firstly applied to deactivate the soil and the
grouting layer in the first ring.

(4) Continue to apply the thrust force on the face of the
second ring of the right tunnel to deactivate the soil
and the grouting layer in the second ring. After this
step, the grouting layer, grouting attribute, and
shield segment of the first ring are reactivated, and
the grouting pressure is set at 0.6MPa.

(5) Repeat the above steps (3) and (4) successively until
the first shield tunnel is completely finished. /en,
the second shield tunnel will be constructed.

5. Analysis of Numerical Calculation Results

5.1. Induced Pier Settlement during Twin Paralleled Shield
TunnelingwithDifferent Construction Sequences. During the
construction simulation, there are 73 steps in total. Each
tunnel has 35 construction steps. /e settlement of viaduct
pier Pm334 caused by twin paralleled shield tunnels in
different construction sequences is compared with the field
measured data, as shown in Figure 9. Taking the position
where the shield machine enters the boundary of the model
as the reference point, the changing process of the field
measured settlement of pier Pm334 was recorded when the
shield passed through the pile for the first time. /e field
measured settlement of the pier when the shield left the
boundary of the model was also recorded. Compared with
the field measured settlement of the bridge pier when the

60m

70m

50m

Y
Z

X

Direction of tunneling

(a)

50m

6m

6m

Le� line

Right line

Y Z
X

(b)

Figure 7: /ree-dimensional finite element model. (a) Global model. (b) Relationship between the pile and tunnel.

σ1

σ2
σ3

Mohr–Coulomb Modified Mohr–Coulomb

Figure 8: /e modified Mohr–Coulomb yield criterion in the π
plane.

Table 2: Parameters of soil surrounded layers after calibration.

Soil type Eref
50 (MPa) Eref

oed(MPa) Eref
ur (MPa)

Miscellaneous fill 6.4 5.3 19.8
Silty clay 10.8 9.0 34.6
Pebble 23.8 19.0 78.5
Highly weathered
conglomerate 28.5 24.9 115.5

Moderately weathered
conglomerate 35.6 34.0 134.5

Eref
50 is the secant stiffness in standard drainage triaxial tests, Eref

oed is the
tangent stiffness in loading of main consolidation instrument, and Eref

ur is
the elastic modulus of reloading after elastic unloading. /e above pa-
rameters are derived from the laboratory test of the preliminary geological
survey.
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shield machine reached the boundary of the model for the
second time, the bridge pier settlement of non-shield con-
struction factors was removed so as to ensure themonitoring
data is comparable and reliable. Condition (a) is consistent
with the sequence of site construction. To facilitate the
comparison between the finite element calculation results
and the field measured data, the horizontal axis adopts
construction steps, and each construction step represents a
drive forward by 1.5m of the shield. /e measured data take
the average value of the monitoring points of the settlement
of the piers at the corresponding positions of the shield
tunneling. It can be seen from Figure 9 that the numerical
calculation results are in good agreement with the field
measured data. It can be concluded that no matter what
construction sequence is adopted, the settlement of the pier
begins to increase significantly when the shield reaches the
8th ring (12m) before the pile foundation. After the shield
passes through the pile foundation, the settlement of the pier
gradually tends to be stable at the position of the 10th ring
(15m) after the pile foundation. It is mainly caused by the
thrust force in front of the shield machine, the protective
effect of the shield shell, and the displacement of the soil after
shield tunneling. At the same time, different shield con-
struction sequence will have a certain influence on the final
settlement of adjacent piers. After the completion of twin
paralleled tunnel construction, the final settlement of bridge
pier is − 0.628mm in condition (a) and − 0.546mm in
condition (b). In the comparison of pier final settlement,
condition (b) is 13.1% less than condition (a). /e reason for
that is as follows: in condition (a), the construction of the

right line which is far from the pile foundation will squeeze
the soil near the pile foundation and disturb the stratum in
the first construction process. Although the influence of the
right tunnel on the pile foundation is relatively limited at this
time, in the next construction process of the left tunnel, the
strata disturbance in the early stage will aggravate the soil
displacement and then cause greater settlement of the ad-
jacent piers. However, in condition (b), first, the con-
struction of the left line which is closer to the pile foundation
will make the settlement of viaduct pier stable after the
increase. Meanwhile, in the horizontal direction to the right
tunnel, due to the blocking effect of the existing left tunnel
and segment grouting reinforcement during the construc-
tion of the left tunnel, part of the soil displacement will be
controlled, thus reducing the settlement of adjacent pile
foundation. /erefore, excavating the left tunnel near the
pile foundation first and then the right tunnel far away from
the pile foundation is the most beneficial construction se-
quence to control the settlement of adjacent piers without
setting protective isolation.

5.2. Induced Ground Surface Settlement during Twin Paral-
leled Shield Tunneling with Different Construction Sequences.
In 1969, at the 7th International Conference on Soil Me-
chanics and Foundation Engineering, Peck [25] proposed
that the surface settlement trough caused by tunneling
presented a normal distribution in the lateral area, in which
the width of settlement trough i and the stratum loss Vs were
two important parameters in the Peck formula. However,
Peck’s formula does not consider stratum characteristics and
construction factors. Clough and Schmidt [26], Attewell and
Woodman [27], O’Reilly and New [28], Loganathan and
Poulos [29] proposed different calculation methods for the
value of i. After analyzing a large number of surface set-
tlement data and engineering data after tunnel excavation,
Peck [25] believed that the volume of settlement trough
should be equal to the volume of stratum loss, and the
surface settlement trough presented normal distribution in
the lateral direction. Gaussian distribution of surface set-
tlement trough is defined as

S(x) � Smax · e
− x2/2i2( ),

Smax �
Vs���
2π

√
· i

,

i �
Z0���

2π
√

tan 45° − (φ/2)( 􏼁
,

(1)

where S (x) is the ground surface settlement caused by
stratum loss, Vs is the stratum loss per unit length caused by
shield tunneling, x is the distance from the tunnel centerline,

Table 3: Parameters of pile, segment, and grouting material.

Materials Elasticity modulus (MPa) Poisson’s ratio Density (kN·m− 3)
Pile foundation 3.15×104 0.3 23.0
Shield segment 2.415×104 0.2 25.0
Grouting 2×102 0.3 22.0
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Figure 9: /e settlement of viaduct pier Pm334.
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Smax is the maximum ground surface settlement caused by
stratum loss, i is the distance from the tunnel centerline to
the inflexion point of the settlement trough, Z0 is the buried
depth of tunnel, and φ is the internal friction angle of soil.

To predict the ground surface settlement above twin
paralleled tunnels, Attewell and Farmer [30] suggested
summing the Gaussian curves induced by two tunnels. In
this study, the results of finite element numerical calculation
in different construction sequences are compared with the
results of Gaussian distribution curve at the position of pile
foundation, as shown in Figure 10. As can be seen from
Figure 10, influenced by the existing pile foundation, the
ground surface settlement trough will stay a certain value
near the pile foundation. It can be seen from the curve that
the surface settlement trough will present a “hanging phe-
nomenon” near the location of pile foundation. Under the
same parameter condition, the maximum value of Gaussian
distribution curve is obviously larger than that of finite
element calculation. /e main reason for the above phe-
nomenon is that the stiffness of pile foundation affects the
displacement of soil around the tunnel. /e soil will natu-
rally deform to the side without pile foundation after ex-
cavation and unloading. Meanwhile, due to the existence of
pile foundation, it will control the displacement of soil
around the pile. /erefore, the surface settlement trough
caused by shield tunneling under the influence of adjacent
bridge piles will present an asymmetric skewed normal
distribution, and the maximum value of surface settlement
will decrease. In condition (a), after the completion of
construction of the first tunnel, the maximum value appears
in the centerline of the first tunnel. /e maximum value
calculated by finite element method is − 3.524mm, which is
17.2% less than that of the Gaussian distribution curve,
which is − 4.255mm. After the completion of the second
tunnel construction, the maximum value appears in the
middle position of the twin paralleled tunnel, and the
maximum value calculated by finite element method is
− 5.563mm, which is reduced by 14.2% compared with the
maximum value of − 6.485mm after the cumulative
Gaussian distribution curve. In condition (b), after the first
tunnel construction is completed, the maximum value
calculated by finite element method appeared in the right
side of the centerline of left tunnel with a maximum of
3.029mm, which is reduced by 28.8% compared with the
maximum of Gaussian distribution curve. After the com-
pletion of construction of the second tunnel, the maximum
value of finite element calculation results of is 5.173mm,
which is 20.2% less than that of the Gaussian distribution
curve. In view of this, the maximum value of ground surface
settlement will be reduced to a certain extent in the process
of shield tunneling passing through the viaduct pile at close
distance. At the same time, the ground surface settlement
trough will have an asymmetric skewed distribution.

In order to further study the influence of different
construction sequences of twin paralleled shield tunnels on
the ground surface settlement trough, the finite element
calculation results of the ground surface settlement trough
under different construction sequences are compared with
the field measured data, as illustrated in Figure 11. As can be

seen from Figure 11, compared with the Gaussian distri-
bution curve, the calculation results of finite element can
better reflect the actual situation. In condition (b), the
maximum ground surface settlement after the completion of
the first tunnel is reduced by 14.1% compared with that in
condition (a). Similarly, the maximum value of the cumu-
lative ground surface settlement after the completion of the
second tunnel in condition (b) is reduced by 7.0% compared
with that in condition (a). /e reason causing this difference
is that the left tunnel is closer to the adjacent pile foundation
than the right tunnel. Due to the influence of the stiffness of
the existing viaduct pile, the ground surface settlement
trough caused by excavating the left line will be limited by
the pile foundation firstly, which will reduce the maximum
value. On the one hand, the soil displacement caused by the
excavation of the right tunnel which is farther away from the
pile foundation is obstructed by the existing left tunnel. On
the other hand, due to segment grouting reinforcement
during the construction of the left tunnel, the strata around
the left tunnel were reinforced./erefore, from the results of
ground surface settlement, the construction sequence of
condition (b) is more conducive to controlling ground
surface settlement.

5.3. Induced Vertical and Horizontal Displacement of the Pile
during Twin Paralleled Shield Tunneling with Different
Construction Sequences. /e unloading effect and the
squeezing action of shield tunneling will cause a certain
vertical and horizontal displacement of adjacent pile
foundation. When the superstructure load continues to be
applied on the deformed pile foundation, the pile foundation
will be in an unfavorable state of eccentric compression,
which impedes normal load transfer and causes damage to
the superstructure. /erefore, induced vertical and hori-
zontal displacement of pile during twin paralleled shield
tunneling with different construction sequences should be
discussed and analyzed as a significant research direction.
Figures 12 to 15 show the vertical and horizontal dis-
placement of pile foundation and tunnel under different
construction sequences of twin paralleled shield tunnels. In
order to more visually reflect the displacement, the dis-
placement of pile foundation and tunnel shown in Figures 12
to 15 is exaggerated on the basis of actual displacement. It
can be seen from the figures that no matter which tunnel
construction sequence is adopted, the adjacent pile foun-
dation will produce displacement. When the construction of
twin paralleled tunnels is completed, the overall displace-
ment of pile presents an S-shaped distribution. In terms of
the vertical displacement, the pile head settles downward,
and the pile toe is jacked. In terms of the horizontal dis-
placement, the maximum displacement appears near the
buried depth of tunnel, which is manifested as that the pile
body which overlaps with the buried depth of the tunnel
moves away from the tunnel, while the upper part of pile
body and the lower part of pile body deform towards the
tunnel. /e reason is that with the continuous construction
of tunnel, the soil above the top of tunnel settles. And the
upper part of pile foundation, driven by the surrounding
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soil, deforms downward and toward the direction near the
tunnel. /e soil below the tunnel bottom will rebound
upward due to excavation and unloading, and the lower part
of pile will deform upward and toward the direction near the
tunnel driven by soil. Under the combination action of these
forces, the pile will be bent.

Figure 16 illustrates the induced vertical and horizontal
displacement of pile under different construction sequences.
For each tunnel construction sequence, the vertical and
horizontal displacement of pile due to the first tunnel and

the second tunnel and after twin paralleled tunneling which
is cumulative are shown in Figures 16(a) and 16(b). In
condition (a), after the completion of the first tunnel con-
struction, the vertical displacement of the pile is small due to
the long distance between the right tunnel and the pile
foundation, and the maximum value appears at the pile toe,
which is +0.166mm./emaximum horizontal displacement
of the pile appears at 3m below the buried depth of the
tunnel, which is − 1.165mm. It is different from the situation
after the completion of the construction of the first tunnel in
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condition (b). /e maximum vertical displacement of the
pile is +0.780mm due to the close distance between the left
tunnel and the pile foundation, and the maximum value still
appears at the pile toe. /e variation range of horizontal
displacement curve of pile is more obvious than that in
condition (a), and the maximum horizontal displacement of

the pile is − 1.575mm. When the construction of the twin
paralleled tunnels is completed, the maximum vertical
displacement of the pile in condition (a) is +1.037mm,
which is 7.9% larger than that in condition (b) of
+0.955mm./emaximum values all appear at the pile toe.
Meanwhile, the maximum horizontal displacement of the
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pile in condition (a) is − 2.526mm, which is 6.9% larger
than that in condition (b). /e maximum values all appear
at 3m below the depth of the tunnel. /erefore, it can be

concluded that the construction sequence of condition (b)
can reduce the vertical and horizontal displacement of
piles to a certain extent. In the future, we expect to carry
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Figure 14: Vertical displacement of pile and tunnel in condition (b). (a) Left line finished. (b) Right line finished.
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out centrifuge model tests to further study this content.
And we will actively strengthen the cooperation with the
site construction company and the design department to
jointly develop the most appropriate shield construction
sequence to reduce the impact on the adjacent pile
foundation.

6. Conclusions

/is paper presents a three-dimensional finite element
model to analyze ground surface settlement and displace-
ment of single long pile due to twin paralleled shield tun-
neling with different construction sequences in layered soil.
To accurately verify the calculation results, the monitoring
data of piers settlement and measured ground surface set-
tlement are compared with the numerical results. /e main
conclusions are as follows:

(1) /e numerical results are in good agreement with the
measured data./e computed results of induced pier
settlement, ground surface settlement, and induced
displacement of single pile due to twin paralleled
shield tunnel reveal that the adjacent pile and sur-
rounding environment are affected substantially
with the change of construction sequence of twin
paralleled tunnels. In comparison to the final pier
settlement, condition (b) is 13.1% less than condition
(a).

(2) Influenced by the existing viaduct pile, Gaussian
distribution is no longer applicable to predict the
displacement of ground surface settlement caused by
shield tunneling. According to the comparison be-
tween the numerical results and the field measured
data, the ground surface settlement trough will
present a “hanging phenomenon” near the location

of pile. Meanwhile, when the tunnel is close to the
pile foundation, the surface settlement trough will
develop into an asymmetric skewed distribution./e
construction sequence of condition (b) is more
conducive to controlling ground surface settlement.

(3) After the construction of twin paralleled tunnels, the
overall displacement of pile presents an S-shaped
distribution. /e pile body which overlaps with the
buried depth of the tunnel moves away from the
tunnel, while the upper part of pile body and the
lower part of pile body deform towards the tunnel.
By comparing the effects of different construction
sequences on induced pile displacement, it is found
that the construction sequence of condition (b) can
reduce the vertical and horizontal displacement of
pile.
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Based on analysis of the formation mechanism and characteristics of the negative friction in collapsible loess areas, this study
investigates the load transfer law of a wall-soil system under a vertical load, establishes the vertical bearing model of a lattice
diaphragm wall, and analyzes the vertical bearing capacity of an assembled latticed diaphragm wall (ALDW) in a loess area. -e
factors influencing the vertical bearing characteristics of the ALDW in a loess area are analyzed.-e vertical bearingmechanism of
the lattice diaphragmwall in the loess area is investigated.-e failure modes of the ALDW in the loess area are mainly shear failure
of the soil around the wall and failure of the wall-soil interface. In the generation and development of negative friction, there is
always a point where the relative displacement of the wall-soil interface is zero at a certain depth below the ground; at this point,
the wall and soil are relative to each other. -e collapsibility of loess, settlement of the wall and surrounding soil, and rate and
method of immersion are the factors affecting the lattice diaphragm wall. -e conclusions of this study provide a reference for the
design and construction of ALDWs in loess areas.

1. Introduction

-rough many years of urban construction practice, rela-
tively mature enclosure structure designs have been devel-
oped for different foundation pit conditions. -e commonly
used retaining structures include diaphragm walls, bored
piles, steel sheet piles, soil mix wall (SMW) methods, ce-
ment-soil mixing piles, and composite soil nail walls. With
the development of modern construction technology, dia-
phragm walls can serve the functions of acting as a gravity
retaining wall, bearing the vertical load of the structure, and
providing waterproofing.

-e assembled lattice diaphragm wall (ALDW) retaining
structure is a new type of retaining structure that has been
applied in foundation pit engineering in recent years [1, 2].
Because of its unique geometric structure, it has many ad-
vantages in deformation control and sustainable development
and can meet the requirements of shortening the construction
period and reducing land occupation. As a result, ALDWs have
become a new structural form for public foundation pit support.

In the excavation stage of a foundation pit, the lattice
diaphragmwall is used as an enclosure structure and seepage
control structure. After excavation of the foundation pit, it
can begin to function as the regular use stage. Because the
lattice diaphragm wall has very high strength and individual
vertical bearing capacity, it can directly bear the vertical load
of the upper structure as part of the main structure or as the
main structure itself. -e lattice diaphragm wall can play a
role in the enclosure structure during the construction
period, while it can also play the role of vertical support in
the use stage. Fully utilizing the lattice diaphragm wall
structure can effectively reduce project costs. ALDWs have
played an essential role in urban construction in Xi’an,
particularly for subway construction.

Many scholars [3–7] have studied the bearing charac-
teristics of diaphragm walls in different strata. Previous
research on lattice wall retaining structures has mainly
employed field monitoring, centrifugal model tests, and
numerical simulations. In terms of field monitoring, Mei [8]
determined that the horizontal deformation law of a lattice
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wall retaining structure is similar to that of a gravity
retaining structure based on deformation data measured for
a dock foundation pit. -e field monitoring data reported by
Liang et al. [9] showed that the ratio of the horizontal
displacement of the lattice wall to the excavation depth of the
foundation pit was between 0.15% and 0.50%, and the
horizontal displacement of the lattice wall was significantly
lower than that of a tension anchor diaphragm wall. In terms
of centrifugal model tests, Zuo et al. [10] noted that the
variation in the Earth pressure between the front and back
walls was not obvious based on centrifugal model tests of a
lattice wall in sand. -e centrifugal model test results for a
lattice wall in soft soil reported by Zhou et al. [11] showed
that the Earth pressure in the passive zone was greater than
the Rankine passive Earth pressure, whereas the Earth
pressure in the active zone was greater than the Rankine
active Earth pressure but less than the static Earth pressure.
Chen et al. [12] demonstrated that the bending moment,
deformation, and Earth pressure of a lattice wall in clay were
greater than those in sand. In terms of numerical simula-
tions, Hou [13] studied the stress deformation characteristics
and strata displacement law of a lattice wall during foun-
dation pit excavation based on the finite element method
and carried out extensive parameter analyses. -e ideal
elastic-plastic Coulomb friction model was used to describe
the tangential contact characteristics between the wall and
soil.

Masuda [14] collected data measured for 52 foundation
pits in different areas of Japan having a diaphragmwall as the
enclosure. -e analysis results showed that the maximum
lateral displacement of the diaphragm wall in sandy soil was
approximately 0.05%–0.5% of the excavation depth, and the
maximum lateral displacement in the clay layer was gen-
erally less than 0.5% of the excavation depth. -us, these
measures can effectively reduce displacement. Carder [15]
collected data for the deformation of pits enclosed by cast-
in-place piles and continuous walls in Britain under hard
clay conditions. -e results showed that the maximum
lateral displacement limits of the enclosure structures were
0.125% H, 0.2% H, and 0.4% H at high, medium, and low
stiffness, respectively. Yoo [16] analyzed the measured data
for foundation pit projects in Seoul and other regions of
Korea. It was found that the maximum lateral displacement
of the diaphragm wall foundation pit was 0.05% H, while
that of other supports was 0.13%–0.15% H, and the maxi-
mum lateral displacement of the anchor support was slightly
smaller than that of the inner support. Moormann [17]
collected a large amount of deformation data for foundation
pits worldwide using methods similar to those of Long [18].
-e deformation laws of small support structures under each
soil condition were analyzed, and the influences of the type
of enclosure structure and support on the deformation were
discussed. Zuo et al. [10] used centrifuge tests to investigate
themechanical properties and deformation characteristics of
the foundation of a grille diaphragm wall in sandy soil. To
investigate the applicability of the lattice-shaped diaphragm
wall (LSDW) as a bridge foundation in soft soil, Wu et al. [1]
considered three models (a pile group, LSDW with a single
chamber, and LSDW with two chambers) having similar

material quantities using small-scale model tests and nu-
merical analyses based on FLAC3D.-e soil arching effect of
the LSDWs was investigated based on PFC2D, and special
attention was given to the influencing factors [19]. Wu et al.
[20] carried out comparative model tests on three types of
foundations (group pile, single room diaphragm wall, and
two-room grid diaphragm wall) with similar material
quantities. -e results showed that, in soft soil, using a
diaphragm wall foundation instead of a group pile could
improve the bearing capacity of the foundation and reduce
settlement.

-e current research mainly focuses on foundations with
a single-chamber diaphragm wall [21, 22], while research on
foundations comprising ALDWs is still in its infancy. Cheng
[23] introduced the mechanism and application prospects of
using a grid diaphragm wall to provide antiliquefaction
capability under earthquakes. Hou [24, 25] studied the
vertical bearingmechanism of a lattice diaphragmwall based
on in situ static load tests and three-dimensional finite el-
ement analysis. Xie et al. [26] presented lattice-shaped di-
aphragm wall as a new method of foundation improvement
for high embankment culverts on soft foundation; high
strength exchanging-fill materials are adopted to partially
replace the foundation soil. Wu et al. [27] conducted a
numerical study to compare the static and seismic responses
of LSDWs and pile groups having similar material quantities
in soft soil.

As a new type of bridge foundation, the ALDW is highly
applicable in practical engineering; however, theoretical
research on its vertical bearing capacity is insufficient, es-
pecially in areas of collapsible loess. Xi’an is a typical col-
lapsible loess area; it has high strength under natural
humidity, and its structural damage and strength decrease
significantly after being wetted. -e soil skeleton structure is
destabilized, and collapsible deformation occurs under the
action of the soil self-weight or overlying load. -e col-
lapsible deformation of the soil causes relative displacement
of the wall and soil, which leads to negative friction of the
pile side, thus increasing the wall settlement and decreasing
the bearing capacity. At present, research on the vertical
bearing characteristics of lattice diaphragm walls in loess
areas has not been carried out. -ere is thus an insufficient
theoretical basis for this new type of bearing structure, es-
pecially regarding its bearing mechanism, design, and ver-
tical bearing capacity calculation method, which limits the
practical applications of the project. -erefore, it is of
practical engineering significance to analyze the load-
bearing mechanism of ALDWs in loess areas.

2. Structure of the Lattice Diaphragm Wall

-e total length of the Xi’anMetro Phase III line is 280.8 km,
with 156 stations, which encounters many problems of
foundation pit support. -e excavation depth of these
foundation pits is large. Due to the complex building en-
vironment around the city, the traditional prefabricated
diaphragm wall cannot play a role when the foundation pit
support system cannot set internal support. In addition, in
the subway deep foundation pit excavation, the width of the
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foundation pit is large; if the internal support is used, it must
be used with columns; otherwise, its stability cannot be
guaranteed, which undoubtedly limits the internal operation
space of the foundation pit, which is extremely inconvenient
for mechanized construction, and the ALDW can make up
for the above shortcomings.

-e ALDW is a lattice structure connected by a series of
grooves on the diaphragm wall, as shown in Figure 1. -e
lattice diaphragm wall is composed of inner and outer
longitudinal walls and transverse diaphragm walls. -e
lattice structure composed of inner and outer longitudinal
walls and the undisturbed soil inside the diaphragm wall
jointly form a semigravity structure. As the retaining
structure of a foundation pit, the water and soil pressure
outside the pit can be borne by the lattice diaphragm wall
during the construction of the foundation pit. -e lattice
diaphragm wall is a semigravity self-supporting retaining
structure. It has the advantages of a diaphragm wall, that is,
high stiffness and excellent impermeability, which can better
limit the deformation of the foundation pit and bear the
vertical load.

-e upper structure is loaded as a permanent structure.
A T-shaped groove section is usually used at the intersection
of the diaphragmwall and inner and outer longitudinal walls
to improve the integrity of the lattice diaphragm wall. At
present, the thickness of the groove section of the diaphragm
wall is typically 50–120 cm, although the thickness can reach
320 cm. -e soil depth is generally in the range of 10–50m,
although the maximum depth can reach 170m.

-ewall can be considered as an infinite elastic body.-e
external force is parallel to the cross section of the wall and
remains constant along the length direction; therefore, it can
be regarded as a plane strain problem.

3. Formation Mechanism and Negative Friction
Characteristics of the Lattice Diaphragm
Wall in a Collapsible Loess Area

3.1. Formation of Negative Friction Resistance. -e problem
of wall frictional resistance is essentially a contact
problem caused by the interaction between the wall and
soil. Because of the difference in material properties
between the soil and wall, the relative displacement be-
tween the wall and soil is nonzero under vertical loading,
which leads to the generation of wall side friction. When
the wall moves downward relative to the soil under a
vertical load, the soil produces upward shear stress, i.e.,
positive friction resistance, owing to the relationship
between the action force and the reaction force. However,
in a collapsible loess area, the collapsibility of the loess
often causes the soil around the wall to move downward
relative to the wall. -is produces downward shear stress
on the wall, i.e., negative friction. -e distribution and
variation of the negative frictional resistance are highly
complex. -e settlement, velocity, and stability of the soil
around the walls and piles, the collapsibility of the loess,
the immersion method, and the duration of immersion all
have different effects on the negative frictional resistance.

3.2.CollapseDisplacementLoadTransferPrinciple. For a wall
whose bearing capacity is mainly borne by the interaction at
the wall-soil interface, if the interaction between the walls is
not considered, the settlement displacement between the soil
elements far from the center of the wall will be synchronized
after the foundation is immersed and collapsible. -ere is no
collapsible load transfer; therefore, it is a noncollapsible load
transfer range. Within a specified thickness range from the
wall, the settlement displacement of the adjacent soil ele-
ments differs, which is within the scope of the collapsible
load transfer.

As shown in Figure 2, the soil in a range x from the center
of the wall is within the range of collapsible load transfer.
After collapsing, the farthest element in the influence range,
ABCD, sinks to the location of AʹBʹCʹDʹ under gravity. -is
generates a downward shear force on the adjacent element,
CDEF. ABCD transfers a load to CDEF through the dif-
ference in collapsible displacement, and CDEF sinks and
deforms accordingly to state CʹDʹEʹFʹ. In the elemental
analysis with a width dr and thickness in this range, the
transfer of the collapsible load is an energy transfer process.
-e displacement, SG, occurs under the action of gravity, G.
-e work of gravity, SG·G, is a dynamic source of col-
lapsibility. Under the shear force and action, τ′, of adjacent
elements on both sides, shear deformation and volume
deformation of the element occur. In the plastic deformation
part of the lossy collapsible energy, the residual collapsible
potential is transmitted to the adjacent elements on one side
of the wall through shear force (which is related to the
bonding and particle friction).-us, the collapsible potential
decreases gradually as it approaches the wall, and the
subsidence displacement of the soil element decreases, fi-
nally reaching the surface element of the wall, HH. -e load
is a negative friction, q. -e collapsible load transfer process
can be described as follows:

f · Sf∝ G · SG( 􏼁: τ􏼂 􏼃, (1)

where Sf is the action range of the negative friction in the
length direction of the wall. If the action distance of the
negative friction along the wall is equal to the settlement
displacement of the soil around the wall, the equation can be
written as follows:

f∝ [G: τ]. (2)

Equation (2) shows that the collapse process is formally
transformed from a physical force (gravity) to a surface force
(negative friction).

-e elastic modulus, E, and shear modulus, G, of the soil
around the wall vary in the radial direction. -e closer the
collapse is to the wall, the more energy is dissipated by plastic
deformation and the smaller the shear deformation will be
under the same shear stress.

3.3. Calculation of the Negative Friction Resistance Based on
the Load Transfer Method. In the wall with a depth of l, the
upper soil will be displaced downward relative to the wall
(the maximum, s, is at the surface), which produces negative
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Partition wall

Ground surface

Interior longitudinal wall

Exterior longitudinal wall
Excavation surface

(a)

Interior longitudinal wall

Exterior longitudinal wallPartition wall

(b)

Figure 1: Structural sketch of the lattice diaphragm wall. (a) 3D view. (b) Top view.
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friction, q, and acts on the wall, causing the end of the wall to
sink into the soil by δl; the end resistance, Qb, also plays a
role. -e soil near the end of the wall shows a positive
friction, qʹ, as shown in Figure 3(a). -e contribution of the
wall compressive deformation to the wall top displacement
under negative friction is δf (including the total displace-
ment, δ0, of the wall top sinking through deformation). -e
movement of the soil relative to the wall is zero at vertical
position ln; that is, the neutral point is located there. -e
displacement of the decomposed wall and the corresponding
lateral resistance are shown in Figures 3(b) and 3(c).

It is assumed that the interface between the wall and soil
is fully contacted, the diaphragm wall material is completely
linearly elastic and is not destroyed before reaching the
ultimate bearing capacity, and the mechanical action of the
contact surface of the wall-soil element is a spring action
model. -e equilibrium equation can be obtained by con-
sidering the microelement dz at depth z as follows:

Uqdz + N(z) + dN(z) � N(z), (3)

q � −
1
U

dN(z)

dz
. (4)

For elastic member element dz, dN(z) � EA(du(z)/dz).
Substituting this into equation (4) yields the following:

q � −
1
U

EA
d2u(z)

d2z
. (5)

Equation (5) is the transfer differential equation for the
negative frictional resistance, U is the circumference of the
wall cross section, and N (z) is the axial force of the wall at
depth z.

-e negative frictional resistance, q, is an irregular
distribution along the wall and a function of the depth, z,
defined as q(z). -e key to solving the equation is to de-
termine the functional relationship between q(z) and the
relative displacement, u(z). For this reason, many scholars
have proposed q(z)–z(u) distribution functions to improve
the calculation of the negative frictional resistance, for ex-
ample, Sato’s double-folded line model and the linear elastic
full-plastic model.

Negative frictional resistance has several unique char-
acteristics, as described as follows.

3.3.1. Neutral Point. During the generation and develop-
ment of negative frictional resistance, there always exists a
point at a certain depth below the ground at which the
relative displacement between the wall and soil is zero. -e
soil moves downward relative to the wall in the section above
this point, and the wall is subjected to a negative frictional
resistance. -e wall moves downward relative to the soil in
the section below this point, and the wall is subjected to
positive friction. -e inflection point of the wall frictional
resistance is the neutral point under the action of resistance,
as shown in Figure 4. -e neutral point has three distinct
characteristics: the relative displacement of the wall and soil
at this point is zero, the friction resistance is zero, and the

axial force is the maximum. -e main factors affecting the
location of the neutral point are the degree of immersion,
collapsibility of the soil around the wall, stress history,
stiffness of the bearing layer at the end of the wall, and
length-to-diameter ratio of the wall.

3.3.2. Time Effect of the Negative Friction Resistance.
Because the negative friction on the wall side involves set-
tlement of the soil around the wall, its development process
is affected by the completion time of the settlement. Analyses
can be performed according to the neutral point and pull-
down load.

(i) Time effect of the neutral point: the position of the
neutral point constantly changes as the wall and soil
settle. Because the settlement of the soil around the
wall and the wall itself is time-dependent, the po-
sition of the neutral point also has a time depen-
dency. Generally, the position of the neutral point
moves downward with time; however, if the settle-
ment of the soil is completed before the wall sinks,
the neutral point will move upward. Finally, when
the relative displacement of the wall and soil is stable,
the position of the neutral point also tends to be
stable.

(ii) Time effect of the pull-down load: the pull-down
load refers to the downward force exerted on the wall
by the soil around the wall as it moves downward
relative to the wall, that is, the area integral of
negative friction in the extended area of the wall. -e
pull-down load also has a time dependency. -e
pull-down load development can be divided into two
stages according to the development speed of the
negative friction. As shown in Figure 5, the process
can be described in two parts: first, the negative
friction develops rapidly with time, and the pull-
down load also increases rapidly; then, as the neg-
ative friction approaches the limit value, it increases
more gradually, and ultimately the negative friction
increases to be a stable limit value.

4. Vertical Load Transfer Mechanism of the
ALDW in a Loess Area

4.1.VerticalBearingCapacityof theLatticeDiaphragmWall in
a Loess Area. Because of its complex structure, the vertical
bearing mechanism of the ALDW is more complex than that
of an ordinary diaphragm wall. Under a vertical load, the
core soil, inner and outer longitudinal walls, and wall end
soil of the diaphragm wall in a loess area bear the upper load
together. -erefore, the vertical bearing capacity, Qu, of the
lattice diaphragm wall in a loess area is mainly composed of
five parts: the side friction, Qs, provided by the lateral soil;
negative friction,Qf, of the collapsible loess; side friction,Qsi,
provided by the core soil; negative friction, Qfi, of the col-
lapsible loess; and end resistance, Qp, of the lattice dia-
phragm wall. -e vertical bearing capacity can be expressed
as follows:

Advances in Civil Engineering 5



Qu � Qs − Qf + Qsi − Qfi + Qp. (6)

Assuming that the distribution of the lateral friction, Qs,
provided by the soil outside the lattice diaphragm wall is
similar to that of a pile foundation, the calculation equation
for the lateral friction, Qs, provided by the soil outside the
lattice diaphragm wall refers to the equation for the lateral
friction of a pile foundation.

Qs � uc 􏽘 qsikli, (7)

where uc is the outer circumference of the lattice diaphragm
wall, qsik is the standard value of the ultimate lateral friction
of the ith soil layer on the wall side, and li is the thickness of
the ith soil layer on the wall side.

-e wall end resistance, Qp, is composed of the internal
and external wall end resistance,Qpl, and the diaphragmwall
end resistance, Qpt.

Qp � Qpl + Qpt

� qplApl + qptApt,
(8)

where Apl is the section area of the internal and external
walls, qplk is the section area of the partition wall, qplk is the
allowable value of the bearing capacity of the soil at the end
of the internal and external walls, and qptk is the allowable
value of the bearing capacity of the soil at the end of the
partition wall.

-e lateral friction resistance,Qsi, of the core soil is given
as follows:

Qsi � qstAst, (9)

where qstk is the allowable bearing capacity of the soil at the
end of the wall core and Ast is the sectional area of the wall
core.

-erefore, the equation for calculating the vertical
bearing capacity of the lattice diaphragm wall in a loess area
is shown in Figure 6.

Quk � Qsk − Qfk + Qsik − Qfik + Qpk

� uc 􏽘 qsikli + qstkAst + qplkApl + qptkApt − Qfk − Qfik.

(10)

4.2. Analysis of the Load-Settlement Law of a Single Lattice
Diaphragm Wall in a Loess Area. -e load transfer analysis
methodwas proposed by Seed andRees in 1957. It was first used
to analyze the load transfer law of piles and to predict the
settlement. -is method divides the pile into several elastic
elements along the pile body. Each element simulates the
connection between the pile body and soil at the pile side as a
grounded inelastic spring.-e connection between the pile end
and the soil has also been simulated as a nonlinear spring, as
shown in Figure 7. -e load transfer method was applied for
analysis of the vertical bearing capacity of the diaphragm wall,
and the load-settlement law of a single diaphragm wall was

q′

Ft

δ l
δ 0S

l n

z

q

l

(a)

q′

δl

δ0
δs

S

q

(b)

dz qdz

N (z)

N (z) + dN (z)

(c)

Figure 3: Schematic diagram of the calculation of negative friction in a lattice diaphragm wall located in a loess area.
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Figure 4: Neutral point diagram.
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Figure 5: Two stages of pull-down load development.
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analyzed. -e vertical bearing capacity of the diaphragm wall
could then be determined, and the vertical bearing character-
istics of the diaphragm wall could be theoretically analyzed.

As shown in Figure 7, the analysis model of the diaphragm
wall includes the load on the wall top and the settlement of the
wall top. In this model, Qp and Sp are the resistances at the end
of the wall and the settlement at the end of the wall, respectively;
Q(z) and τ(z) are the load and side friction at the z section of the
wall, respectively; and δs(z) and Qf are the settlement and
negative friction caused by the loess, respectively. Assuming that
the diaphragm wall material is completely linearly elastic and
will not be destroyed before reaching the ultimate bearing
capacity, the load on the wall section at any depth z is as follows:

Q(z) � Q0 − 􏽚
τ

0
τs(z)dz + Qf. (11)

-e vertical displacement of the wall section at any depth
z is

S(z) � S0 + δs(z) −
1

EA
􏽚
τ

0
Q(z)dz. (12)

According to the equilibrium condition of the vertical
force, the governing equation under a vertical load can be
obtained from equation (5):

τ(z) �
dQ(z)

dz
+ q

�
dQ(z)

dz
−
1
U

EA
d2u(z)

d2z
.

(13)

-e compression, dS(z), of microelement dz is given as
follows:

dS(z) � −
Q(z)

EA
dz. (14)

-e basic differential governing equation of the load
transfer in the wall-soil system can be obtained as follows:

EA
d2S(z)

dz
2 − τ(z) � 0, (15)

where E is the elastic modulus of the wall and A is the cross-
sectional area of the wall.

It can be seen from equation (15) that the key to solving
the fundamental equation for the load transfer of the wall-
soil system is establishing a transfer function (τ(z) − S(z)

function) that genuinely reflects the relationship between the
lateral friction and shear displacement of the wall-soil in-
terface. In a collapsible loess area, with increasing depth, the
collapsible deformation of the soil causes relative dis-
placement of the wall-soil interface and, consequently,
negative friction on the wall side. As a result, the wall set-
tlement increases, and the bearing capacity decreases. -e
wall displacement, S(z), and wall load,Q(z), show decreasing
trends.

5. Discussion

5.1. Transfer Mechanism for the Side Friction Resistance of a
Single Assembly Diaphragm Wall. For the ALDW, because
of its high stiffness, the vertical load can be approximated as
a rigid body, exhibiting a trend of overall subsidence. -e
side friction and end resistance of the diaphragm wall de-
velop synchronously. Because the main bearing capacity of
the diaphragm wall is wall side friction, the primary focus of
the diaphragm wall load transfer mechanism is the mech-
anism of the wall side friction transmission.

Under a vertical load, the diaphragm wall and sur-
rounding soil share the upper load through the shear action
on the wall-soil interface. Under shear stress on the contact
surface, relative displacement between the diaphragm wall
and the soil occurs. Owing to the low stiffness of the soil
itself, the shear stress on the contact surface leads to certain
shear deformation of the soil around the wall. In general,
shear deformation occurs around the wall without relative
displacement between the wall and soil, which leads to a
particular settlement of the diaphragm wall. With an in-
crease in the vertical load on the wall top, the shear de-
formation of the soil around the wall further increases. -e
settlement of the ground wall increases, and the relative
displacement between the diaphragm wall and soil around
the wall increases gradually. When the vertical load reaches
the ultimate load, the diaphragmwall will lose its stability. At

Qsik Qfik Qsk Qfk

Quk
Partition wall

Longitudinal wall

Qwlk Qwlk Qwlk

Qfik QsikQskQfk

Figure 6: Diagram of the wall stress analysis.
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Figure 7: Diagram of the load transfer method.

Advances in Civil Engineering 7



this time, the possible reasons for failure of the diaphragm
wall are as follows: concrete failure of the diaphragm wall,
shear failure of the soil around the wall, and failure of the
diaphragm wall-soil interface.

-e section size of the diaphragm wall is large, and the
compressive rigidity of the concrete is usually also large.
-erefore, the possibility of concrete failure is not signifi-
cant. -e main reasons for the failure of the diaphragm wall
are described in the following.

5.1.1. Shear Failure of the Soil around the ALDW. If the shear
strength of the diaphragm wall-soil interface is high and the
mechanical properties of the soil around the wall are low, the
failure of the ground wall is often caused by shear failure of
the soil around the wall under a vertical load, as shown in
Figure 8. When the vertical load is small, there is no relative
displacement between the soil and the diaphragm wall along
their interface, and the soil around the wall bears the shear
load on the wall-soil interface. Because of the soil shear
modulus, the diaphragm wall and soil on the wall side jointly
bear the load applied on the wall top. -e shear deformation
of the soil causes settlement of the diaphragm wall. With an
increase in the vertical load, the shear load of the soil around
the wall increases, and the shear deformation also increases.
When shear failure occurs in the soil around the wall owing
to excessive shear deformation, the vertical load on the top of
the diaphragmwall cannot be increased, which indicates that
the diaphragm wall has been destroyed. At this time, it can
be considered that the failure of the diaphragmwall is caused
by shear failure of the soil around the wall, and the lateral
friction of the diaphragm wall is determined by the me-
chanical properties of the soil around the wall.

-e shear stress required for shear failure varies owing to
the different stress states of the soil around the wall at
different depths. As shown in Figure 9, the small circle
indicates the stress state of the soil around a shallow wall in
the equilibrium limit state, whereas the large circle indicates
the stress state of the soil around a deep wall in the equi-
librium limit state. Obviously, the greater the depth is, the
higher the shear stress required for shear failure of the soil
around the wall will be. Because the compression of the
diaphragm wall is minimal, the settlement of the top of the
wall is the same as the settlement of the wall, and thus it can
be considered that the shear strain of the soil around the wall
at different depths is the same. In other words, in the process
of increasing the vertical load, the frictional resistance of the
shallow wall first gives way and gradually develops to deeper
areas.

5.1.2. ALDW-Soil Interface Damage. Under vertical loads,
shear deformation of the soil around the wall may occur, and
slipping may also occur between the diaphragm wall and the
soil around the wall. When the shear strength of the interface
is not greater than the shear strength of the soil around the
wall, sliding failure of the interface between the diaphragm
wall and the soil usually precedes shear failure of the soil
around the wall. At this time, the vertical bearing capacity of
the diaphragm wall mainly depends on the mechanical

properties of the interface between the wall and the soil, and
the limit value of the wall side friction resistance has a
greater effect than that of the wall-soil interface.

During construction of the diaphragm wall, mud is
typically used to protect the wall. If the mud is thick, the
shear strength of the wall-soil interface can easily be reduced.
In addition, during excavation of diaphragm wall trenching,
the mechanical properties of the soil around the wall in a
certain range decrease to a greater extent due to the con-
struction disturbance, and the shear strength of the wall-soil
interface may also be reduced. In these two cases, the in-
ducement of the failure at the wall-soil interface is different,
but the failure mechanisms are similar.When the load on the
wall top reaches a certain level, relative slip occurs between
the ground wall and the soil around the wall, and the sliding
surface is in a vertical state, as shown in Figure 10. With an
increase in the vertical load, the relative displacement be-
tween the diaphragm wall and soil around the wall increases,
but the development of shear deformation around the wall is
not apparent. When the wall-soil interface is destroyed due
to excessive relative displacement, the load on the top of the
wall cannot continue to increase, and the wall is destroyed by
instability. At this time, it can be considered that failure of
the wall-soil interface causes the failure of the diaphragm
wall, and the lateral friction of the diaphragm wall is de-
termined by the mechanical index of the wall-soil interface.

In the process of vertical loading on the wall top, soil
shear deformation around the wall occurs, and the shear
stress at the interface of the wall and the soil around the wall
is balanced. Because the diaphragm wall sinks as a whole, the
shear strain of the soil around the wall is the same, and thus
the shear stress along the wall depth is the same at all parts of
the wall-soil interface. With an increase in the load on the
wall top, the shear stress on the contact surface between the
wall and soil at the shallow part of the wall reaches the shear
strength of the contact surface first, and relative slip along
the contact surface occurs between the shallow part of the
diaphragm wall and the soil around the wall. When the load
on the top of the wall increases further, the shear strain of the
soil around the shallow wall ceases to increase because the
shear strength of the interface of the shallow wall and the
shear strain of the deep soil continue to increase until the
shear stress on the interface between the deep wall and soil
reaches the shear strength of the interface. -erefore, it can
be considered that if the top wall load is increasing, the cause
of wall instability is sliding failure of the wall-soil interface,
and the development process is from the top of the wall to
the bottom of the wall.

If the foundation soil around the diaphragm wall is not
improved or reinforced, the surface of the diaphragm wall is
sufficiently rough, and the shear strength of the interface
between the wall and the soil is sufficiently large, shear
failure of the foundation soil around the wall is the leading
cause of the instability failure of the diaphragm wall in the
process of increasing the load on the top of the wall.

In this case, the limit value of the wall side friction is
determined by the mechanical index of the foundation soil.
In construction of the diaphragm wall, a certain thickness of
mud interlayer is formed between the wall and soil because
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of the thick mud skin, or the strength of the soil around the
wall is reduced; as a result, the shear strength of the interface
between the diaphragm wall and soil becomes weak due to
construction disturbance. -erefore, shear failure of the
interface occurs before shear failure of the soil around the
wall. In this case, as the load increases on the wall top, shear
failure of the interface between the wall and soil causes
instability failure of the ground wall. -e ultimate value of
the wall frictional resistance is determined by themechanical
index of the wall-soil interface.-e ultimate value of the wall
frictional resistance is smaller than that of the pile-side
frictional resistance when the shear failure mode occurs in
the soil around the pile.

5.2. Factor Analysis of the Vertical Bearing Behavior of a
Lattice DiaphragmWall in a Loess Area. Many factors affect
the vertical bearing behavior of a lattice diaphragm wall in a
loess area, including (1) the elastic modulus, E1, and
Poisson’s ratio, μ1, at the side of the wall; (2) the elastic
modulus, E2, and Poisson’s ratio, μ2, at the end of the wall;
(3) the cohesion, c1, and internal friction angle, φ1; (4) the
cohesion, c2, and internal friction angle, φ2, at the end of the
wall; (5) the static lateral pressure coefficient of the soil, K0;
(6) the friction coefficient of the wall-soil interface, μ, and the

allowable relative sliding, r; (6) the degree of immersion; (7)
the collapsibility grade and stress history of the soil layer
around the wall; and (8) the length-to-diameter ratio of the
wall and other factors.

5.3. Analysis of Influence of Excavation Process on Stress of
ALDW. Based on ABAQUS, a three-dimensional finite el-
ement model of multigrid diaphragm wall is established to
analyze the deformation and stress characteristics with
different excavation depth. -e simulated excavation depth
of the foundation pit is 15m, the depth of the lattice dia-
phragm wall is 30m, the thickness of the wall is 0.8m, the
spacing between the horizontal partition wall axis is 6.0m,
and the spacing between the front and rear walls is 8.0m.-e
size of the whole model is 103m× 60m× 30m (Figure 11).
Considering the influence of the construction steps on the
foundation pit supporting structure, the excavation steps are
divided into three steps when modeling; the excavation
depth of each step is 5m.

-e Mohr-Coulomb ideal elastic-plastic model is
adopted for soil constitutive model, in which the soil is
divided into three layers for calculation, and the calcu-
lation parameters of each layer are shown in Table 1. -e
diaphragm wall is made of C35 concrete with elastic
modulus of 35.1 GPa, Poisson’s ratio of 0.2, and density of
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Figure 8: Shear failure of the soil around the wall.
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different depths.
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2500 kg/m3. -e influence of groundwater is not con-
sidered in the analysis. -e following assumptions are
made in the simulation:

(1) -e drainage consolidation of soil is not considered
(2) Soil excavation is completed instantaneously without

considering time effect

If the position of the front and rear walls is shown in
Figure 12, the internal force distribution nephogram of the
step-by-step excavation lattice diaphragm wall (Figure 13)
and the shear stress distribution curve of the front and rear
walls and diaphragm wall (Figure 14) are obtained by nu-
merical calculation. -e positive value in the figure repre-
sents the tensile stress of the wall, and the negative value
represents the compressive stress of the wall. It can be seen
from Figure 13 that the internal force of diaphragm wall is
larger at the bottom than at the top of the wall, the embedded
section is larger than the excavation section, and the stress of
the front wall> the stress of the cross wall> the stress of the
back wall. -e maximum stress appears at the bottom of the
front wall, which is lower than the compressive limit of
concrete. -e stress at the top of the wall is far less than that
at the bottom of the wall, and the stress concentration
appears at the end of the front wall. After the excavation of
foundation pit, the front and rear walls move to the pit under
the action of unbalanced Earth pressure, and the soil in the
pit prevents the wall from moving laterally, so the pressure
on the embedded section of the front wall is greater.

It can be seen from Figure 14 that the shear stress of the
frontwall increases linearly along the depth direction of thewall,

and the wall is compressed.-e shear stress of the back wall and
the transverse wall changes nonlinearly along the depth di-
rection of the wall.-e cantilever section is compressed and the
embedded section is tensioned along the depth direction of the
wall. -e cantilever section of the transverse partition wall is in
tension along the depth direction of the wall, while the em-
bedded section is in compression. With the increase of exca-
vation depth, the shear stress of the front wall increases, and the
maximum shear stress is 1.56mpa. In the consolidation stage,
the compressive stress of the back wall increases linearly along
the depth of the wall. With the increase of excavation depth, the
shear stress of back wall presents “s” type distribution, the
compressive stress of cantilever section increases, and the
compressive stress of embedded section decreases. When the
excavation is 15m, the tensile stress appears at the depth of
20m.-is is due to the excavation of the foundation pit; there is
an unbalanced Earth pressure inside and outside the wall, which
makes the wall move to the inside of the foundation pit. -e
pressure of the front wall is greater than that of the back wall,
which prevents the wall from lateral displacement. At the same
time, the tensile stress of the upper part of the transverse
partition also prevents the wall from lateral displacement, so the
tensile stress appears in the wall of the embedded section. It can
be seen from Figure 14(c) that the stress of the transverse
partition wall changes in an inverse “s” curve. Along the depth
direction of the wall, the cantilever section is in tension and the
embedded section is in compression. With the increase of
excavation depth, the tensile stress of the wall increases and the
compressive stress decreases.-e stress of thewall changes from
tension to compression, because the wall is cantilever structure,
which dumps to the excavation side under the back pressure.
-e cross wall connects the front wall and the back wall and
prevents the wall from moving to the foundation pit under the
back wall gravity stress and the soil on both sides of the cross
wall. When the back wall Earth pressure is greater than the wall
side friction, the wall moves to the inside of the foundation pit,
and the cross wall is compressed. -e greater the excavation
depth, the greater the tensile stress and the smaller the com-
pressive stress. -e results show that the function of transverse
wall and back wall is the main reason why the fabricated lattice
diaphragm wall can be used for foundation pit excavation
without internal support structure.
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Figure 10: Shear failure of the wall-soil interface.
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Figure 11: Numerical calculation model of ALDW.
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Table 1: Soil layer calculation parameter.

Soil layer
number -ickness h (m) Soil weight c

(kN/m3) Cohesion c (kPa) Internal friction angle φ
(°)

Elastic modulus E
(kPa) Poisson’s ratio ]

1 6 19.4 25 18 25000 0.31
2 15 20 35 19 33000 0.35
3 39 19.3 48 22 80000 0.35

Outside of rear wall

Outside of front wall

Inside of rear wall

Inside of front wall

Figure 12: Location of front and back walls of lattice diaphragm wall.
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Figure 13: Internal force distribution of ALDW excavation. (a) Excavation of the first layer. (b) Excavation of the second layer. (c) Excavation of
the third layer.

–1600 –1400 –1200 –1000 –800
Shear stress of front wall (kPa)

–600 –400 –200 0 200

5

10

D
ep

th
 (m

)

15

20

25

30

Excavation 10m
Excavation 20m

Consolidation
Excavation 5m

(a)

–600 –500 –400 –300 –200
Shear stress of back wall (kPa)

–100 0 100

5

10

D
ep

th
 (m

)

15

20

25

30

Excavation 10m
Excavation 20m

Consolidation
Excavation 5m

(b)

–400 –300 –200 –100 0
Shear stress of diaphragm wall (kPa)

100 200 300 400 500

5

10

D
ep

th
 (m

)

15

20

25

30

Excavation 10m
Excavation 20m

Consolidation
Excavation 5m

(c)

Figure 14: Shear stress distribution curve of ALDW. (a) Shear stress of front wall. (b) Shear stress of back wall. (c) Shear stress of diaphragm wall.
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6. Conclusions

-e load transfer method was used to analyze the process of
negative friction and the transfer of collapsible displacement
of an ALDW in a collapsible loess area. A preliminary
theoretical analysis of the vertical bearing mechanism was
carried out for the ALDW in a collapsible loess area. -e
main conclusions are as follows:

(1) -e collapse process is formally expressed as the
conversion of physical force (gravity) to surface
force (negative friction). -e closer the collapse is
to the wall, the more energy is dissipated through
plastic deformation and the smaller the shear
deformation will be under the same shear stress.
-e negative friction, q, is distributed irregularly
along the wall. -e relative displacement between
the wall and soil at the neutral point is zero; at this
point, the friction resistance is zero, and the axial
force is the maximum. -e neutral position also
varies with time.

(2) -e equation for calculating the vertical bearing
capacity of a lattice diaphragm wall in a loess area
was deduced, and the load-settlement law for a single
lattice diaphragmwall in a loess area was analyzed. In
the collapsible loess area, with an increase in depth,
the collapsible deformation of the soil causes relative
displacement between the wall and soil, resulting in
negative friction resistance on the wall side and
leading to wall settlement. As the depth increases, the
load-bearing capacity decreases.

(3) By analyzing the transfer mechanism of side friction
of single assembled diaphragm wall, it is concluded
that the main failure types are shear failure of soil
around ALDW and failure of interface between
continuous wall and soil.

(4) -e factors affecting vertical bearing capacity of
ALDW in loess area mainly include the mechanical
properties of soil at side and end of wall, collapsibility
grade of soil around wall, the degree of immersion
and stress history, and the length-diameter ratio of
the wall.
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Nowadays, a huge number of shield-driven tunnels with noncircular cross sections are constructed in urban areas all around the
world. However, the ground displacements associated with tunneling still form a difficult issue, especially for noncircular tunnels.
In this study, an analytical solution is derived to estimate the ground displacements induced by the deformations of shallow
noncircular tunnels in soft ground. First, a solution for the stresses and displacements around a deep tunnel in a full plane is
formulated by imposing a specified convergence pattern over the cavity boundary. Subsequently, this solution is validated using
finite element simulations in a case study of an elliptical tunnel with four different convergence patterns. Afterward, the solution in
the full plane is extended to a half plane using the virtual image technique to estimate the ground displacements around shallow
tunnels. (e solution is also validated using finite element simulations.

1. Introduction

In the last twenty years, a variety of special-shaped shields
have been developed to build tunnels with many different
shapes and cross sections [1–7]. Compared with the most
widely used circular tunnels, noncircular tunnels are be-
lieved to have the advantage of making full use of excavated
space [8]. (us, they have been more and more frequently
employed in urban areas for transportation development.

During the construction of shallow tunnels in soft
ground, one critical concern is the ground movements as-
sociated with tunneling. At present, there have been several
methods available for predicting tunneling-induced ground
movements, including empirical methods, analytical solu-
tions, model tests, and numerical simulations [9]. Although
numerical simulations are generally powerful and elaborate,

analytical solutions are still necessary, as they are less time-
consuming and easier for practical applications compared
with other methods [6, 10]. In particular, when abundant
experiences are obtained from field observations and model
tests, analytical solutions with empirical modifications can
provide as many accurate results as numerical simulations.

Among analytical solutions, those derived from elastic
theories make up important categories. (ese elastic solu-
tions can generally be formulated by a combination of
complex variable methods [11] and some well-established
theorems, such as the Cauchy’s integral theorem [12],
Laurent’s theorem [13], and theorems on conformal map-
ping [12]. (e elastic solutions for generated stresses and
displacements around deep tunnels in rocks are mostly
derived in infinite planes by imposing a specified loading
distribution over boundaries at certain distances from
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tunnels [14–17]. However, since the tectonic stresses acting
on shallow openings are not as high as those acting on deep
openings, such pressure-controlled derivation is generally
not applicable to shallow tunnels [15]. Instead, a displace-
ment-controlled method, in which, for example, a specified
convergence pattern is imposed on the cavity of a shallow
tunnel and is employed for estimating the soil stresses and
displacements around shallow tunnels [18–24]. Sagaseta [22]
regarded the excavation of a tunnel as the radial convergence
of a small circle to the tunnel axis. (e authors of [23]
developed the study of [22] by considering the effect of
Poisson’s ratio of soil and an elliptical convergence pattern
around a tunnel boundary. (e authors of [19, 20] derived
elastic solutions for soil displacements around both deep and
shallow tunnels in clay by assuming four different conver-
gence patterns. Pinto and Whittle [21] pointed out that
tunneling-induced ground settlements depend on conver-
gence patterns that are both uniformly radial and elliptical.
Overall, it has been proven by previous studies that the
ground displacements due to the excavations of shallow
circular tunnels can be reliably calculated under appropri-
ately assumed convergence patterns around cavities.

More and more tunnels with noncircular cross sections
are constructed worldwide [25–29]. However, most of the
abovementioned solutions for tunneling-induced soil
stresses and displacements are related to circular tunnels,
giving sparse attention to noncircular tunnels. Wang et al.
[30] derived an elastic solution for shallow tunnels with
arbitrary cross sections in rock and stiff soil using the
Schwartz alternating method [31]. It is obtained by super-
imposing an infinite plane solution [32] and a half-plane
solution [33]. However, this solution is only applicable to
deep tunnels.

In this study, an elastic solution is derived to estimate the
ground displacements around shallow tunnels in soft
ground. First of all, an elastic solution in a full plane is
formulated to calculate the ground displacements around
deep tunnels with arbitrary cross sections. Afterward, it is
employed in the deep tunnels of several commonly used
shapes. Furthermore, the solution is extended to a half-plane
for shallow tunnels using the virtual image technique [22].

2. Elastic Solutions in a Full Plane

2.1.Formulations. In this section, the issue to be solved is the
soil stresses and displacements around a deep tunnel with an
arbitrary cross section in an infinite plane. It is assumed that
the cavity occupied by the tunnel is vacuum and that the
surrounding soil is homogeneous, isotropic, and linearly
elastic. Elastic solutions for soil stresses and displacements
can be obtained by following the steps as follows:

(1) Conformally mapping the glyphs in the original
domain onto the regular graphs in the mapped plane

(2) Translating the conditions of the displacement
boundary or stress boundary into a complex variable
domain using the conformal mapping technique

(3) Getting the unknown parameters of the stress
function while assuming that the stress of a point at
infinity is zero

(4) Using the available theorems, such as Cauchy’s in-
tegral theorem and Laurent’s theorem, to simplify
the stress function

2.1.1. Complex Variable Function. In the absence of body
forces, the stresses around a cavity can be solved using the
Airy stress function F as

z
4
F

zy
4 + 2

z
4
F

zx
2
zy

2 +
z
4
F

zx
4􏼠 􏼡 � 0, (1)

where x and y denote the horizontal and vertical axes, re-
spectively, in a Cartesian coordinate system, as shown in
Figure 1.

(e equilibrium can be satisfied if F meets the following
conditions [12]:

σx �
z
2
F

zy
2,

σy �
z
2
F

zx
2 ,

τxy � −
z
2
F

zxzy
,

(2)

where σx and σy are the normal stresses in the x and y
directions, respectively, and τxy is the shear stress in the x-y
plane.

(e displacements around the cavity can be expressed by
the two harmonic functions, φ(z) and ψ(z), as follows [34]:

2G ux + iuy􏼐 􏼑 � κφ(z) − zφ′(z) − ψ(z), (3)

where ux and uy are the displacements in the x and y di-
rections, respectively;G is the shear modulus of the soil; z is a
complex variable in the z-plane, z � x + iy; the constant κ is
related to Poisson’s ratio v by κ � 3 − 4v for the plane strain
problems and κ � 3 − v/1 + v for the plane stress problems,
respectively; ] is Poisson’s ratio of soil; and φ(z) and ψ(z)

are functions with respect to the variable z, which can be
determined by giving the displacement boundary conditions
around the tunnel cavity. φ′(z) and ψ(z) are the conjugates
of φ′(z) and ψ(z), respectively.

Afterward, the stresses around the cavity can be
expressed in the form of complex functions as follows:

σx + σy � 4Re φ′(z)􏼂 􏼃,

σy − σx􏼐 􏼑 + 2iτxy � 2 zφ″(z) + ψ′(z)􏼂 􏼃,

⎧⎪⎨

⎪⎩
(4)

where z is the conjugate of z and Re[.] denotes the real part
of a generic complex variable [·].

2 Advances in Civil Engineering



2.1.2. Conformal Mapping. A tunnel with an arbitrary cross
section (ellipse, circle, oval, and rectangle) in the z-plane is

transformed into a unit circular hole in the ζ-plane, as
depicted in Figure 2. (e employment of the mapping
technique z � w(ζ) yield

φ(z) � φ(w(ζ)) � φ(ζ),

ψ(z) � ψ(w(ζ)) � ψ(ζ).
􏼨 (5)

For a 2-dimensional (2D) elastic problem, the dis-
placements and stresses are expressed in terms of two
complex variable functions, φ(z) and ψ(z), with z� x+ iy and
i �

���
− 1

√
. By introducing conformal mapping and equation

(5), the generated stresses and displacements around the
tunnel cavity can be expressed as follows:

2G ux + iuy􏼐 􏼑 � κφ(ζ) −
w(ζ)

w′(ζ)
φ′(ζ) − ψ(ζ), (6)

σx + σy � 4Re
φ′(ζ)

w′(ζ)
􏼢 􏼣,

σy − σx􏼐 􏼑 + 2iτxy �
2

w′(ζ)
w(ζ)

φ′(ζ)

w′(ζ)
􏼠 􏼡

′
+ ψ′(ζ)􏼢 􏼣,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(7)

where w(ζ) is the conjugate of the complex function w(ζ), ζ
is a complex variable in the ζ-plane, ζ � ξ + iη � ρeiϑ, ξ and η
are variables of the Cartesian coordinates system in the

mapped plane, and ρ and ϑ are variables of the polar co-
ordinates system in the mapped plane.

From (7), the stress components can be obtained as
follows:

τxy � Im
1

w′(ζ)
w(ζ)

φ′(ζ)

w′(ζ)
􏼠 􏼡′ + ψ′(ζ)􏼠 􏼡􏼢 􏼣,

σx � 2Re
φ′(ζ)

w′(ζ)
􏼢 􏼣 − Re

1
w′(ζ)

w(ζ)
φ′(ζ)

w′(ζ)
􏼠 􏼡′ + ψ′(ζ)􏼠 􏼡􏼢 􏼣,

σx � 2Re
φ′(ζ)

w′(ζ)
􏼢 􏼣 − Re

1
w′(ζ)

w(ζ)
φ′(ζ)

w′(ζ)
􏼠 􏼡′ + ψ′(ζ)􏼠 􏼡􏼢 􏼣,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

where Im[·] denotes the imaginary component of the generic
complex variable [·].

Since (6) is analytic in the mapped ζ-plane, it can be
expanded in the Laurent series of σ using ζ � ρeiϑ � ρσ as
follows:

2G ux + iuy􏼐 􏼑 � 􏽘
∞

− ∞
Ake

inθ
� 􏽘
∞

− ∞
Anσ

n
� g(σ), (9)

where σ denotes a point on the unit circle in the ζ-plane.
(erefore, the coefficients Ak are determined by means of

x

y

b1

b2

z-plane

ux
uy

a2 a1

Figure 1: (e z-plane.
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the recursive relations derived from the given boundary
conditions.

(e displacement components can be obtained as
follows:

ux � Re[g(σ)] �
1
2G

Re 􏽘
∞

− ∞
Anσ

n⎡⎣ ⎤⎦,

uy � Im[g(σ)] �
1
2G

Im 􏽘

∞

− ∞
Anσ

n⎡⎣ ⎤⎦.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(10)

As shown by Muskhelishvili, the stress boundary con-
dition in the phase plane can be expressed as follows:

φ(ζ) +
w(ζ)

w(ζ)
φ′(ζ) + ψ(ζ) � i 􏽚 fx + fy􏼐 􏼑ds, (11)

where fx and fy are the surface stresses in the x and y di-
rections, respectively, where they act on the elliptical cavity
wall.

It can be verified [34] that the potentials can be written in
the form as follows:

φ(ζ) �
1

8π(1 − v)
Fx + iFy􏼐 􏼑ln ζ + Bw(ζ) + φ0(ζ), (12)

ψ(ζ) � −
3 − 4v

8π(1 − v)
􏼠 􏼡 Fx − iFy􏼐 􏼑ln ζ +(B′ + iC′)w(ζ) + φ0(ζ),

(13)

where Fx + iFy is the resultant force applied to the boundary
(which in this case is equal to zero). (e variables B, B’+ iC’,
and B’ − iC’ can be written as

B �
σ1 + σ2( 􏼁

4
, (14)

B′ + iC′ � −
1
2

􏼒 􏼓 σ1 − σ2( 􏼁e
− 2iα

, (15)

where σ1 and σ2 are the principal stresses at infinity and α is
the angle between the maximum principal direction and x-
direction.

It is assumed that the stresses vanished at infinity and on
the tunnel boundary. (us,

Fx + iFy � 0,

B′ + iC′ � 0.
(16)

By substituting (16) into (12) and (13),

φ(ζ) � φ0(ζ),

ψ(ζ) � ψ0(ζ),
􏼨 (17)

where the functions φ0(ζ) and ψ0(ζ) are single-valued and
analytic in the ζ-plane, including the point at infinity.

According to equations (6), (9), and (17),

g(σ) � 􏽘
∞

− ∞
Anσ

n
� (3 − 4v)φ0(σ) −

w(σ)

w′(σ)
􏼠 􏼡φ0′(σ) − ψ0(σ).

(18)

By taking the conjugate, then

g(σ) � 􏽘
∞

− ∞
Anσ

− n
� (3 − 4v)φ0(σ) −

w(σ)

w′(σ)
φ0′(σ) − ψ0(σ).

(19)

Equations 19 and 20 are multiplied by dσ/2πi(σ − ζ) and
integrated along the unit circle in the ζ-plane:

1
2πi

(3 − 4v) 􏽉
φ0(σ)

σ − ζ
dσ −

1
2πi

􏽉
w(σ)

w′(σ)

φ0′(σ)

σ − ζ
dσ −

1
2πi

􏽉
ψ0(σ)

σ − ζ
dσ �

1
2πi

􏽉
g(σ)

σ − ζ
dσ , (20)

1
2πi

(3 − 4v) 􏽉
φ0(σ)

σ − ζ
dσ −

1
2πi

􏽉
w(σ)

w′(σ)

φ0′(σ)

σ − ζ
dσ −

1
2πi

􏽉
ψ0(σ)

σ − ζ
dσ􏼠 􏼡 �

1
2πi

􏽉
g(σ)

σ − ζ
dσ. (21)

According to the properties of the Cauchy integral,
w(σ), w′(σ), andφ0′(σ) are analytic functions in the unit
circle.(en, w(σ)/w′(σ)φ0′(σ) is analytic in the unit circle. It
can be concluded that the second and third terms on the left-
hand side of (17) are zero and that the first term on the left-
hand side of (18) is zero. (us, it can be concluded that

φ0(ζ) � −
1

3 − 4v
􏼒 􏼓

1
2πi

􏽉
g(σ)

σ − ζ
dσ. (22)

By combining (9) and (23),

φ0(ζ) �
1

3 − 4v
􏼒 􏼓 􏽘

0

− ∞
Anζ

n
. (23)

R = 1

z = w (ζ)

z-plane ζ-plane

Figure 2: Conformal mapping of the exterior of an unlined tunnel
of any shape onto the exterior of a unit circle.
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A similar process could be performed to find ψ0(ζ),
where An are the only unknown constants in the two
complex variable functions.

2.1.3. Tunnels with Different Cross Sections. To find a so-
lution for the present problem, we first consider the
transformation of the tunnels with arbitrary cross sections,
such as ellipses, circles, oval shapes, and squares, in the z-
plane into a unit circular hole in the ζ-plane. (e trans-
formation function [35] is assumed as

z � w(ς) � R ς + 􏽘
N

n�1
anς

− n⎛⎝ ⎞⎠,

ς � ρeiθ,

(24)

where R is a real number that refers to the cross-section size
and an is a general complex coefficient satisfying |an < 1/n|

[36]. Inverse mapping is analytical, single-valued, and
nonzero in the exterior part of the curve.

In many instances, it is assumed that the physical do-
main possesses p symmetry axes and then yields

z � w(ς) � R ς + 􏽘
N

n�1
a1pnς

1− pn⎛⎝ ⎞⎠. (25)

(e tunnel cavity assigns the prescribed radial dis-
placement along its boundary, and the central position of the
curve remains unchanged after deformation. It remains
axisymmetric along the x-axis and y-axis. After deformation,
the curve can be expressed as

Z � wc(ζ) � Rc ζ + 􏽘
N

n�1
bnζ

− n⎛⎝ ⎞⎠. (26)

(e total displacement uk at the tunnel boundary can be
expressed as

u � Z − z,

� ux + iuy􏼐 􏼑,

� Rc − R( 􏼁ζ + 􏽘
N

n�1
Rcbn − Ran( 􏼁ζ − n

.

(27)

Compared with (10), the coefficient Ak is obtained as
follows:

A1 � 2G Rc − R( 􏼁

An � 0 n≥ 2

An � 2G Rcbk − Rak( 􏼁 n≤ − 1.

⎧⎪⎪⎨

⎪⎪⎩
(28)

For a cylindrical cavity of radius r in isotropic soil, the
boundary condition is solved by mapping onto a circle of a
unit radius:

z � rζ. (29)

When undergoing uniform convergence uε, the de-
formed tunnel boundary is expressed as follows:

Z � r − uε( 􏼁ζ. (30)

Considering an infinite plane containing an elliptical
tunnel cavity with a major axis 2a1 and a minor axis 2b1, the
transformation function became

z � w(ζ),

� R0 ζ + mζ − 1
􏼐 􏼑,

(31)

where R0 � (a1 + b1)/2 andm � (a1 − b1)/(a1 + b1).
Heller et al. [37] provide a mapping function for a

rectangular opening of unit width and height, K, using the
Schwarz–Christoffel integral:

z � R ζ +
1 − K

2

4
1
ζ

􏼠 􏼡 −
K

2

24
1
ζ3

􏼠 􏼡 −
K

2 1 − K
2

􏼐 􏼑

160
1
ζ5

⎛⎝ ⎞⎠ −
K

2 1 − 3K
2

+ K
4

􏼐 􏼑

896
1
ζ7

⎛⎝ ⎞⎠ + · · ·⎡⎢⎢⎣ ⎤⎥⎥⎦. (32)

Manh et al. [16] propose that, to get a smaller error for
the elastic fields at the corner of a rectangular opening, at
least 10 terms must be used in the conformal mapping
functions. Once an approximate polynomial mapping for
the origin and deformed shape of a cavity boundary is
known, the elastic solution can be determined using the
analytical method proposed in the paper. Generally, tunnel
contours comprise complex curves. To generalize these
studies, it is reasonable to simplify complicated tunnels as
unlined tunnels with elliptical outlines [38].

2.1.4. Different Deformation Patterns. It is of practical sig-
nificance to determine the coefficients of the approximate
polynomial mapping function after deformation. Taking the
elliptical tunnel as an example, four convergence patterns in
Figure 3 are assumed to describe the displacement on the
boundary of the elliptical tunnel:

B.C. − 1: uc � − u0 sin θ + t cos2 θ􏼐 􏼑, (33)

B.C. − 2: uc � − u0 1 + sin θ − (1 − t)cos2 θ􏼐 􏼑, (34)
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B.C. − 3: uc � − u0 1 + sin θ − 1 −
t

2
􏼒 􏼓cos2 θ􏼒 􏼓, (35)

B.C. − 4: uc � −
u0

4
5 + 3 sin θ − (5 − 2t)cos2 θ􏼐 􏼑,

1≤ t≤
a1

b1
.

(36)

It should be noted that the given convergence patterns
are reduced to the boundary conditions given by [19] when
t � 1 and a1 � b1.

On the boundary of the elliptical cavity in the z-plane,

zc � xc + iyc � (a cos θ + ib sin θ)

zc � xc − iyc � (a cos θ − ib sin θ)

⇒

cos θ �
zc + zc

2a
􏼠 􏼡,

sin θ �
zc − zc

2bi
􏼠 􏼡.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(37)

On the boundary of the unit circle in the ζ-plane,

ζ � e
iϑ

� σ,

ζ � e
− iϑ

� σ− 1
,

(38)

zc � R ζc +
m

ζc

􏼠 􏼡 � R σ + mσ − 1
􏼐 􏼑,

zc � R ζc +
m

ζc

􏼠 􏼡 � R σ − 1
+ mσ􏼐 􏼑.

(39)

By substituting (35) into (3),

cos θ �
R(1 + m) σ + σ − 1

􏼐 􏼑

2a
,

sin θ �
R(1 − m) σ − σ− 1

􏼐 􏼑

2bi
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(40)

F(x, y) � 2G u
0
x2

+ iu
0
y2

􏼐 􏼑 � 2Guc(cos θ + i cos θ). (41)

By substituting (31)–(34) and (38) into (39), the dis-
placement can be expressed as a polynomial of σk. (e
constant Ak is obtained through a comparison with (9). By
substituting Ak in (8), the stress components are found.

2.2. Application to an Elliptical Tunnel in a Full Plane.
Considering that an infinite plane contains an elliptical
tunnel cavity with a major axis 2a1 and a minor axis 2b1, as
illustrated in Figure 1, a uniform radial displacement (B.C.1,
t � 1) is assumed as the boundary condition for the elliptical
tunnel cavity. (e initial elliptical tunnel cavity is converged
without altering the ratio of the semimajor axis to the
semiminor axis of the elliptical tunnel cavity.

a1

a2
�

b1

b2
,

�
ρ1
ρ2

,

�
1
k

,

(42)

where a2 and b2 correspond to the current semimajor and
semiminor axes of the elliptical tunnel cavity, respectively;
ρ1, ρ2 denote the angular length of the elliptical tunnel at any
point before and after the deformation in the polar coor-
dinate system, respectively; and k is the convergence ratio.

At the boundary of the elliptical tunnel cavity,

u
0
x � − (1 − k),

x � −
(1 − k)(z + z)

2
� − (1 − k)R

(m + 1)σ +(m + 1)σ − 1
􏽨 􏽩

2
,

u
0
y � − (1 − k),

y � −
(1 − k)(z − z)

2
� − (1 − k)R

(1 − m)σ − (1 − m)σ − 1
􏽨 􏽩

2
.

(43)

By comparing (23) and (25), there are only two Fourier
coefficients for the complex variable function:

tu0/2 tu0/2 tu0/2

tu0tu0tu0

u0

u0

tu0

tu0/2

2u0 2u0

2u0

Boundary condition 1 Boundary condition 2

Boundary condition 3 Boundary condition 4

u0/2

Figure 3: Boundary conditions of the given displacement.
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A1 � 2G(1 − k)R,

A− 1 � 2G(1 − k)Rm,

Ak � 0(k> 1, k< − 1).

(44)

2.2.1. Comparison of the Solutions for the Elliptical and
Circular Tunnels. (e ratio of the semimajor and semiminor
axes of the initial elliptical cavity (a/b) is 5/4, and the soil
Poisson’s ratio equals 0.5.(e elastic solution of the elliptical
tunnel cavity and the circumscribed circular tunnel cavity
expansion shown in Figure 4 are obtained using the ana-
lytical method. (e orthoradial displacement and shearing
stress caused by the radial displacement of the circumscribed
circular tunnel cavity and elliptical tunnel cavity along the
semimajor and semiminor axis directions of the elliptical
tunnel cavity are zero.

Figure 5 shows the radial displacement variation of the
soil in relation to the distance from the center of the cavities,
normalized by the radius of the circumscribed circular
tunnel cavity. (e analytical results of the radial displace-
ment along the major and minor axes of the elliptical tunnel
cavity are compared with the results of the circumscribed
circular tunnel cavity.

It can be seen that the radial displacement of the soil
around the elliptical tunnel cavity along the major and
minor axes and circumscribed circular tunnel cavity de-
creases with the increase in the distance from the cavity’s
center and that it eventually tends to zero. (e radial dis-
placement of the soil along the major axis of the elliptical
tunnel cavity is equal to that of the circumscribed circular
tunnel cavity.

Figure 6 shows the radial and orthoradial stresses of
the soil, which are caused by the radial displacement of
the elliptical tunnel cavity and circumscribed circular
tunnel cavity in relation to the distance from the center of
the cavities. (e magnitude of the radial stress of the soil
along the semimajor axis of the elliptical tunnel cavity is
larger than the radial stress of the soil along the radial
direction of the circumscribed circular. (e radial
stresses along the semiminor axis of the elliptical tunnel
cavity are minimum. (e magnitude of the soil orthor-
adial stress induced by the radial displacement of the
circumscribed circular tunnel cavity is larger than the
soil orthoradial stress caused by the elliptical tunnel
cavity. As the distance from the cavity center increased,
the soil radial and orthoradial stresses around the el-
liptical tunnel cavity and circumscribed circular tunnel
cavity tend to zero.

When a � 4m, G � 2000 kPa, and k � 0.92 are consid-
ered, the magnitudes of the soil stress and displacement
around the cavities are very small (|σρ|< 1 kPa,

|σθ|< 1 kPa, |τρθ|< 1 kPa, |uρ|< 0.010mm), at ∼50m from
the cavity center. (at is, the influence radius of the con-
vergence of the elliptical cavity is ∼20 times that of the
semimajor axis.

2.2.2. Elastic Solutions of the Soil around an Elliptical Tunnel
Cavity Using the Analytical and Finite Element Method
Methods. To validate the accuracy of the results, the solution
is compared with a finite element method (FEM) calculation
using the ABAQUS 2D software. (e FEM model size is
1000 × 1000m, and the boundary elements were infinite
elements. Since the whole model is symmetric about the
origin point and the x, y axes, one-quarter of the whole
model is selected for comparison. (e soil’s stress and
displacement around the elliptical ellipse are compared and
analyzed. Figures 7 and 8 show the contour of the nor-
malized stresses and displacements of the soil from the
analytical solution with the FEM solution. (e selected
parameters of the elliptical tunnel cavity and soil are as
follows:

a1

H
�

5
47

,

k � 0.92,

G � 2000 kPa,

v � 0.4.

(45)

where a is the semimajor axis, k is the convergence ratio,G is
the shear modulus, and v is the soil Poisson’s ratio.

It can be seen from Figures 7(a)–7(e) that the soil
shearing stress in the directions of the x-axis and the y-axis is
zero. (ere are some differences between the values of the
vertical stresses and displacements because the boundary
condition of the ABAQUS model is finite and fixed at the
bottom.(e soil stress and displacement calculated using the
complex function method and FEM are approximately
equal, which verifies the correctness of the theoretical
method in this paper.

2.2.3. Elastic Solutions of the Soil around the Elliptical Tunnel
Cavity with Different Ellipticity Values. Figures 8(a)–8(e)
show the soil stress and displacement caused by the con-
vergence of the elliptical cavities with different ellipticity
values. From the figures, it can be seen that the ellipticity of
the cavity decreased, the soil stress in the x-axis direction of
the soil increased, and that the soil stress and displacement
in the y-axis direction decreases. Also, the soil displacement
in the x-axis direction can be seen.

3. Elastic Solutions in a Half-Plane

3.1. Virtual Image Technique. So far, the displacement fields
are considered in an infinite plane.(e ground displacement
induced by the deformation of the tunnel cavity with the
arbitrary cross section in the half-plane can be obtained
using the virtual image technique.

Figure 9 shows the diagram of the virtual image tech-
nique used in this paper. Supposing that y� 0 is the surface,
there are two convergence elliptical cavities at the points O1
(0, − h) and O2 (0, h). (en, at the surface,
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Figure 7: Continued.
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uy|y�0 � 0;

ux|y�0 � 2ux(x, h),

σy|y�0 � 2σy(x, h);

τxy|y�0 � 0.

(46)

(e boundary of the half-plane is considered to be stress-
free. (e normal stresses at the surface y � 0 are made to be
equal to zero, meaning that it is necessary to apply a reverse
force to balance the normal stress at the surface induced by
the two convergence elliptical tunnel cavities. (is problem
turns into a Boussinesq problem for the half planey≤ 0 with
the following boundary conditions:

y � 0: σy1 � − 2σy(x, 0),

τxy(x, 0) � 0.
(47)

In the case of a circular tunnel, the ground displacement
induced by the reverse vertical stress applied to the ground
surface can be solved using the Fourier formula [23]. When
the section shape of the tunnel is elliptical, the vertical stress
expression is complex, and the Fourier transform is no
longer applicable. In this paper, the numerical solution of the
surface displacement can be derived using the formula
proposed by [39].

Reference [39] uses the complex variable function and
virtual image technique to obtain the displacement caused
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Figure 7: Contours of the normalized stresses and displacements in the case of (a)/(b)� 2 as derived by the theoretical method and
ABAQUS 2D. (a) Shear stress of the soil. (b) Soil stress in the x-direction. (c) Soil stress in the y-direction. (d) Soil displacement in the x-
direction. (e) Soil displacement in the y-direction.
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by the vertical and horizontal concentrated forces at any
point in the half plane. When a unit vertical concentrated

force applies to a point m in the half plane, as illustrated in
Figure 10, the stress function becomes

φ1(z) �
iP

8π(1 − v)
log

z − ih

z + ih
􏼠 􏼡 −

iP

2π
log(z − ih) +

P

4π(1 − v)

h

z − ih
,

ψ1(z) �
iP

8π(1 − v)
(3 − 4v)log

z − ih

z + ih
+

ih

z − ih
+

ih

z + ih
􏼠 􏼡􏼢 􏼣,

−
iP

2π
log(z − ih) −

P(1 − 2v)

4π(1 − v)

ih

z − ih
􏼠 􏼡 +

P

4π((1 − v))

hz

(z − ih)
2,

(48)

2G ux + iuy􏼐 􏼑 � κφ1(z) − zφ1′(z) − ψ1(z). (49)

Similarly, the stress function is obtained when a unit
horizontal concentrated force is applied to a point m in the
half plane, as seen in Figure 10(b). Supposing that h � 0 in
(44) and (43), the surface displacement caused by the unit
force applied to the surface can be obtained.

Figure 11 shows a schematic diagram of solving the
vertical displacement method. Due to the concentrated force
P applied to the boundary, the subsidence of the point K to

the boundary (the distance from the origin is r) relative to
the subsidence of the reference point B (the distance from
the origin is s) is

η �
2P 1 − v

2
􏼐 􏼑

πE
ln

s

r
. (50)

(e relative horizontal displacement is
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Figure 8: Contours of the normalized stresses and displacements in the case of the elliptical tunnel with different ellipticity values. (a)
Shearing stress of soil. (b) Soil stress in the x-direction. (c) Soil displacement in the x-direction. (d) Soil displacement in the y-direction. (e)
Soil stress in the y-direction.
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ux � −
1 + v

πE

(3 − 4v)

4(1 − v)
ln

r
2

s
2 +

(1 − 2v)
2

2(1 − v)
􏼠 􏼡ln

r

s
􏼢 􏼣, (51)

where r is the distance from the position of the concentrated
force P to the point K and s is the distance between the
position of the concentrated force P and the reference point
B. (e method adopted in this paper is mainly to divide the
applied uneven vertical load into n parts. As shown in
Figure 10, the vertical load applied to the boundary was
symmetrical about the y-axis, and the magnitude of the
vertical load at infinity was zero. (e reference point B is the

start point of the 1st load, and point K is the start point of the
j-th load. (e settlement of point K could be expressed as
follows:

ηK � 􏽘
n

i�1

2qiΔs
πE

ln
(i − 1)Δs

(i − 1)Δs − rBK

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

rBK ≠ (i − 1)Δs,

rBK � (j − 1)Δs.
(52)

(e relative settlement of point K to the point B could be
expressed as follows:
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Figure 13: Influence of Poisson’s ratio on the horizontal and vertical displacements of ground induced by the elliptical tunnel cavity’s
deformation. (a) Vertical displacement of ground. (b) Horizontal displacement of ground.
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ηK � 􏽘
n

i�1

2qiΔs
πE

In
(i − 1)

|(i − j)|
i≠ j. (53)

(e farther the distance from the reference point B to the
origin point and the finer the load element division, the
more accurate the results.

3.2. Vertical and Horizontal Displacements Induced by the
Elliptical Tunnel. Figure 12 shows that when the buried
depth of the tunnel decreased, the ground displacement
caused by the elliptical tunnel decreased. (e vertical dis-
placement of any point on the ground in Figure 13(a) is
relative to the vertical displacement of point x � − 100. Since
the horizontal stress applied to the ground is symmetrical
about the y-axis, the horizontal displacement of the ground
should be symmetrical with respect to the origin point, and
the horizontal displacement of the origin point is zero, so the
relative horizontal displacement of any point subtracts the
horizontal displacement of the origin point can obtain the
absolute value of the horizontal displacement of the point, as
shown in Figure 13(b). It can be seen from the above two
figures that when the depth of the elliptical tunnel decreased,
the surface displacement caused by the contraction of the
elliptical tunnel gradually decreases. When Poisson’s ratio
decreases, the relative vertical displacement and horizontal
displacement of the ground caused by the elliptical tunnel
increases.

4. Conclusions

(e paper proposes an analytical method for modeling
ground displacements for the tunnels with arbitrary cross
sections in clay. (e following main conclusions are drawn:

(1) Once an approximate polynomial mapping for the
original and deformed shapes of a cavity boundary is
obtained, the elastic solution in the full plane can be
determined using the proposed analytical method in
this paper.

(2) (e magnitude of the radial stress of the soil along
the semimajor axis of the elliptical tunnel cavity is
larger than the radial stress of the soil along the radial
direction of the circumscribed circular. (e mag-
nitude of the orthoradial stress of the soil induced by
the radial displacement of the circumscribed circular
tunnel cavity is larger than the orthoradial stresses of
the soil caused by the elliptical tunnel cavity. Also,
the influence radius of the convergence of the el-
liptical cavity is 20 times that of the semimajor axis in
the full plane.

(3) A good agreement of elastic solutions is found be-
tween the analytical solutions and FEM results in the
full plane for the elliptical tunnel. As the distance
from the cavity center increases, the soil radial and
orthoradial stresses around the elliptical tunnel
cavity decrease.

(4) (e ellipticity of the tunnel cavity decreases, and the
soil stress in the x-axis direction of the soil increases.

Also, the soil displacement in the x-axis direction
and the soil stress and displacement in the y-axis
direction decrease.

(5) (e surface displacement in the half-plane can be
obtained using the virtual image technique. When
the depth of the elliptical tunnel decreases, the
surface displacement caused by the contraction of
the elliptical tunnel gradually decreases. When
Poisson’s ratio of the soil decreases, the relative
vertical and horizontal displacements of the ground
caused by the elliptical tunnel increase.

(e solution is under the assumption of elasticity and the
certain deformation at the tunnel boundary, and the sur-
charge loadings and internal forces are not considered in the
derivation. (e solution is only valid for the shallow tunnels
excavated in clay.
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*is paper studied the excavation of a foundation pit above a running subway tunnel in Hangzhou soft soil. *e zoned excavation
and top-down construction techniques were adopted to control the deformation caused by foundation pit excavation. *e
excavation was divided into four parts, named Zone A, B, C, and D. Zone A adopted temporary diagonal bracing, and the control
effect of deformation was poor; it was cancelled and changed to rapid excavation and thicker cushion in Zones B, C, and D. During
the whole construction process, the lateral displacement and settlement of the diaphragm wall, surrounding ground surface, and
building settlement were monitored and analysed. *e data showed that the lateral displacement of the diaphragm wall was
effectively reduced by the zoned excavation technique, and themaximum lateral displacement value of the diaphragmwall in Zone
A was the least; rapid excavation and reduced soil exposure time also could effectively control the deformation, and the lateral
displacement of the diaphragm wall in Zone C is less than Zone B and Zone D. *e ground settlement is strongly related to the
lateral displacement of the diaphragm wall. In order to reduce the surrounding ground and building settlements, efforts should be
made to reduce the wall lateral displacement.

1. Introduction

In recent years, the scale of Hangzhou has expanded rapidly.
*e development of underground space will cause the re-
distribution of soil stress and affect the surrounding envi-
ronment. Development in the central area of the city will
have a greater impact on nearby buildings. In order to make
full use of the land resources in the central area of the city,
the excavation depth of the foundation pit is large and the
scope of influence is wide. With the continuous maturity of
engineering technology in our country, the core contra-
diction of deep foundation pit excavation has gradually
changed from the problem of foundation pit safety to the
problem of foundation pit deformation control.

Scholars had collected a large number of excavation
cases, compared the deformation characteristics of
foundation pits under various geological conditions with
indicators such as the maximum lateral displacement of
the excavation and the maximum ground surface

settlement, and then established empirical parameters in
different regions for future design practices [1–4]. Some
scholars also conducted statistical analysis on regional
foundation pits and formed regional indicators; the
maximum lateral displacement of the foundation pit in
the hard clay soil area collected by Clough [5], Yoo [6],
Long [7], etc., was between 0.05 and 0.20% He (He was the
excavation depth of the foundation pit, omitted later). *e
maximum lateral displacement of foundation pits in soft
soil areas collected by Ou [8] and Long [7] was between
0.40 and 0.48% He.

Chinese scholars had also performed the analysis of
deformation characteristics of foundation pits. Wang [9, 10]
conducted a statistical analysis of the deformation of the
foundation pit under the condition of deep and soft soil in
the Shanghai area. It was found that the average horizontal
displacement of foundation pits in the Shanghai area was
0.26–0.50% He. Tan [11, 12] reported a large-scale deep
foundation pit in Shanghai, and the maximum lateral
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displacement ranged between 0.35% He and 0.55% He. And,
many other cases had also been reported and used in
foundation pit deformation analysis [13, 14].

*is project was located in a prosperous land in the
center of Hangzhou city. Using the top-down construction
method, the excavation depth of the foundation pit reached
23.0m.*emethod to control the deformation of the project
could be available for reference for similar projects of the
same type.

2. Project and Environmental Conditions

2.1. Project Description. *is project was located in the
Wulin Square of Hangzhou. It was a three-storey under-
ground building with no ground buildings. *e main
structure of the underground mall was about 190m long in
the north-south direction and 220m long in the east-west
direction, with the area of 36794.5m2. *e excavation depth
reached 23.0m, and the excavation depth of the section of
Line 3 reached 27.0m. *ere was a deep and weak soil layer
within the excavation area, and it ranged between 5.3m and
22.7m below the ground.

*e north side of the project was only 17.0m away from
Zhejiang Exhibition Hall, and the east side was only 30.1m
away from Zhejiang Telecom Company; the south side was
Stadium Road; the northeast corner was the subway station
Wulin Square Station. *e Metro Line 1 was built, and the
tunnel section of Metro Line 3 was constructed with the
project.

*e project was divided into two small foundation pits
by Metro Line 1. *e monitoring value of horizontal
deformation could be used to explore the control effect of
dividing a large foundation pit. During the imple-
mentation of the project, there were a large excavation and
four vertical excavations in the western zone of Metro
Line 1. So the excavation speed was relatively fast, and the
support can be formed quickly. *e influence of the ex-
cavation exposure time on the deformation of the foun-
dation pit could be studied by comparing the deformation
of the monitoring points on the east, west, and north sides
of the foundation pit.

2.2. Engineering Geological Conditions. As shown in
Figure 1, the embedment depth and representative soil
properties of typical soil profiles in different soil layers were
plotted, including the maximum, minimum, and average
values of geotechnical parameters. Note that Es0.1-0.2 was
defined as the ratio of stress change to strain change when
the stress increases from 0.1MPa to 0.2MPa in a one-di-
mensional compression test. *e soil at the excavation
depth was mainly composed of clay and silty clay, which
was weak.

2.3. Design and Construction. *e diaphragm wall of the
foundation pit of this project was 1200 mm thick. *e
horizontal support system was dominated by structural
floor slabs, and the three underground floors were
designed with temporary diagonal bracing due to the

storey height. *e thickness of the roof slab was 500 mm.
*e thickness was 300 mm for the B1 and B2 floor slabs,
and it was 1200 mm thick for the bottom slabs. *e
cushion layer was 250mm. *e diagonal brace was
supported by φ609-16 steel, supported on the corbel or
pile cap, and the diagonal brace was supported on the
bottom plate at a distance of 5.5 m from the diaphragm
wall. *e temporary diagonal brace layout is shown in
Figure 2(a).

In order to control the deformation of the diaphragm
wall of the foundation pit, a large-scale foundation rein-
forcement was carried out at the bottom of the pit which is
shown by Figure 2(b). As shown in Figure 3, the foundation
pit was divided into 4 zones.

At the beginning of the project, there were no sig-
nificant problems in the construction according to the
above construction plan, but when the construction
reached the three-storey underground floor in Zone A, it
was found that the diagonal brace needed about 40 days to
reach the design strength level. On the contrary, due to the
dense arrangement of diagonal braces, the construction
work surface was difficult to expand after the diagonal
braces were supported; the excavation efficiency was low.
After the test construction in Zone A, the support plan
was reviewed and discussed by experts. After the dis-
cussion, experts suggested to cancel the diagonal brace
and thicken the cushion layer to 300mm.

Table 1 shows the schedule of the main construction
procedures of the project.

2.4. Built Environment. As shown in Figure 3, the sur-
rounding environment of the project was complex and
many buildings were affected by excavation. *e Zhejiang
Exhibition Hall was located to the north of the project,
Hangzhou Tower and Hangzhou *eatre were located to
the west, Stadium Road was located to the south, and the
Zhejiang Association for Science and Technology Building
and Zhejiang Telecom Company were located to the east.
*e southwest and southeast corners were crossing pas-
sages, and the northeast corner was the Wulin Square
Station of Metro Line 1; the distance of these buildings
away from the excavation ranges from 17.0m to 33.2m.
*e Zhejiang Exhibition Hall and the crossing passage were
shallow foundations, and the rest of the buildings were pile
foundations.

2.5. Engineering Monitoring. In order to comprehensively
and systematically monitor the deformation and stress
changes of the project during the construction period, the
project has established a number of monitoring contents.
*e layout of monitoring points is shown in Figure 3. And,
there were 21 inclinometer pipes for ground wall incli-
nometer monitoring, 15 inclinometer pipes for soil in-
clinometer monitoring outside the wall, 63 measuring
points for ground settlement monitoring, 114 settlement
observations for surrounding buildings, and 10 holes for
groundwater level observation. *ird-party monitoring
would be monitored at a frequency of once every three
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days and would be intensively monitored during peak
construction periods and when monitoring was abnormal.
*e data in this paper was mainly based on third-party
monitoring, and construction monitoring data was re-
ferred to during peak construction.

3. Field Measurements

3.1. Lateral Displacement of Diaphragm Wall. As shown in
Figure 4(a), the measurement point with the largest de-
formation among the measurement points on each side of
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Figure 3: Layout of excavation and monitoring points.

Table 1: Construction schedule of the project.

Stage Construction activity
Period (day/month/year)

Zone A Zone B Zone C Zone D
1 Construction of diaphragm wall 1/8/2013–10/2/2014
2 Construction of pile foundation 31/1/2014–15/7/2014

3 Excavation to 2.3m below the ground and
construction of roof slabs 5/6/2014–20/1/2015

4 Excavation to 7.7m below the ground 20/1/2015–5/4/
2015

20/1/2015–26/4/
2015

20/1/2015–20/4/
2015

20/1/2015–25/4/
2015

5 Construction of B1 floor slabs 13/3/2015–24/4/
2015

1/4/2015–15/5/
2015

11/4/2015–17/5/
2015

3/4/2015–14/5/
2015

6 Excavation to 13.2m below the ground 2/4/2015–15/5/
2015

17/5/2015–15/6/
2015

2/5/2015–20/6/
2015

25/4/2015–9/6/
2015

7 Construction of B2 floor slabs 3/5/2015–3/6/
2015

9/6/2015–3/7/
2015

28/5/2015–6/7/
2015

31/5/2015–27/6/
2015

8 Excavation to 22.6m below the ground 22/5/2015–16/7/
2015

3/7/2015–4/8/
2015

10/6/2015–28/8/
2015

13/6/2015–18/8/
2015

9 Construction of B3 floor slabs 3/7/2015–8/9/
2015

23/7/2015–15/8/
2015

12/8/2015–10/9/
2015

9/7/2015–23/8/
2015

10 Construction of the slabs of excavation 28/8/2015–15/11/2015
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the diaphragm wall was selected as a typical representa-
tive. *e selected monitoring point was basically near the
midpoint of each side of the foundation pit. CX6 was the
measurement point on the west side of the foundation pit,
CX12 was the northern measurement point, CX16 was the
eastern measurement point, and CX21 was the southeast
measurement point. *e final horizontal displacement
state of each measurement point is shown in Figures 5 and
6. *e lateral displacement of CX16 was the largest,
reaching 114.19mm.

It could be seen from Figure 4(a) that the lateral dis-
placement deformation of the diaphragm wall was similar to
the “saddle shape.” *e maximum lateral displacement
position was 18.5–19m.

For the convenience of comparison, the maximum
lateral displacement value of CX16 was used as the ref-
erence value. *e maximum lateral displacement of CX6
was 95.33% of CX16. *e lateral displacement of CX12
was 98.69 mm, which was 86.43% of CX16. *e maximum
lateral displacement of CX21 in the southeast of the

foundation pit was 84.93mm, which was 74.38% of CX16
horizontal displacement.

As shown in Figure 4(b), CX11 and CX12 measuring
points had the largest lateral displacement. *e measuring
points CX9, CX10, and CX13 were relatively close to the
diaphragm wall on the west or east side of the project. *e
lateral stiffness provided by the diaphragm wall at the corner
assisted to control the deformation.

Figure 4(c) is the lateral displacement of the north side
diaphragm wall. *e lateral displacement of the diaphragm
wall on the south side was relatively balanced, and there was
no significant maximum deformation measuring point.

*e deformation characteristic on the east and west sides
was similar, so just selected the east side as Figure 4(d). CX19
measuring point on the east side was damaged during the
project implementation, so there were only 4 measuring
points on the east side. Although the maximum lateral
displacements on the east and west sides were close, the
difference was only 4.67%, but there is a significant differ-
ence in the horizontal displacement distribution along the
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Figure 6: Maximum wall deformation rate over time. (a) CX12. (b) CX16.
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side of the foundation pit. *e maximum lateral displace-
ment on the east side was larger. *e maximum lateral
displacements of CX16 and CX17 were very close, indicating
that at least 30m of the diaphragm wall in the east side had
reached a large lateral displacement.

Figure 7 is the stage incremental diagram of the lateral
displacement of the typical measurement points of the di-
aphragm wall. It could be seen that the lateral displacement
of stage 8 was significantly greater than the other stage and
ranged from 27.71% to 46.13% of the total displacement.

Since the exposure duration of CX16 in stage 6 was much
longer than the other monitoring points, the incremental
deformation of CX16 reached 23.12% of the total defor-
mation, which was significantly higher than other moni-
toring points. *e CX6 monitoring point in stage 7 had a
large deformation due to the long exposure time of the
excavation. Various construction methods should be used to
shorten the exposure duration especially excavating deep
soil layers, and it could contribute to controlling the de-
formation of the diaphragm wall.

Figure 5 is a diagram of the lateral displacement of the
diaphragm wall under various working conditions. It was
easy to know that the stage 8, which was the three-storey
underground excavation stage, was the stage with the largest
lateral displacement increment, which was significantly
larger than the other stage.

Since the excavation depth of the three underground
floors of this project was 9.1m, the excavation depth was
large and deep, so the diaphragm wall had a large defor-
mation in the stage 8. As the excavation depth gradually
increased, the location of the maximum deformation of the
diaphragm wall also gradually moved downward.

Comparing Figures 5(a) and 5(b), the exposure duration
of CX16 in stage 6 was much longer than the other mon-
itoring points, resulting in large deformation. And, the
deformation of the stage 6 reached 29.2% of the total de-
formation and was significantly greater than any other
points. *e deformation distribution of other monitoring
points was similar to that of CX12.

Figure 6 shows the distribution of diaphragm wall lateral
displacement rates during the project period. Figure 6(a)
shows the north side, and Figure 6(b) shows the east side.
*ere was a significant deformation rate peak on the north
side, which was the stage 9 that was the B3 slab construction
stage. *e maximum deformation rate was 4.95mm/d, the
maximum average deformation rate was 1.63mm/d, and the
deformation rate remained below 0.5mm/d at other times.
*ere were multiple peaks in the east side; each excavation
would cause large wall deformation; the maximum defor-
mation rate was 4.76mm/d; the maximum average rate was
1.49mm/d, but there were multiple peak deformation rates
over 0.8mm/d.

Figure 8(a) shows the relationship of the maximum
lateral displacement of the diaphragm wall and excavation
depth. Figure 8(b) shows the relationship of the location of
maximum lateral displacement and excavation depth. *e
zone division is shown in Figure 3. He represents the ex-
cavation depth of the foundation pit, Hm represents the
depth of the maximum lateral displacement, and δhm

represents the maximum lateral displacement of the dia-
phragm wall. *e lines Ave-S5, Ave-S7, and Ave-S10 in the
figure represent the average value of the lateral displacement
of all the diaphragm walls in the corresponding stage, and
the Min and Max lines were the envelope lines of the lateral
displacement of the diaphragm walls.

It could be seen that, as the excavation depth gradually
increased, the lateral displacement of the diaphragm wall
gradually increased. When the excavation reached the
bottom of the pit, the average value of the maximum lateral
displacement of the diaphragm wall reached 0.30% He. *e
maximum deformation point of the foundation pit was
CX16 in the middle of the east side. And, its maximum
lateral displacement was 0.50% He; the minimum defor-
mation point was CX4 which was the southwest of the
excavation, and the maximum lateral displacement was
0.14%He. Zone D was the east side of the foundation pit, and
the lateral displacement of Zone D was larger than the other
sides.

With the increasing of the excavation depth, the max-
imum lateral displacement depth of the diaphragm wall was
gradually increasing. *e average depth of maximum lateral
displacement of the wall under the stage 5, stage 7, and
stage10 separately was 12.04m, 13.35m, and 18.33m. *e
maximum lateral deformation depths separately were
13.50m, 14.38m, and 19.50m compared with Zone D. *e
maximum lateral displacement depths of other zones were
close to the average value, indicating that the slower exca-
vation and support in Zone D made the maximum lateral
displacement point of the diaphragm wall move down.

3.2. Settlement of Diaphragm Wall. Figure 9 shows the
settlement of the top of the diaphragm wall. Most of
monitoring points bulged upward in stage 4, indicating that
the rebound of the deep stratum caused by the excavation
and unloading of the shallow layers puts the upward stress
on the diaphragm wall and causes it to move upward. With
the continuous increasing of the excavation depth, the top of
the diaphragm wall gradually transformed into settlement.
*e settlement in the midspan area was the largest, which
also indicated that the settlement of the diaphragm wall was
mainly due to excessive lateral displacement.

3.3. Ground Surface Settlement. *e surface settlement on
the north and east sides of the foundation pit is shown in
Figures 10(a) and 10(b). *e maximum settlement point in
the northern side of the foundation pit was DC7-1, with a
maximum settlement of 71.93mm. *ere were several
monitoring points on the east side of the foundation pit that
had reached 80mm, and the maximum settlement was
86.75mm. Compared with the ratio of the lateral dis-
placement of each other, the ratio of surface settlement had
increased.

*e rapid settlement period of the surface lagged behind
the rapid development period of lateral displacement of the
diaphragm wall. *e lateral displacement rate of the dia-
phragm wall dropped quickly after stage 9, while the surface
settlement generally entered the rapid settlement period in
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the late stage 9 and kept the rate about one month, and there
was no significant settlement rate convergence in stage 10.

Figure 11 shows the relationship between the maximum
lateral displacement of the diaphragm wall and the corre-
sponding maximum settlement of the ground surface. *e
average value of the ratio of surface settlement to lateral
displacement of the foundation pit was 0.82. *e surface
settlement in Zone C was all arranged on the Stadium Road
on the south side, and the traffic flow was much larger than
other roads around the project. *erefore, the ratio of
surface settlement to lateral displacement in Zone C was
larger than others, reaching 0.90. *erefore, in addition to
the positive correlation between the surface settlement and

the lateral displacement of the adjacent diaphragm wall, it
was also related to the traffic load nearby.

3.4. Settlement of Buildings. Figures 12(a) and 12(b) are the
time history curves of the settlement monitoring points of
the buildings on the north and south sides of the Zhejiang
Exhibition Hall. F3-12, F3-13, and F3-14 were arranged on
the south steps of the exhibition hall, and the remaining
monitoring points were arranged on the wall of the exhi-
bition hall. *e monitoring data could not be updated after
the remaining monitoring points were scrapped during the
later wall decoration of the exhibition hall. *e monitoring
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points F3-12 to F3-14 were closest to the middle of the north
side of the foundation pit and were set on the steps of the
exhibition hall. And, other monitoring points were set on the
wall of the exhibition hall.

It could be seen that the maximum settlement point on
the north side of the exhibition hall was F3-1, the maximum
settlement was 22.51mm, and the settlement of this mon-
itoring point had reached 15.92mm before stage 4, and the
stage of excavation did not cause the significant settlement of
this monitoring point; the total settlement during stage 4 to
stage 10 was 8.25mm. *e conditions of the other obser-
vation points on the north side were similar.

*e settlement of the monitoring point on the south side
of Zhejiang Exhibition Hall had a greater correlation with
the excavation of the foundation pit, especially F3-12, which
was the closest to the largest lateral displacement area. *e
maximum settlement of F3-12 was 97.42mm. *e settle-
ment of F3-11 was significantly smaller than that of F3-12,
only 32.09mm. As the foundation pit construction was
completed, the exhibition hall was still undergoing rein-
forcement construction, and subsequent settlement values
could not be collected.

*e settlement of the steps was close to that of the
ground surface, and the settlement of the outer wall was
smaller, which represented the settlement of the main
structure of the exhibition hall after reinforcement.

Figure 12(c) shows the settlement of Hangzhou *eatre.
*e F1-4 and F1-5 monitoring points of the Hangzhou
*eatre were also arranged on the outdoor steps of the
building. *e settlement was larger than the other points,
reaching 16.78mm. *e settlements of F1-4 and F1-5 in the
stage 10 were 38.49% and 61.34% of the total settlement,
respectively, which were similar to the ground settlement
characteristics around the foundation pit.

*e Hangzhou *eatre was basically not affected by the
excavation of the foundation pit, which showed that the

frame structure of the pile foundation within about 30m
from the foundation pit will basically not caused harmful
structural damage due to the excavation of the foundation
pit. So the other buildings are not discussed in this paper.

3.5. Corresponding Deformation Analysis. *e exhibition
hall on the north side of the excavation was greatly af-
fected by the excavation of the foundation pit, resulting in
larger settlement. In order to study the deformation re-
lationship between the exhibition hall, the monitoring
point CX12, which was the largest deformation in the
middle of the north side foundation pit, and other
monitoring points that were closest to CX12 were selected,
which includes the inclination of deep soil monitoring
point TCX8, the surface settlement monitoring point
DC8-1, and the building settlement monitoring points F3-
3, F3-12, and F3-13.

Figure 13(a) is the deformation rate time history curve. It
is shown that when the CX12 measuring point produced a
larger deformation, other monitoring points would also have
a corresponding larger deformation rate, and the defor-
mation peaks were successively reached according to the
distance from the CX12 monitoring point. *e CX12
monitoring point was the cause of the deformation of other
monitoring points, and its maximum deformation rate was
4.89mm/d, and the maximum deformation rate of other
measuring points was between 2.5 and 3.0mm/d.

Figure 13(b) is the violin-shaped deformation rate dis-
tribution curve.*e deformation rate of CX12, except for the
extreme point, was 4.89mm/d, and the rate did not exceed
2mm at other times, and the corresponding three-time rapid
deformation distribution corresponded to three excavations.
Other monitoring points also had significant rapid defor-
mation periods, but the three excavation conditions could
not be distinguished.
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Figure 12: Settlement of nearby buildings. (a) North side of Zhejiang Exhibition Hall. (b) South side of Zhejiang Exhibition Hall.
(c) Hangzhou *eatre.
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4. Conclusions

*is paper introduces the deformation characteristics of the
diaphragm wall and surrounding environment of the deep
excavation using the top-down constructionmethod in the soft
clay area of Hangzhou. *e following conclusions are drawn:

(1) *e top-down construction method can effectively
control the deformation of the deep excavation in the
Hangzhou area. *e maximum wall lateral dis-
placement of this project was 114.19mm, and the
maximum ground settlement was 110.02mm.

(2) *e maximum lateral displacement of this project
was 0.49% He, and the maximum surface settlement
of the excavation was 0.48% He. *ere was a strong
correlation between ground settlement and lateral
displacement of the diaphragm wall.

(3) Factors such as zoned excavation, pit bottom support
method, and excavation exposure time had a greater
impact on the deformation characteristics of the
diaphragm wall. *e zoned excavation had the
greatest impact, and the exposure time of the
foundation pit had less impact

(4) *e constructions around the foundation pit of this
project had caused a certain amount of settlement
due to the excavation of the foundation pit. *e
maximum settlement is 96.31mm at the measuring
point of the south-facing steps of the exhibition hall
which was 17.0m away from the excavation, but its
main structure would not be affected after rein-
forcement; the maximum settlement during the
excavation was only 17.12mm.
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Based on complex variable theory and conformal mapping method, the paper presents full plane elastic solutions around an
unlined tunnel with arbitrary cross section in anisotropic soil. /e solutions describe soil elastic solutions for assuming that the
displacement vectors along the tunnel boundary are directed towards the center of the tunnel. Tunnels with different cross sections
are used to illustrate the method and its correctness. An elliptical unlined tunnel case is discussed in detail in the paper. Using the
image method, an approximate solution for predicting surface displacement and subsurface horizontal displacement around an
unlined tunnel in anisotropic soil can be obtained. /e results show anisotropic stiffness properties n (n � Eh/Ev) and m (m �

Gvh/Ev) have a great effect on the displacement distribution patterns around an elliptical tunnel with certain shape.

1. Introduction

Due to the complexity of metro projects, many metro shields
use varying cross-sectional shapes for the shield, such as
rectangular [1], quasi-rectangular [2, 3], elliptical, horse-
shoe-shaped, and double-O-tube [4]. Research on tunnels
with arbitrary cross sections can guide engineers in pre-
dicting ground displacement and underground
deformation.

Currently, numerous research efforts have focused on
ground displacement caused by circular shield tunnels. In
this context, four primary methods are employ-
ed—empirical formula, analytical, model test, and numerical
methods. Although numerical methods can easily identify
the elastic solution for an underground excavation, ana-
lytical methods provide important information.

Carranzatorres and Fairhurst [5] stated that closed-form
results can help engineers assess the general accuracy of
numerical analysis and provide valuable means for obtaining
insights into the general nature of a solution. Elasticity
problems can be solved by combining the complex variable
method with numerous theorems arising from analytical
functions, such as Cauchy’s integral theorem, Laurent’s
theorem, and theorems on conformal mapping [6, 7]. /ese
theories are widely used for the first fundamental problem of
deep tunnels. Bobet [8] developed analytical solutions for a
lined deep tunnel with a circular cross section in transversely
isotropic rock using the Lkehnitskii formalism [9]. Zhang
and Sun [10] derived an analytical solution for the radial
displacement of an unlined deep tunnel with an arbitrary
cross section in transversely isotropic rock using Kolo-
sov–Muskhelishvili complex potentials [11]. Exadaktylos
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[12] and Manh [13] proposed closed-form solutions for the
stress and displacement around an unlined deep tunnel with
an arbitrary cross section in elastic isotropic and anisotropic
ground, respectively. Exadaktylos [12] applied the method of
Kolosov–Muskhelishvili complex potentials, whereas Manh
[13] used Green’s theory [14–16].

Analytical solutions have been reported for displace-
ment-prescribed problems (also known as the second
fundamental problem) in the context of unlined shallow
tunnels in elastic soil. Moreover, analytical solutions have
been developed for ground movements induced by tunnels
with a circular cross section in clay by using the complex
variable method. Sagaseta [17] considered tunnel excava-
tion as the radial convergence of a point to the tunnel axis
in an elastic half plane. Verruijt [18] extended the work of
Sagaseta for arbitrary Poisson ratios and proposed an el-
liptical deformation mode for the tunnel boundary.
Sagaseta found that the deformation modes of the tunnel
boundary significantly influence the distribution of stress
and displacement at the surface and in the internal soil.
Park [19, 20] proposed four deformation patterns for
tunnel boundaries and established the analytical dis-
placement of the soil due to deep and shallow buried
tunnels in clay. Pinto [21] discussed vertical displacement
of a circular tunnel undergoing uniform radial deformation
or exhibiting an elliptical deformation mode. /e elliptical
deformation mode was verified by comparing the analytical
results with the measured results. Zymnis [22, 23] extended
the analytical solutions proposed by Pinto to account for
the cross-anisotropic stiffness properties of the soil. /ese
studies show that the ground displacement caused by ex-
cavation of a circular tunnel in clay can be accurately
predicted if appropriate soil parameters and tunnel de-
formation patterns are considered.

Using finite element analysis, Simpson et al. [24] con-
firmed that anisotropy has significant effects on both the
magnitude of the surface settlement and shape of the surface
settlement trough, whereas nonlinear behavior has only
subtle effects. Lee and Rowe [25] showed that the elastic
cross-anisotropy of soil has a significant effect on the
computed settlements above the tunnel.

Relatively few studies have focused on the displacement-
prescribed problem for a tunnel with an arbitrary cross
section in anisotropic soil. In this paper, it is assumed that
the tunnel is so long and the plane-strain condition is
employed. Full-plane elastic solutions are proposed for an
unlined tunnel with an arbitrary cross section subjected to
certain deformation modes. Several typical tunnel shapes are
used to illustrate the proposed method. To verify the ac-
curacy of this method, results for an elliptical unlined tunnel
in transversely isotropic soil with stiffness parameters that
correspond to isotropic conditions are compared with that
for isotropic soil. /e elastic solutions derived for isotropic
soil and London clay are also compared to analyze the effect
of anisotropic stiffness. Moreover, analytical solutions of
displacements in half plane are obtained by using a virtual
image technique. /e effect of stiffness parameters, n andm,
on the distribution of the predicted displacement for an
unlined elliptical tunnel is also analyzed.

2. General Equations

2.1. General Equations for Anisotropic Soil. For plane-strain
problems, the constitutive relation can be given as

εx

εy

cxy

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

�

β11 β12 β16
β12 β22 β26
β16 β26 β66

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

σx

σy

τxy

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

, (1)

where the βij coefficients can be expressed as material
stiffness parameters E1, E2, v1, v2, G2, and α0 by Zymnis [22],
for example,

β11 � cos2α0
cos2α0

E1
−

v2sin
2α0

E2
􏼠 􏼡 + sin2α0

sin2α0
E2

−
v2cos

2α0
E2

􏼠 􏼡

− E1
v1cos

2α0
E1

+
v2sin

2α0
E2

􏼠 􏼡 +
sin22α0
4G2

,

(2)

where α0 is dip angle of plane with isotropic properties; E1,
E2 are Young’s moduli of the soil in a direction parallel and
normal to the isotropic plane, respectively; v1 is Poisson’s
ratio in the plane of isotropy; v2 is Poisson’s ratio in the y′
direction due to strain in the x′ direction; and Gvh is the
shear modulus for strain in the y′ direction.

For α0 � 0,

E1 � Eh,

v1 � vhh,

E2 � Ev,

v2 � vvh,

G2 � Gvh.

(3)

/e following stiffness parameters are commonly used to
measure the anisotropy of soil:

n �
Eh

Ev

,

m �
Gvh

Ev

.

(4)

Chatzigiannelis and Whittle [21] conducted laboratory
tests on elastic anisotropic parameters for various types of
soil. /eir results are summarized in Table 1.

/e elastic parameters are further constrained by ther-
modynamic considerations [22], such as

Gvh, Ev, Eh > 0,

0< n< 4,

− 1< nhh < 1,

nhh + 2nhvnvh ≤ 1.

(5)

2.2. Compatibility Equation for Transverse Isotropy. /e
equation for equilibrium under plane-strain conditions is
given as follows:
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z
2εx

zy
2 +

z
2εy

zx
2 −

z
2
cxy

zy zx
� 0. (6)

In the absence of body forces, the stresses can be derived
from the Airy stress function F as follows:

σx �
z
2
F

zy
2,

σy �
z
2
F

zx
2,

τxy � −
z
2
F

zx zy
.

(7)

Substituting equations (1) and (6) into equation (5), we
obtain

β22
z
4
F

zx
4 + 2β12 + β66( 􏼁

z
4
F

zx
2
zy

2 + β11
z
4
F

zy
4 � 0. (8)

/e general solution can be expressed in terms of two
analytic functions F1, F2 and their conjugates:

F(x, y) � 2Re F1 z1( 􏼁 + F2 z2( 􏼁􏼂 􏼃

� F1 z1( 􏼁 + F1 z1( 􏼁 + F2 z2( 􏼁 + F2 z2( 􏼁,
(9)

where the overscript “− ” denotes the complex conjugate and
zk � x + λky, k � 1, 2 are arguments in the zk plane. /is
plane is obtained from the affine transformation as follows:

zk � xk + iyk

� x + λky,
(10)

where λk are the material eigenvalues.
By introducing equation (9) into equation (8), we can

obtain the characteristic equation of λk:

β11λ
4

− 2β16λ
3

+ 2β12 + β66( 􏼁λ2 − 2β26λ + β22 � 0, (11)

where the roots of the equation are conjugate complex
numbers, λk, λk, k � 1, 2.

New generalized complex variable functions are intro-
duced as follows:

Φk zk( 􏼁 �
dFk

dzk

,Φk
′ zk( 􏼁

�
dΦk

dzk

,

(12)

where Φk(zk) can be assumed in the form of an infinite
power series.

From equations (7) and (12), the stress components are
related to the variable functions as follows:

σx(x, y) � 2Re λ21Φ1′ z1( 􏼁 + λ22Φ2′ z2( 􏼁􏽨 􏽩,

σy(x, y) � 2Re Φ1′ z1( 􏼁 +Φ2′ z2( 􏼁􏼂 􏼃,

τxy(x, y) � − 2Re λ1Φ1′ z1( 􏼁 + λ2Φ2′ z2( 􏼁􏼂 􏼃.

(13)

Additionally, the cavity is assumed to be free of forces
along its surface. /e displacement components are deter-
mined by integrating the strain components
(εx � zu/zx, εy � zv/zy, cxy � zu/zy + zv/zx) to obtain

U(x, y) � 2Re p1Φ1 z1( 􏼁 + p2Φ2 z2( 􏼁􏼂 􏼃,

V(x, y) � 2Re q1Φ1 z1( 􏼁 + q2Φ2 z2( 􏼁􏼂 􏼃,
(14)

with

p1 � β11λ
2
1 + β12,

p2 � β11λ
2
2 + β12,

q1 � β12λ1 +
β22
λ1

,

q1 � β12λ2 +
β22
λ2

.

(15)

3. Closed-Form Solution Obtained by
Conformal Mapping

To find solutions for this problem, we first consider the
transformation of tunnels with an arbitrary cross section,
such as an ellipse, circle, or square, in the z plane to a unit
circular hole in the ζ plane, as shown in Figure 1. /e
transformation function can be assumed as

z � w(ζ)

� R ζ + 􏽘
N

n�1
anζ

− n⎛⎝ ⎞⎠, ζ � ρe
iθ

,
(16)

where R is a real number related to the size of the tunnel and
an are generally complex coefficients that satisfy |an|< 1/n
[26]./e inverse mapping function w− 1(z) is analytic, single
valued, and nonzero outside the tunnel boundary.

In many cases, it can be assumed that the physical
domain possesses p symmetry axes, which yields

Table 1: Transverse isotropic parameters of different types of soil as
reported in the literature [21].

Soil Ev (MPa) n � Eh/Ev m � Gvh/Ev vvh vhh

London clay 112 2.11 0.64 0.25 − 0.19
Gravel 305 0.51 0.3 0.25 0.18
Sand 330 0.94 0.4 0.15 0.17
Silts 300 0.79 0.78 0.06 0.29
Soft clays 80 0.86 0.33 0.34 0.3
Clays 100 1.46 0.44 0.34 0.27
Stiff clays 110 1.23 0.46 0.28 0.13
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z � w(ζ)

� R ζ + 􏽘
N

n�1
a1− pnζ

1− pn⎛⎝ ⎞⎠.
(17)

Assuming that the central position of the tunnel
boundary remains unchanged after deformation, the
boundary remains axisymmetric along the x and y axes.
After deformation, the curve can be expressed by

Z � wc(ζ),

� Rc ζ + 􏽘

N

n�1
bnζ

− n⎛⎝ ⎞⎠,

� R
Rc

R
ζ +

Rc

R
􏽘

N

n�1
bnζ

− n⎛⎝ ⎞⎠.

(18)

Because the soil is transversely isotropic, the boundary of
the tunnel in the original plane (z plane) is affine trans-
formed to cutouts in the zk planes:

zk � xk + iyk � x + λky, k � 1, 2. (19)

/e exterior region of an unlined tunnel in the zk plane
can be mapped to the exterior region of a unit circle in the ζk

plane. /e conformal mapping functions corresponding to
the original and deformed tunnel boundaries are as follows:

zk � wk ζk( 􏼁 � R 􏽘
N

n�1
cknζ

n
k + dknζ

− n
k( 􏼁,

Zk � wk ζk( 􏼁 � R 􏽘
N

n�1
gknζ

n
k + rknζ

− n
k( 􏼁, ζk

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌≥ 1, for k � 1, 2,

(20)

where the circles ζk � 1 correspond to the circle ζ � 1 and
ζk⟶∞ when ζ⟶∞.

To ensure that the transformed equations (19) and (20)
are single valued, all roots of dzk/dζk � 0 must be located
inside the unit circle |ζk| � 1, thereby giving

ζ2n
k

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 �

dkn

ckn

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
< 1,

ζ2n
k

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 �

rkn

gkn

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
< 1,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(21)

which should be located inside the unit circle. /us, one-to-
one mapping is obtained.

Using equations (17) and (20), zk can also be expressed
as

zk �
z + z

2
+ λk

z − z

2i

�
R i + λk( 􏼁 ζ + 􏽐

N
n�1 anζ

− n
􏼐 􏼑 + i − λk( 􏼁 ζ − 1

+ 􏽐
N
n�1 anζ

n
􏼐 􏼑􏽮 􏽯

2i
.

(22)

By comparing the coefficients of equations (20) and (22)
for the tunnel boundary (ρ � 1), one can obtain ckn and dkn.

Hence,

ck1 �
1 − λki( 􏼁 + 1 − λki( 􏼁a1

2
,

dk1 �
1 − λki( 􏼁a1 + 1 − λki( 􏼁

2
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(23)

For n≥ 2,

ckn �
1 − iλk( 􏼁an

2
,

dkn �
1 + iλk( 􏼁an

2
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(24)

Similarly,

gk1 �
Rc

R

1 − λki( 􏼁 + 1 + λki( 􏼁b1
2

,

rk1 �
Rc

R

1 − λki( 􏼁b1 + 1 + λki( 􏼁

2
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(25)

For n≥ 2,

gkn �
Rc

R

1 − iλk( 􏼁bn

2
,

rkn �
Rc

R

1 + iλk( 􏼁bn

2
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(26)

Φk(zk) is assumed to have the following form:

Φk zk( 􏼁 � 􏽘
N

n�1
Akn ζk( 􏼁

− n
. (27)

R = 1
R = 1

z = w (ζ)

ζ-planez-plane

ζk-planezk-plane

zk = wk (ζk)

Figure 1: Conformal mapping of a region outside an unlined
tunnel to the exterior region of a unit circle.
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/e displacement components on the tunnel boundary
can be obtained using equation (16):

U(x, y) � 2 􏽘
2

k�1
pk 􏽘

N

n�1
Akne

− inθ
+ pk 􏽘

N

n�1
Akne

inθ⎛⎝ ⎞⎠,

V(x, y) � 2 􏽘
2

k�1
qk 􏽘

N

n�1
Akne

− inθ
+ qk 􏽘

N

n�1
Akne

inθ⎛⎝ ⎞⎠.

(28)

It is assumed that the displacement vectors along the
tunnel boundary are directed toward the center of the
tunnel. /e displacement uk at the tunnel boundary can be
expressed as

uk � U(x, y) + λkV(x, y)

� 2 p1 + λkq1( 􏼁 􏽘

N

n�1
A1ne

− inθ
+ 2 p2 + λkq2( 􏼁 􏽘

N

n�1
A2ne

− inθ

+ 2 p1 + λkq1( 􏼁 􏽘

N

n�1
A1ne

− inθ
+ 2 p2 + λkq2( 􏼁 􏽘

N

n�1
A2ne

− inθ
.

(29)

/e total displacement uk at the tunnel boundary ρ � 1
can also be expressed as

uk � Zk − zk

� R 􏽘
N

n�1
gkn − ckn( 􏼁e

inθ
+ rkn − dkn( 􏼁e

− inθ
􏼐 􏼑.

(30)

Equating the coefficients for similar terms of einθ and
e− inθ in equations (29) and (30) yields

2 p1 + λkq1( 􏼁A1n + 2 p2 + λkq2( 􏼁A2n � R rkn − dkn( 􏼁,

2 p1 + λkq1( 􏼁A1n + 2 p2 + λkq2( 􏼁A2n � R gkn − ckn( 􏼁.
􏼨

(31)

/e above equations are satisfied by

A1n �
R r1n − d1n( 􏼁 p2 + λ2q2( 􏼁 − r2n − d2n( 􏼁 p2 + λ1q2( 􏼁( 􏼁

2 λ1 − λ2( 􏼁 p2q1 − p1q2( 􏼁
,

A2n �
R r1n − d1n( 􏼁 p1 + λ2q1( 􏼁 − r2n − d2n( 􏼁 p1 + λ1q1( 􏼁( 􏼁

2 λ1 − λ2( 􏼁 p1q2 − p2q1( 􏼁
,

A1n �
R g1n − c1n( 􏼁 p2 + λ2q2( 􏼁 − g2n − c2n( 􏼁 p2 + λ1q2( 􏼁( 􏼁

2 λ1 − λ2( 􏼁 p2q1 − p1q2( 􏼁
,

A2n �
R g1n − c1n( 􏼁 p1 + λ2q1( 􏼁 − g2n − c2n( 􏼁 p1 + λ1q1( 􏼁( 􏼁

2 λ1 − λ2( 􏼁 p1q2 − p2q1( 􏼁
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(32)

It can be seen that once the mapping function for the
original and deformed tunnel boundaries and the param-
eters of elastic anisotropic soil are determined, the coeffi-
cients of equation (27) can be ascertained. /e elastic
solutions around the tunnel can be obtained using equations
(12) and (13).

4. Validation of the Proposed Solution with
Known Solutions

4.1. Circular Tunnel. For a cylindrical cavity of radius R in
infinite anisotropic soil, the boundary condition can be
solved by mapping onto a circle of unit radius:

z � Rζ. (33)

/e conformal mapping function of zk can be written as

zk � R ζk + ζ − 1
k􏼐 􏼑. (34)

When undergoing uniform convergence uε, the de-
formed tunnel boundary can be expressed as

Z � R − uε( 􏼁ζ. (35)

/e conformal mapping function of zk can be written as

Zk � R − uε( 􏼁 ζk + ζ − 1
k􏼐 􏼑. (36)

When subjected to the ovalization mode uδ, the de-
formed tunnel boundary can be expressed as

Z � R ζ +
uδ

R
ζ − 1

􏼒 􏼓. (37)

/e conformal mapping function of zk can be written as
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Zk � R
1 − λki( 􏼁 + 1 + λki( 􏼁 uδ/R( 􏼁

2
ζk +

1 − λki( 􏼁 uδ/R( 􏼁 + 1 + λki( 􏼁

2
ζ − 1

k􏼠 􏼡. (38)

/e expression for the displacement can be obtained
using equations (13) and (32), which is identical to the
solution obtained by Zymnis [22].

4.2. Nonelliptical Tunnels. It is useful to determine the co-
efficients of approximate polynomial mapping functions.

/is problem has been previously addressed in literature.
Heller [27] provided the mapping function for a rectangular
opening of unit width and height K, using the Schwarz–
Christoffel integral:

z � R ζ +
1 − K

2

4
1
ζ

−
K

2

24
1
ζ3

−
K

2 1 − K
2

􏼐 􏼑

160
1
ζ5

−
K

2 1 − 3K
2

+ K
4

􏼐 􏼑

896
1
ζ7

+ ...⎡⎣ ⎤⎦. (39)

For nonelliptical holes with rounded corners, we have
the following approximate polynomial mapping functions
[28]:

z � R ζ +
1
3
1
ζ2

+
1
45

1
ζ5

􏼢 􏼣(triangle),

z � R ζ −
1
6
1
ζ3

+
1
56

1
ζ7

􏼢 􏼣(square),

z � R ζ +
1
2
1
ζ

−
1
8
1
ζ3

−
3
80

1
ζ5

􏼢 􏼣
rectangle with length
width ratio of 3.24: 1

􏼠 􏼡,

z � R ζ + 0.643
1
ζ

− 0.098
1
ζ3

− 0.038
1
ζ5

􏼢 􏼣
rectangle with length
width ratio of 5: 1

􏼠 􏼡.

(40)

Manh [13] proposed that, to reduce the error for elastic
fields at the corner of a rectangular opening, at least 10 terms
must be used in the conformal mapping functions. Once an
approximate polynomial mapping for the original and de-
formed shapes of the hole boundary is obtained, the elastic
solution can be determined using the analytical method
proposed herein.

4.3. Elliptical Tunnel

4.3.1. Solutions for an Unlined Elliptical Tunnel.
Assuming that the ratio of the semi-major and semi-minor
axes remains unchanged during uniform radial convergence
of an elliptical tunnel boundary, as shown in Figure 2, we
observe that

a1

a2
�

b1

b2

�
ρ1
ρ2

�
1
k

,

(41)

where a1, a2 are the semi-major axes of the elliptical tunnel
before and after deformation, respectively; b1, b2 are the
semi-minor axes of the elliptical tunnel before and after
deformation, respectively; ρ1, ρ2 are the extreme diameter of
any point on the elliptical tunnel before and after defor-
mation, respectively; and k is a length ratio.

For an elliptical cavity illustrated in Figure 2 in an
infinite medium undergoing uniform convergence, uxand
uy, the displacement components at the tunnel wall, can be
expressed by

ux � − (1 − k)x

uy � − (1 − k)y
, (0< k≤ 1), z � w(ζ) � R ζ + mζ − 1

􏼐 􏼑,
⎧⎨

⎩

(42)

where R � (a1 + b1)/2, m � (a1 − b1)/(a1 + b1). /e map-
ping function transforms the elliptical cavity to a unit circle
as follows:

Z � w(ζ)

� kR ζ + mζ − 1
􏼐 􏼑.

(43)

/ereafter, we introduce the following mapping func-
tions, zk(ζk) and Zk(ζk):

zk � R
1 − λki( 􏼁 + 1 + λki( 􏼁m

2
ζk +

1 − λki( 􏼁m + 1 + λki( 􏼁

2
ζ − 1

k􏼠 􏼡,

Zk � R k
1 − λki( 􏼁 + 1 + λki( 􏼁m

2
ζk + k

1 − λki( 􏼁m + 1 + λki( 􏼁

2
ζ − 1

k􏼠 􏼡.

(44)
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/e coefficients A1n andA2n can be obtained from
equation (32):

A1n �
(1 − k) q2a1 − p2ib1( 􏼁

2 p2q1 − p1q2( 􏼁
,

A2n �
(1 − k) − q1a1 + p1ib1( 􏼁

2 p2q1 − p1q2( 􏼁
,

A1n �
(1 − k) q2a1 + p2ib1( 􏼁

2 p2q1 − p1q2( 􏼁
,

A2n �
(1 − k) − q1a1 + p1b1i( 􏼁

2 p1q2 − p2q1( 􏼁
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(45)

When a1 � b1, the results can be reduced to the results
obtained by Zymnis [22].

4.3.2. Comparison with Isotropic Soil. In general, tunnel
contours comprise complex curves; thus, to generalize these
contours, it is reasonable to simplify complicated tunnels as
unlined tunnels with an elliptical outline [29]. To verify the
proposed method, we utilized approximately equal stiffness
parameters in anisotropic soil; i.e., n � Eh/Ev � 1.0, vvh

� vhh � 0.5, m � Gvh/Ev � 0.335. In addition, we compared
the stress and displacement obtained with the proposed
theoretical method with the results obtained by the method
used in isotropic soil. Figures 3(a)–3(e) compare the dis-
tribution of elastic solutions around an elliptical tunnel with
a/H � 0.1064; b/a � 0.8. /e analyses can be applied under
the assumption of incompressible behavior, when the soil is
soft clay. /e conditions for incompressibility have been
given by Gibson [27] as vvh � 0.5, vhh � 1 − 2nv2vh � 1 − (n

/2). Because the distribution of displacement does not de-
pend on the magnitude of the elliptical tunnel and the
distribution of stress does not depend on the magnitude of
the modulus, the displacement and stress fields are given by
the dimensionless coordinates, x/H and y/H. /e results for
isotropic soil are shown for x/H< 0, and the results for
transversely isotropic soil are shown for x/H> 0 in the
following figures.

Figures 3(a)–3(e) indicate that when the boundary of an
elliptical tunnel uniformly converges to the center of the
tunnel, the absolute values of the results increase as we
approach the boundary of the elliptical tunnel. Similarly, as
we move farther away from the boundary of the elliptical
tunnel, the absolute values of the results decrease more
rapidly. In all the cases, the normal stress and horizontal
displacement are symmetric with respect to the x axis,
whereas the shear stress and vertical displacement are an-
tisymmetric with respect to the y axis. Excellent agreement is
observed between the results for isotropic and transversely
isotropic soils, verifying that the anisotropic solutions ob-
tained by the analytical method proposed herein can con-
verge to the isotropic solution with appropriate stiffness
parameters.

4.3.3. Comparison of Results for Isotropic Soil and London
Clay. Gasparre [28] noted that London clay exhibits sig-
nificant anisotropy at low strain levels, i.e., <0.001%.
Figures 4(a)–4(e) compare the distribution of elastic solu-
tions around an unlined elliptical tunnel with b/a � 0.8,
obtained for the isotropic model (with ]� 0.5) and London
clay with stiffness parameters of n � Eh/Ev � 2.125;
m � Gvh/Ev � 1.125; vvh � 0.25; vhh � − 0.19. /e results for
isotropic soil are shown for x/H< 0, whereas the results for
London clay are shown for x/H> 0 in Figure 4.

Figures 4(a)–4(e) present a comparison of the analytical
solutions for isotropic soil and London clay under uniform
radial convergence deformation of an elliptical tunnel. /e
anisotropic parameters of London clay have little influence
on the horizontal stress, horizontal displacement, and shear
stress. However, a slightly faster attenuation of vertical stress
and vertical displacement with distance is observed.

5. Solutions of Ground Displacement in
Half Plane

5.1. Virtual Image Technique. /e tunnel is embedded at a
depth H from the ground surface. In accordance with the
study by Sagaseta, the groundmovements associated with an
unlined tunnel located at a depth H below the traction-free
ground surface can be approximately represented by a

z-plane

b1

a1a2

ux uyb2

x

y

Figure 2: Original and transformed (z) plane.
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Figure 3: Analytical predictions of elastic solutions with isotropic and cross-anisotropic stiffness parameters for London clay. (a) Horizontal
normal stress. (b) Vertical normal stress. (c) Shear stress. (d) Horizontal displacement. (e) Vertical displacement.
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Figure 4: Analytical predictions of elastic solutions with isotropic and cross-anisotropic stiffness properties for London clay. (a) Horizontal
normal stress. (b) Vertical normal stress. (c) Shear stress. (d) Horizontal displacement. (e) Vertical displacement.
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singularity superposition technique (Figure 5). /e dis-
placement fields caused by a point source/sink (0, − H) in a
full plane and an image source (0, +H) of equal and opposite
deformation located equidistant above the ground surface
are as follows:

u
+
(x, y) + u

−
(x, y) � U(x, y + H) − U(x, y − H),

v
+
(x, y) + v

−
(x, y) � V(x, y + H) − V(x, y − H).

(46)

/e resulting normal and shear tractions along the
bisecting line y � 0 (simulating a traction-free ground
surface) produced by two mirror images are as follows:

N
c
(x, 0) � 0

T
c
(x, 0) � − 2τxy(x, − H).

(47)

A distribution of corrective shear tractions along the
bisecting line is obtained:

T
c
0(x, 0) � − T

c
(x, 0). (48)

/e displacement results can be obtained from the
following formula:

u
c
x � 2Re p1Φ

c
1 z1( 􏼁 + p2Φ

c
2 z2( 􏼁􏼂 􏼃,

u
0
y � 2Re q1Φ

c
1 z1( 􏼁 + q2Φ

c
2 z2( 􏼁􏼂 􏼃,

(49)

where Φc
1(z1) andΦc

2(z2) are stress potential functions
produced by corrective shear tractions.

/e final expression for displacement field is determined
by combining equations (46) and (49):

u(x, y) � u
+
(x, y) + u

−
(x, y) + u

c
(x, y),

v(x, y) � v
+
(x, y) + v

−
(x, y) + v

c
(x, y).

(50)

/is expression is still an approximate solution as two
types of tunnels have not been considered.

H

H

y

x

�e local coordinate system

y1

x1

Figure 5: Schematic of the image method.
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Figure 6: Influence of anisotropic stiffness ratio (m) on ground settlement and distribution of underground horizontal displacement.
(a) Normalized ground settlement trough. (b) Normalized lateral displacement at offset, x/2R� 1.
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5.2. Effect of Anisotropic Stiffness Ratios on the Predicted
Displacement. We examined the effect of the anisotropic
stiffness parameters, n (n � Eh/Ev) and m (m � Gvh/Ev), on
the predictions of the ground settlement trough and sub-
surface horizontal displacement curves for a point offset at a
distance x � 2a from the center of the elliptical tunnel./ese
results correspond to the solutions for an elliptical tunnel
with a/H � 0.1064, b/a � 0.8, and vvh � vhh � 0.5.

Figures 6 and 7 show the effect of the anisotropic
stiffness ratios, m and n, on the normalized ground dis-
placement and underground horizontal displacement at a
reference vertical offset, x � 2a. /e results indicate that
the stiffness parameters, m and n, have a significant in-
fluence on the shape of the displacement distribution. In
Figure 7(b), uy0 is the maximum vertical ground dis-
placement calculated for varying values of the anisotropic
stiffness parameter m, with n � 1. /e point corresponding
to y � H is the peak value when m≤ 0.355, and the so-
lutions generate narrower troughs when m � 0.01. /e
shape of the displacement trough also changes for
m> 0.355, exhibiting double peaks.

In Figure 7, uy0 is the maximum vertical ground dis-
placement calculated for varying values of the anisotropic
stiffness parameter n, with m� 0.335. It can be seen that
increasing the stiffness parameter n has the opposite effect
compared with that for m. /e results indicate narrow
troughs when n≥ 1 (such as London clay), particularly for
n> 3. In contrast, for soils with n< 1, double peaks are
observed in the curves.

6. Conclusions

/is paper has proposed an analytical method for modeling
the displacement due to an unlined tunnel with an arbitrary
cross section in an anisotropic plane. For this method, the
following features are critical: (1) the original and deformed
tunnel boundaries can be written in the form of exact or
approximate polynomial mapping functions in the full
plane, and the inverse mapping function must be single
valued; (2) the solutions describe elastic solutions for soil
under the assumption that the displacement vectors along
the tunnel boundary are directed toward the center of the
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Figure 7: Influence of anisotropic stiffness ratio (n) on ground settlement and distribution of underground horizontal displacement.
(a) Normalized ground settlement trough. (b) Normalized lateral displacement at offset, x/2R� 1.
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tunnel. By introducing parameters of elastic anisotropic soil,
this method can easily provide elastic solutions for a tunnel
with an arbitrary cross section. Several examples are used to
illustrate the proposed method, and the case of an elliptical
tunnel is discussed in detail to verify the accuracy of the
proposed method in full plane. /e anisotropic parameters
of London clay have negligible influence on the horizontal
stress, horizontal displacement, and shear stress; however,
these parameters lead to a slightly faster attenuation of the
vertical stress and vertical displacement with distance.
Surface and ground displacement in half plane can be ob-
tained using a virtual image technique. Consequently, the
method developed by Zymnis [22] can be extended from a
circular tunnel to a tunnel with an arbitrary cross section.
Our results clearly show that the anisotropic stiffness pa-
rameters, m and n, significantly influence the predicted
displacement patterns for an unlined tunnel with a certain
shape (b/a) and relative embedded depth (a/H).

Appendix

A. Solution of the Stress Potential Function
Caused by Shear Stress

/e analytical solution ofΦc
1(z1),Φc

2(z2) can be obtained by
the following integrals [7]:

Φc
1 z1( 􏼁 �

1
λ1 − λ2

1
2πi

􏽚
∞

− ∞

λ2f1(ξ) + f2(ξ)

ξ − z1
dξ,

Φc
2 z2( 􏼁 � −

1
λ1 − λ2

1
2πi

􏽚
∞

− ∞

λ2f1(ξ) + f2(ξ)

ξ − z1
dξ.

(A.1)

/e normal and shear tractions are integrated along the
surface of the curve and expressed as follows:

f1(s) � − 􏽚
s

∞
N(x)dx � 0,

f2(s) � 􏽚
s

∞
T

c
0(x)dx

� 􏽚
∞

s
T

c
(x)dx.

(A.2)

Using equation (47), we find

f2(s) � 􏽚
∞

s
T

c
(x)dx,

� − 4Re 􏽚
∞

s
λ1Φ1′ z1( 􏼁 + λ2Φ2′ z2( 􏼁􏼈 􏼉dx􏼒 􏼓

� − 4Re 􏽚
∞

s
λ1Φ1′ x, − λ1H( 􏼁 + λ2Φ2′ x, − λ2H( 􏼁􏼈 􏼉dx􏼒 􏼓

� − 4Re λ1Φ1 s, − λ1H( 􏼁 + λ2Φ2 s, − λ2H( 􏼁( 􏼁.

(A.3)

Substituting the above formula into equation (A.1), we
obtain

Φc1(z) �
1

λ1 − λ2

1
2πi

􏽚
∞

− ∞

f2(ξ)

ξ − z
dξ

� −
1

πi λ1 − λ2( 􏼁
􏽚
∞

− ∞

λ1Φ1 ξ − λ1H( 􏼁 + λ1Φ1 ξ − λ1H( 􏼁 + λ2Φ2 ξ − λ2H( 􏼁 + λ2Φ2 ξ − λ2H( 􏼁

ξ − z
dξ.

(A.4)

Let us assume that the integral path of the complex
variable function is C, as shown in Figure 8. We also assume
ϕ(w) � Φk(w − λkH); ϕ(w) � Φk(w − λkH); hence, there
are two branch points wk(k � 1, 2). To obtain the branch
points for the function ϕ(w), we differentiate Φk

′(ζk) with
respect to wk

′(ζk), which yields

Φ′ w − λkH( 􏼁 �
Φk
′ ζk( 􏼁 ζk( 􏼁

wk
′ ζk( 􏼁

�
􏽐
∞
n�1 − nAkn ζk( 􏼁− (n + 1)

R 􏽐
∞
n�1 n cknζk

n− 1
− dknζk− (n + 1)􏼐 􏼑

�
􏽐
∞
n�1 − Akn

R 􏽐
∞
n�1 cknζk

2n
− dkn􏼐 􏼑

.

(A.5)
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/e branch points wk (k � 1, 2) can be determined as

wk � ± 2
�����

ckndkn

􏽱

+ λkH

�
± 2

�����
ck1dk1

􏽰
+ λkH n � 1

±
����������
1 + λ2k􏼐 􏼑anan

􏽱
+ λkH n≥ 2

, k � 1, 2.
⎧⎪⎨

⎪⎩

(A.6)

When the two branch points are located in the upper half
plane and outside the integral path, ϕ(w) is analytic in the w

plane, according to the properties of the Cauchy integral:

􏽉

C

ϕ(w)dw

w − z
� 2πiϕ(z),

􏽉

C

ϕ(w)dw

w − z
� 0,

(A.7)

􏽉
C

ϕ(w)dw

w − z
� lim

R⟶∞
􏽚

− R

R

ϕ(ξ)dξ
ξ − z

+ 􏽚
IR

ϕ(w)dw

w − z
􏼢 􏼣

� − 􏽚
∞

− ∞

ϕ(ξ)dξ
ξ − z

􏽉
C

ϕ(w)dw

w − z
,

� − 􏽚
∞

− ∞

ϕ(ξ)dξ
ξ − z

.

(A.8)

/e final result of Φc
1(z1),Φc

2(z2) can be obtained by
simplifying equation (A.4) using equations (A.7) and (A.8).
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ground loss,” Géotechnique, vol. 37, no. 3, pp. 301–320, 1987.

[18] A. Verruijt, “A complex variable solution for a deforming
circular tunnel in an elastic half-plane,” International Journal
for Numerical and Analytical Methods in Geomechanics,
vol. 21, no. 2, pp. 77–89, 1997.

Advances in Civil Engineering 13

https://www.sciencedirect.com/science/article/abs/pii/S0886779803000348
https://www.sciencedirect.com/science/article/abs/pii/S0886779803000348
https://www.sciencedirect.com/science/article/abs/pii/S0886779803000348


[19] K. H. Park, “Elastic solution for tunneling-induced ground
movements in clays,” International Journal of Geomechanics,
vol. 4, no. 4, pp. 310–318, 2004.

[20] K.-H. Park, “Analytical solution for tunnelling-induced
ground movement in clays,” Tunnelling and Underground
Space Technology, vol. 20, no. 3, pp. 249–261, 2005.

[21] F. Pinto and A. J. Whittle, “Ground movements due to
shallow tunnels in soft ground. I: analytical solutions,” Journal
of Geotechnical & Geoenvironmental Engineering, vol. 140,
no. 4, Article ID 04013040, 2013.

[22] D. M. Zymnis, I. Chatzigiannelis, and A. J. Whittle, “Effect of
anisotropy in ground movements caused by tunnelling,”
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Géotechnique, vol. 20, no. 3, pp. 271–276, 1970.

[27] R. E. Gibson, “/e analytical method in soil mechanics,” Ge
´otechnique, vol. 24, no. 1, pp. 115–140, 1974.

[28] A. Gasparre, S. Nishimura, N. A. Minh, M. R. Coop, and
R. J. Jardine, “/e stiffness of natural London clay,”
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Earth pressure balance or slurry shield tunnelling will squeeze the subsoils and lead to lateral outward ground displacement.
However, current methods to estimate the shield tunnelling-induced ground displacements generally use the methods based on
the face unsupported tunnelling (e.g., New Austrian tunnelling and open shield excavation), which cannot predict the lateral
ground movement due to shield tunnelling. In this paper, a novel simplified analytical method is proposed to predict the ground
lateral displacement during the shield advancing process. -e key shield tunnelling operation factors, including the additional
pressure of cutter head, the friction forces around shield body, the back-fill grouting pressure, and the soil volume loss are all
considered. -e lateral ground displacements induced by the four former factors are calculated by using Mindlin’s solutions. -e
soil volume loss-induced lateral ground displacement is calculated by employing the expression introduced by Pinto andWhittle.
Combining with the displacement obtained from all the factors, the analytical method for lateral ground displacement induced by
shield tunnelling is obtained. -e applicability of the proposed analytical approach is verified with three well-documented case
histories involving slurry shield and EPB shield machines.

1. Introduction

Earth pressure balance (EPB) or slurry shield tunnelling
technology has advantage of rapid construction efficiency
and minor environment disturbance, which is widely used
in metro tunnel construction in densely urban area.
However, the shield tunnelling method is kind of a face
pressured tunnelling method, which will squeeze the
ground and lead to large horizontal ground displacement.
-e ground movement mechanisms associated with shield
tunnelling are totally different from the face unsupported
tunnelling, such as New Austrian tunnelling and open
shield excavation, in which the inward ground movements
are usually observed because of none face pressure or
grouting pressure imposing on the excavation face.
-erefore, accurate evaluation of the shield tunnelling-
induced ground deformation is vital before assessment of
the adverse effects on adjacent buildings and the nearby

underground utilities (e.g., shallow foundations, exiting
tunnels, piles, and gas pipelines).

During the last decades, various approaches have been
established for predicting the ground deformation associ-
ated with space unsupported tunnelling methods, namely,
empirical method, analytical method, and finite-element
method [1–11]. Peck [1] and Attewell and Woodman [2]
indicated that the ground surface movement profile-induced
tunnel excavation can be empirically described using
Gaussian distribution curve. Mair et al. [3] and Fang et al. [4]
further modified and improved the Peck formula and ap-
plied to predict the subsurface settlement caused by tunnel
excavation. In recent years, lots of analytical methods have
been established to predict the tunnelling-induced dis-
placements. Sagaseta [5] and Verruijt and Booker [6] pre-
sented closed-form solutions for three-dimensional soil
movements induced by tunnelling-caused soil loss in iso-
tropic incompressible ground and compressible ground,
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respectively. Loganathan and Polous [7] redefined equiva-
lent ground loss and proposed a new analytical method to
calculate the vertical and lateral soil movements in non-
uniform convergence pattern. Bobet [8] and Osman et al. [9]
deduced a series of solutions for two-dimensional soil
movements based on the elasticity theory. -e above-
mentioned analytical solutions are more suitable for esti-
mating the ground movement associated with face
unsupported tunnelling. Franza and Marshall [10] proposed
empirical and semianalytical methods for evaluating the
ground settlements induced by tunnelling in sands. Zhang
et al. [11] proposed a closed-form elastic analytical solution
for prediction of the tunnelling-ground displacement.
However, the detailed observations from San Francisco [12],
London [13], Shanghai [14], France [15], and Taipei [16]
indicated that heaves and outward ground movements were
always observed during tunnel excavation by using the
advanced shield tunnelling methods (EPB and slurry shield
machines). -e main reason for the difference is due to the
mechanization of shield tunnelling procedures. During the
shield tunnelling, the subsoil is excavated by rotating cutter
head. -en, the shield moves forwards by hydraulic jacks.
Finally, back-fill grouting is carried out to fill the con-
struction gap. All the procedures may lead to ground dis-
placement which makes the ground movement pattern quite
different from that of conventional tunnelling. -erefore, a
suitable analytical method is urgently needed to reliably
predict ground displacements due to shield tunnelling.

With the development of computer technology, the
nonlinear finite-element analysis (FEA) has been carried out
to simulate the entire tunnelling excavation process. Lee and
Rowe [17] performed a 3D elastoplastic FE analysis to in-
vestigate the effects of shield tunnelling on the surface and
subsurface ground movements. Dias and Kastner [15]
established 3D finite-element models to simulate the slurry
shield excavation processes in tunnel projects in France and
China, respectively. Undoubtedly, the FEA is a direct
method to model the 3D soil deformations, as well as
tunnelling stages. Yiu et al. [18] explored the masonry
building responses to shallow tunnelling using 3D
finite-element modelling. Zhang et al. [19] established a 3D
fluid-solid coupling finite-element model to investigate the
unexpected ground settlement when the shield machine
advanced from the low-permeability ground to the high-
permeability ground.

In this paper, a novel simplified analytical method is
proposed to predict the lateral ground displacements caused
by shield tunnelling in soft ground.-e key shield tunnelling
operation parameters such as additional pressure of cutter
head, the frictions around shield shell, the grout injection
pressure, and the soil volume loss are taken into account in
the proposed method to consider the shield tunnel con-
struction performance. -e proposed analytical method is
verified against three well-documented case histories in San
Francisco tunnel, Shanghai Metro Line-2 tunnel, and France
Vaise subway tunnel.

2. Simplified Analytical Method for Predicting
Lateral Ground Movement Induced by
Shield Tunnelling

-emechanism of the interaction between shield tunnelling
excavation and soil surrounding is highly complex. -e
ground deformation is mainly influenced additional pres-
sures of cutter-head q, frictions around shied shell skin f, the
tail grouting pressure p, and the soil volume loss vl during
shield machine advancing. -erefore, the four main influ-
encing factors are considered in the proposed method.
Figure 1 shows the mechanical model of shield tunnelling in
ground. -e lateral ground displacements induced by the
variants of q, f, and p are estimated by using Mindlin’s
solutions [20]. -e analytical solutions suggested by Pinto
and Whittle [21] are applied to compute the lateral ground
displacements caused by the soil volume loss vl. Finally, the
total lateral displacements can be estimated by superposing
the results calculated by these separated variants. In the
proposedmethod, the lateral displacement induced by shield
tunnelling at transversal and longitudinal directions is
considered.

Shield machine usually advances at a shallow depth, and
the ground displacements caused by the variants q, f, and p
are typical semi-infinite problems. Correspondingly, semi-
infinite Mindlin’s solutions [20] are selected to calculate the
ground displacements caused by the variants q, f, and p in
this analysis. A concentrated force ph parallel to the surface
boundary acting at a point in the interior of a half-space is
shown in Figure 2.

-e response of lateral displacements at both longitu-
dinal and transversal directions to the horizontal concen-
trated force Ph is expressed as follows:
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Figure 1: Mechanical model of shield tunnelling in soft ground.
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where vh and uh are the lateral displacements in longitudinal
and transversal directions, respectively. μ is Poisson’s ratio;

G is the shear modulus. R1 �

����������������
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+ (z′ − c)2
􏽱

,
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+ (z′ + c)2
􏽱

.

2.1. Lateral Ground Displacements Induced by the Additional
Pressure of Cutter-Head q. Figure 3 shows the sketch of
integration of additional pressure of cutter head. -e lateral
displacements at both longitudinal and transversal direc-
tions induced by additional pressure of cutter-head q are
obtained by integrating (1) and (2), respectively:
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where u1q and v1q are the lateral displacements at both
longitudinal and transversal directions, respectively; R is the
radius of cutter head; R1 and R2 can be expressed as

R1 �

��������������������������������

x2 + (y − r cos θ)2 + (z − H + r sin θ)2
􏽱

and R2 �
��������������������������������

x2 + (y − r cos θ)2 + (z + H − r sin θ)2
􏽱

, respectively.
-e additional face pressure q is assumed to be dis-

tributed uniformly at the cutter head. For a tunnel con-
structed by a slurry shield tunnel machine, the additional
pressure of cutter-head q can be regarded as the difference
between the measured slurry pressure psl and the in situ
earth pressure at rest K0cH at the depth of tunnel axis:

q � psl − K0cH, (4)

where K0 is the coefficient of lateral earth pressure at rest; c

and H are the representative unit weight and the depth from
the ground surface to the spring-line of the tunnel,
respectively.

However, for tunnel constructed by an EPB machine,
Standing et al. [22] found the ground moved outward was
measured and the pore-water pressures continuously in-
creased in spite of the fact that the measured earth pressures
at the soil chamber were significantly lower than the earth
pressure at rest. Standing et al. [22] indicated that the actual
normal stresses at cutter head were much larger than the
measured earth pressure at the soil chamber. -is phe-
nomenon can be interpreted as ground squeezing effect
caused by the rotating cutter head of EPB machine [23].
Taking the key cutting parameters and ground conditions
into consideration, Wang [23] presented a theoretical

solution to calculate the squeezing normal stress ahead of the
cutter head. In this study, the squeezing normal stress is
taken as the additional pressure of the cutter-head q:

q �
10.13(1 − μ)Euπ](1 − ξ)

2

(1 + μ)(3 − 4μ)Dkw
+ Δp′, (5)

where Eu is undrained Young’s modulus of soil; v is the
driving rate of the shield; ξ is the open ratio of the cutter
head; D is the diameter of the cutter head; k is number of the
blind slots; w is the angular speed; and Δp′ is the squeezing
pressure at the opening of cutter head, ranging from 10 kPa
to 20 kPa.

-e operation parameters, such as the driving rate v and
the rotating rate w, are continuously recorded during the
advancing. Undrained Young’s modulus of soil Eu in clayey
ground can be obtained by the approximately relation be-
tween Eu and the undrained shear strength cu as Eu � 350 cu
[24].

2.2. Lateral Ground Displacements Induced by the Frictions
around Shield Body f. -e frictions around shield body f are
generated by the interaction between themoving shield body
and the contacted soils. As shown in Figure 4, it is assumed
that the frictions around shield body f are distributed
uniformly in the longitudinal direction along the shield
body, but nonuniformly around the shield periphery. -e
lateral ground displacements at longitudinal and transversal
directions induced by the frictions around shield body f are
obtained by integrating (1) and (2), respectively, as follows:
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where L is the length of shield shell; u2f and v2f are the
lateral ground displacements in the longitudinal and
transversal directions, respectively; R1 is equal to�������������������������������������

(x + l)2 + (y − R cos θ)2 + (z − H + R sin θ)2
􏽱

; R2 is equal

to
�������������������������������������

(x + l)2 + (y − R cos θ)2 + (z + H − R sin θ)2
􏽱

.
-e friction around shield body f is estimated by

f � τsr

� βsσθ tan δ,
(7)

where τsr is the residual shear force at the pile-soil interface;
βs is the softening coefficient, which is defined as the ratio of
the residual shear force τsr to the ultimate shear force τu at
the steel-soil interface. Its value varies from 0.83 to 0.97 for
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Figure 3: -e sketch of integration of additional pressure of cutter head.
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Figure 4: -e relation of the global and local coordinate system and the sketch of frictions around the shield body.

Advances in Civil Engineering 5



soft soils [25]. δ is the interior angel between the shield shell
and the contacted soils, which is presented in Table 1 based
on Alonso et al.’s [26] interface shearing experiments.

σθ is the normal stress acting on the shield body:

σθ � σvsin
2θ + σhcos

2θ, (8)

where σv and σh are the vertical and horizontal effective
stresses acting on the shield body, respectively:

σv � σt − cR sin θ,

σh � K0σv,
(9)

where σt is the vertical earth stress at the shield axis.

2.3. Lateral Ground Displacements Induced by the Tail
Grouting Pressure p. As the shield moves forward, the
grouting materials are injected synchronously to fulfill the
annual void between the segmental lining and the excavation
face. -e back-fill grouting can effectively prevent the
ground moving into the annual void. However, when the tail
grouting pressure p is larger than the in situ earth pressure
(both vertical and horizontal), the surrounding ground will
be pushed away laterally and ground upheaval and outward

displacements occur. -erefore, the effects of tail grouting
on the ground movements should be considered.

Figure 5 illustrates the calculation model of the lateral
ground displacements induced by the tail grouting pressure
p. It is assumed that the grouting pressure distributes
uniformly around the shield tail periphery and the grouting
length is equal to the width of the segmental lining. In reality,
the tail grouting pressure p is continuously monitored
during the shield advancing.

It is noted that the grouting pressure has little influence
on the lateral ground displacement at longitudinal direction.
-erefore, lateral ground displacement at longitudinal di-
rection is not considered in this analysis. Based on Mindlin’s
solutions, the lateral displacements at transversal direction
are obtained as follows:
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where S is the influencing length of grouting. As mentioned
above, S is taken as the width of segmental lining. R1 is equal

to
����������������������������������������
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.

2.4. LateralGroundDisplacements Induced by the SoilVolume
Loss vl. Many studies have been proposed to estimate the
lateral soil displacements associated with tunnelling-in-
duced soil losses [7–11]. However, all of these methods offer

two-dimensional solutions, which are unable to capture the
three-dimensional behavior of soil deformations associated
with shield tunnelling. In this study, three-dimensional
analytical solutions introduced by Pinto andWhittle [21] are
applied to predict the lateral ground displacements.

Assuming the soil volume loss distributed uniformly
along the tunnel axis, Pinto and Whittle [21] deduced three-
dimensional closed-form solutions for ground displace-
ments induced by the soil volume losses. -e lateral ground
displacement solutions in both longitudinal and transversal
directions of shield advancing are given as follows:

u4vl
�

vl

4π
1

R11
+

(3 − 4μ)

R22
−
2z(z − H)

R22
3􏼨 􏼩, (11)

v4vl
�

vl

4π
y R11 − (x + L)􏼂 􏼃

r
2
1R11

+
(3 − 4μ)y R22 − (x + L)􏼂 􏼃

r
2
2R22

+
yz(z + H) 2(x + L) 3R

2
22 − (x + L)

2
􏽨 􏽩 − 4R

3
22􏽮 􏽯

r
4
2R

3
22

⎧⎨

⎩

⎫⎬

⎭, (12)

where u4vl
and v4vl

are the lateral ground displacements in
both longitudinal and transversal directions of shield ad-
vancing, respectively; vl is the soil volume loss, vl � 2πRuε,

where uε is the distance between the segmental lining and the
excavated soils in uniform convergence pattern. -e cor-
relation between the soil volume loss vl and the ratio of soil

Table 1: -e value of interface friction angle δ between different
soils and smooth steel material.

Type of soils Interface angel
Clays 6.5°∼9° or 0.55∼0.56 ϕ′∗

Sands 23.5°∼24° or 0.55∼0.64 ϕ′∗

Clayey gravel 7.5°∼9.5° or 0.44∼0.58 ϕ′∗

∗ϕ′ is the effective interior angle of soil.
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loss vloss is vl � vloss · πR2
t , where Rt is the radius of tunnel

lining; r1 is
������������
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.
However, for the real situation, the presence of the shield

body will significantly prevent the deformations trans-
forming from the overexcavated soil volume loss around the
tail. -us, the longitudinal lateral displacements induced by
the soil volume loss (12) around the shield tail are assumed
as zero.

2.5. Total Lateral Ground Displacements Induced by Shield
Tunnelling. Combining the lateral ground displacements
induced by the additional pressure of cutter-head q, the
frictions around shield body f, the tail grouting pressure p,
and the soil volume loss vl during shield advancing, the
analytical solutions for predicting the lateral ground dis-
placements in both longitudinal and transversal directions
are obtained, respectively. -ey can be expressed as

u � u1q + u2f + u4vl
,

v � v1q + v2f + v3p,
(13)

where u and v are the lateral ground displacements in
longitudinal and transversal directions, respectively.

3. Cases Studies

-ree previously published well-documented case histories
are selected to assess the applicability of the proposed an-
alytical solutions in this section. -e measured field data, as
well as FEA results, are compared with the predicted results.

3.1.Case 1: SanFranciscoTunnelN-2Contract. A 3.7m outer
diameter earth pressure balanced shield with 5m long was
employed to the San Francisco Clean Water tunnel project
N-2 contract. A 917m long, 3.55m outer diameter tunnel
was constructed in soft, saturated, and low-strength and
permeability Bay Mud clay. Field instrumentation program
was carefully conducted to observe the response of the
ground during and after shield advancement. -is well-

documented project provides a unique opportunity to study
the lateral ground responses to shield construction. -e
predictions of the longitudinal lateral ground displacements
are compared with the measured results, as well as the FEA
simulation results.

A subsoil profile is shown in Figure 6. As shown in
Figure 6, the tunnel axis was located at the depth of 10.9m
below the ground surface, which was entirely in the soft
saturated stratum, known as recent Bay mud. -e overlying
and underlying strata were rubble fill with intermediate
density and sandy colluvial soil, respectively. Detailed de-
scription of the site conditions and the shield tunnelling
operation can be referred to Finno and Clough [27] and
Clough et al. [12].

Some related parameters obtained from the Finno and
Clough [27] are given as follows: based on the site inves-
tigation and laboratory tests, the average unit weight of the
ground, including the fill ground and the Bay mud, can be
taken as 17.6 kN/m3. -e undrained shear strength su of
recent Bay mud is 24.3 kPa at the top of layer and increases
linearly with depth at 0.63 kPa/m. -e shear modulus G is
taken 3.24MPa for recent Bay mud, which is approximately
about 120 times of undrain shear strength su according to
Hashimoto et al.’s [24] study. Undrained Young’ modulus Eu
is about 9.72MPa according to Eu � 2(1 + u)G. Poisson’s
ratio u is assumed to be 0.5 for the undrained conditions of
the soft recent Bay mud clay. -e opening ratio of the
applied EPB shield ξ and the number of blind slots k are
assumed to be 30% and 3, respectively [27]. -e average
driving rate v is 9.1m/day. -e coefficient of earth pressure
at rest K0 is assumed to be 1.-e angular speed w is assumed
to be 3.6πrad/min. -e softening coefficient β and the in-
terface interior angle δ are taken as 0.9 and 9°, respectively.
-us, the calculated additional pressure of cutter head is
about 24.5 kPa. Respecting that the grouting is inefficient in
this project, the effects of the tail grouting on the ground are
ignored in calculation.

-e predicted and observed longitudinal horizontal
displacements at 1.22m and 2.44m front of the shield face
are plotted in Figures 6(a) and 6(b), respectively. It is found
that the predictions at different distances at the front of the
tunnel face are generally in good agreement with the field
observations as well as the FEA results, although the pre-
dicted results are slightly larger than the observations below
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Figure 5: -e sketch of integration of the grouting pressure.
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and above the tunnel lining level. It may be attributed to the
site conditions where the overlaid rubble fill ground and
underlaid colluvial soils would significantly confine the
movements of inclinometers. Generally, the prediction ac-
curacy is in an acceptable manner.

From Figures 6(a) and 6(b), it is noted that the lateral
displacements contributed by frictions around the shield
body f are obviously larger than the contribution of the
additional pressure of cutter-head q. However, this differs
from the common understanding that the additional pres-
sure of cutter-head q contributes a large portion of the
displacements. In general, the proposed analytical method
can be reasonably used to predict the lateral ground dis-
placements at the longitudinal direction of the advancing
shield.

3.2. Case 2: Shanghai Metro Line-2 Tunnel. Shanghai Metro
Line-2 tunnel was constructed through soft, sensitive, sat-
urated, and low-permeable soft clay by means of an ad-
vanced EPB shield machine. A typical soil profile of this
project is presented in Figure 7. -e responses of the soft
ground during and after the advancement of tunnelling
machine were carefully monitored. -e inclinometer was
located at 6.2m beside the shield axis and the lateral dis-
placement at transversal direction was monitored. -e axis
of 6.2m-diameter tunnel was located at a depth of 15m blow
the ground surface. -e detailed monitoring program and
the measurements were well interpreted and discussed by
Lee et al. [14].

-e main parameters related to the analysis are listed as
follows: the outer diameter of the shield D is 6.34m; the
length of the shield L is 6.24m, the width of the segmental
ling s is 1m; the grouting pressure p is 250 kPa; the ad-
vancing rate v is 12m/d; the equivalent Poisson ratio u is

0.35; the coefficient of lateral earth pressure K0 is 0.57; based
on the soil investigation, the equivalent undrained Young’s
modulus of the ground Eu is 9.3MPa, so the equivalent soil
shear modulus G is 3.5MPa; the interface internal angel δ
and the softening coefficient β is 9° and 0.9, respectively; the
short-term soil volume loss ratio v1 is 0.14%. Based on the
related construction experience in Shanghai, the blind bolts
of cutter-head k, the open ratio ξ, and the angel speed w are
assumed to be 4, 40%, and 0.6 rad/min, respectively.
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Figure 6: Comparison between the measured and predicted results of lateral ground displacements at the longitudinal direction of shield
advancing, San Francisco tunnel N-2 project: (a) 1.22m ahead of shield face (b) 2.44m ahead of the shield face.
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-erefore, the additional pressure of cutter-head q is
192 kPa.

-e lateral displacements at transversal direction are
presented and compared with predictions from the pro-
posed method, as shown in Figure 7. It is observed that the
prominent lateral outward deflections are concentrated at
the level of shield centerline. As illustrated in Figure 7, the
contribution to the calculated displacements is mainly from
the additional pressure of cutter-head q and the frictions
around the shield body f. -e calculated lateral displace-
ments at transversal direction below the tunnel invert are
slightly larger than the observations. -e reason may be due
to the assumption of homogenous ground of the proposed
method, which indicates the ground movement range is
slightly greater that the observation. In general, the predicted
lateral ground displacements are in good agreement with the
measurements.

3.3. Case 3: France Vaise Subway Tunnel. Extension project
of Line D subway network in Lyon, France, was constructed
by slurry shield boring machine. -e extension tunnel was
approximately 1000-m long and had an outer diameter of
6.27m. -e tunnel axis is located at 17.4m blow the ground
surface, and the shield was mainly excavated through grey
sandy slit, grey sand, and purple clay. Geotechnical inves-
tigation revealed that the subsurface stratification was rel-
atively nonuniform, as shown in Figure 8. -e lateral
displacements were measured by two inclinometers, I14 and
I17, located at 5.7m and 4.5m away from the tunnel axis.
Detailed fieldmeasuring of lateral soil displacements and site
properties are well described and interpreted by Dias and
Kastner [15] and Emeriault et al. [28].

-e monitored slurry pressure at the shield face was
about 120 kPa. -e grouting pressures varied from 200 kPa
to 300 kPa. Based on the soil tests results [15], the equivalent

Poisson ratio u, shear modulus G, and the coefficient of
lateral earth pressure K0 are assumed to be 0.4, 2.5MPa, and
0.57, respectively. -e grouting pressure is assumed to be
280 kPa in this analysis. -e interface internal angel δ and
the softening coefficient β are 9° and 0.9, respectively.

-e calculated transversal lateral ground displacements
at the inclinometer I14 and I17 are also plotted in Figure 8.
-e comparison between the measured and predicted results
indicates that, although the maximum lateral displacements
calculated by proposed method are slightly larger than the
observations, the trends of distribution of the calculated
results are generally in good agreement with that of the
monitored data.

Finally, the feasibility of the proposed analytical method
is verified with three case histories. -e proposed method
takes the additional pressure of cutter head, frictions around
the shield body, back-fill grouting pressure, and soil volume
loss into account, which will generally reflect the interaction
between the shield advancing and ground. -e proposed
method provides a novel method to predict the lateral
ground responses to shield tunnelling.

4. Conclusions

(1) In this paper, a simplified analytical method is
proposed to predict lateral ground displacements
associated with shield tunnelling advancing. Key
operation variants, such as the additional pressure of
cutter-head q, frictions around shield body f, the
grouting pressure p, and the soil volume loss v1, are
incorporated into the analytical method.

(2) -e applicability of the proposed method is verified
through with three well-documented case histories
involving earth pressure balanced shield and slurry
shield. Good agreements have been achieved be-
tween the filed measurements and the predictions.

(3) -e proposed methods are able to estimate the lateral
displacements associated with shield tunnelling.
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*e problems of the consolidation of saturated soil under dynamic loading are very complex. At present, numerical methods are
widely used in the research. However, some traditional methods, such as the finite element method, involve more degrees of
freedom, resulting in low computational efficiency. In this paper, the scaled boundary element method (SBFEM) is used to analyze
the displacement and pore pressure response of saturated soil due to consolidation under dynamic load. *e partial differential
equations of linear problems are transformed into ordinary differential equations and solved along the radial direction. *e
coefficients in the equations are determined by approximate finite elements on the circumference. As a semianalytical method, the
application of scaled boundary element method in soil-structure interaction is extended. Dealing with complex structures and
structural nonlinearity, it can simulate two-phase saturated soil-structure dynamic interaction in infinite and finite domain, which
has an important engineering practical value. *rough the research, some conclusions are obtained. *e dimension of the
analytical problem can be reduced by one dimension if only the boundary surface is discretized. *e SBFEM can automatically
satisfy the radiation conditions at infinite distances.*e 3D scaled boundary finite element equation for dynamic consolidation of
saturated soils is not only accurate in finite element sense but also convenient in mathematical processing.

1. Introduction

Dynamic consolidation analysis of foundation is one of the
most concerned problems, such as seismic design of large
underground caverns, high arch dams, super high-rise
buildings, and other large-scale industrial and their response
characteristics under mechanical vibration (Chen and He
[1], Lu et al. [2], and Jiang and Liang [3]).*e free field
formed by dynamic loads not only affects the dynamic re-
sponse of long-span structures but also has feedback effect
on the propagation of vibration waves by different com-
ponents. *erefore, it is not reasonable to study the struc-
ture-constrained system as an isolator. It is necessary to
consider the dynamic interaction between structure and
foundation soil. For foundation soils in semi-infinite space,
many literatures regard foundation soils as single-phase
materials. When the foundation soil with high water content

is liquefied by earthquake load, the pore pressure will in-
crease with time, which will have a greater impact on the
safety of the structure (Du and Wang [4] and Xia et al. [5]).
*erefore, considering that the foundation soil is saturated
soil with two-phase coupling of water and soil, the analysis of
dynamic consolidation can better reflect the engineering
practice.

For infinite and semi-infinite foundation soils, the main
numerical analysis methods are finite element method
(FEM), boundary element method, and finite element-
boundary element couplingmethod.*e simulation of semi-
infinite foundation soil is muchmore complicated compared
to the finite element method mainly because of the large
discrete range of foundation soil. In order to obtain enough
calculation accuracy, the free degrees of the system increased
inevitably. Although the computing power has been greatly
improved, the computational units needed for some special
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cases, such as the accurate analysis of 3D stress wave
propagation in anisotropic soils, are still difficult to achieve.
Generally, the finite element discrete analysis is used to study
foundations around the structure. Free or fixed boundary
conditions are used to simulate infinite foundation soil. At
the same time, in order to eliminate false reflection on ar-
tificial boundary, a transmission boundary model is estab-
lished, for example, viscous and viscoelastic boundary
(Zhang [6]), superposition boundary (Smith [7]), paraxial
boundary (Engquist and Majda [8]), transient transmission
boundary (Liao et al. [9] and Liao et al. [10]), and multi-
directional and bi-asymptotic multidirectional transmission
boundary (Keys [11] and Wolf and Song [12]). *e main
problems of finite element method based on the infinite
boundary model, when it is used to analyze the dynamic
consolidation of infinite foundation soil, are the inadequate
accuracy of low-order boundary and the poor stability of
high-order boundary. It does not have the accuracy in the
sense of finite element. In other words, the numerical so-
lution can converge to the solution when the discrete mesh is
infinitely small.

*e wave attenuation factor is introduced into the shape
function to describe the propagation of vibration waves
along infinite distances for the infinite element method
(Zhao and Valliappan [13] and Khaliliet al [14]), which is
also a numerical method for infinite domain problems.
However, the accuracy depends largely on the selection of
radial shape function. When the order of the radial shape
function is low, the infinite element must be placed far away
for higher accuracy, which will lead to the expansion of the
solution scale of the system. *e higher order radial shape
functions usually leads to ill-conditioned equations. In
addition, similar to the local transmission boundary, the
infinite element method is not accurate enough in the finite
element sense. In dealing with these problems of infinite and
semi-infinite domains, the boundary element method could
satisfy the radiation conditions very well at infinity, and
there is no reflection problem of artificial boundary (Bonnet
[15] and Xu et al. [16]). However, the basic solutions needed
to form the integral equation of boundary element method
are generally complex, especially for anisotropic materials,
and there is not even a basic analytical solution. On the
contrary, the treatment of singular integral or even hyper-
singular integral of boundary integral equation is very dif-
ficult, which limits the further application of boundary
element method. *e FEM-BEM coupling method has been
widely used in the analysis of structure-foundation inter-
action (Yazdchiet al. [17] and Du [18]). However, it is
difficult to coordinate the coupled deformation between
FEM and BEM for the interface between structure and
foundation.

Scaled boundary finite element method (SBFEM) is a
boundary element method based on finite element method.
Compared with the boundary element method, it does not
need to solve the fundamental solution, so it can effectively
deal with the problem of anisotropic media which is par-
ticularly complex and satisfies certain conditions. *e scaled
boundary finite element method (SBFEM) successfully
satisfies Sommer field radiation condition by choosing

appropriate similar centers. *erefore, the waves emitted by
the source can only dissipate to infinity in the form of de-
wave, but not return from infinity in the infinite domain. At
present, SBFEM has been applied to the analysis of wave
problems in time domain and frequency domain and to the
solution of boundary dynamic stiffness matrix of infinite
foundation (Wolf and Song [19, 20]). Previous results show
that the SBFEM is very accurate and effective in dealing with
most problems of infinite medium, anisotropic medium, and
inhomogeneous change of materials. Considering that the
foundation soil is a saturated soil with two-phase coupling of
water and soil, the dynamic consolidation of 3D infinite
saturated soil is analyzed by the SBFEM, which has not been
reported in previous literatures.

2. Governing Equation

Taking 3D saturated soil area V as the research object in
Cartesian rectangular coordinates, the cross section is shown
in Figure 1. If the field V is a finite field, the scale curvilinear
coordinate system shown in Figure 2 is established for a unit
Ve in the field, whose bottom surface is Se and the cone
surface is Ae. For convenient of expression, the scaled center
point C coincides with the origin point O of the Cartesian
coordinate system. When the SBFEM is used, elements
similar to the FEM are discretized on the Se boundary, which
is on the bottom of the domain. η and ζ are the toroidal local
coordinates of the elements on the Se boundary in the
surface coordinate system, and ξ is the radial coordinates
perpendicular to the boundary. η, ζ � ±1 represents the
edge of bottom Se. Radial coordinate 0≤ ξ ≤ 1. When ξ � 0 or
1, it represents the scale center point and the bottom of the
finite field, respectively. *e bottom s of scaled center point
and finite field V are represented, respectively. When the
position of the scaled center is determined, a one-to-one
conversion relationship is formed between the Cartesian
rectangular coordinate system and the local scaled boundary
coordinate system, which is called the scaled boundary
transformation.

For the 3D infinite saturated soil shown in Figure 1(b),
the scaled center point is selected outside the infinite do-
main. Similar to the finite field, the vertex of the element
cone is the scaled center point C, and the bottom represents
the interface (as shown in Figure 2). *en, the radial co-
ordinates ξ ≥ 1 and ξ � 1 correspond to the bottom of the
infinite field.*e whole infinite field is formed by assembling
all the cones.

In the local coordinate system of the scaled boundary,
any point on the bottom Se of ξ � 1 can be expressed by n
node coordinates of the discrete element on the bottom as
follows:

x(η, ζ) � [N(η, ζ)] x{ } � [N] x{ },

y(η, ζ) � [N(η, ζ)] y􏼈 􏼉 � [N] y􏼈 􏼉,

z(η, ζ) � [N(η, ζ)] z{ } � [N] z{ },

(1)

where the shape function is defined as [N(η, ζ)] �

N1(η, ζ) N2(η, ζ) N3(η, ζ) , . . .􏼂 􏼃.
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In the scaled coordinates, the relationship between point
􏽢r � 􏽢xi + 􏽢yj + 􏽢zk in the computational element domain Ve

and bottom Se boundary point r � xi + yj + zk can be
expressed as follows:

􏽢x(ξ, η, ζ) � ξx(η, ζ),

􏽢y(ξ, η, ζ) � ξy(η, ζ),

􏽢z(ξ, η, ζ) � ξz(η, ζ).

(2)

*en,
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, (3)

where Jacobian matrix [􏽢J(η, ζ)] �

􏽢xξ , 􏽢yξ , 􏽢zξ ,

􏽢xη, 􏽢yη, 􏽢zη,

􏽢xζ , 􏽢yζ , 􏽢zζ ,

⎡⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎦.

According to Biot’s theory, the governing equa-
tions of consolidation of saturated soils include the
dynamic equilibrium equation of soil skeleton and the
continuous equation of fluid. In the Cartesian coordinate
system(􏽢x, 􏽢y, 􏽢z), the dynamic equilibrium equation
expressed by the displacement ( u{ } � u(􏽢x, 􏽢y, 􏽢z)􏼈 􏼉 �

ux uy uz􏽮 􏽯
T
) of soil skeleton in frequency domain is as

follows:

[L]
T σ′􏼈 􏼉 + m{ }pf􏼐 􏼑 + ρω2

u{ } + ρ b{ } � 0, (4)

where pf is pore water pressure, ω is frequency, and
ρ � ρs + (1 − ϕ)ρf. ρs and ρf are soil skeleton and fluid
density, ϕ is porosity, b{ } � bx by bz􏽮 􏽯

T
, σ′􏼈 􏼉 �

σx
′ σy
′ σz
′ τyz τxz τxy􏽮 􏽯

T
and σ{ } � σ′􏼈 􏼉 + m{ }pf are unit

volume force, effective stress, and total stress, respectively.
m{ } � 1 1 1 0 0 0􏼂 􏼃

T. Differential operator [L] is defined
as

[L] �

z

z􏽢x
0 0 0

z

z􏽢z

z

z􏽢y

0
z

z􏽢y
0

z

z􏽢z
0

z

z􏽢x

0 0
z

z􏽢y

z

z􏽢y

z

z􏽢x
0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

. (5)

*e continuity equation of fluidmotion in saturated soils
in frequency domain is as follows:

−kpf,ii + ω2
kρfui,j + kρfbi,j + iωui,j +

iωϕpf

Kf

� 0, (6)

where k and Kf are the permeability coefficient of soil and
the bulk modulus of fluid, respectively.

For isotropic saturated soils, effective stress, strain, and
displacement vector satisfy Hooke’s law:

σ′􏼈 􏼉 � [D] ε{ } � [D][L] u{ }, (7)

where [D] is the elastic matrix of saturated soil material.
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Ae

Ae

Ve
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V

(a)

∞
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AeSe
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∞
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Figure 1: Cutaway view of three-dimensional saturated soil: (a) finite region and (b) unbounded media.
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Figure 2: Transformation of global Cartesian coordinates to scaled
boundary coordinates.
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According to equation (3), in the scaled curvilinear
coordinate system (ξ, η, ζ) shown in Figure 2, the differential
operator [L] is expressed as

[L] � b
1

􏽨 􏽩
z

zξ
+
1
ξ

b
2

􏽨 􏽩
z

zη
+ b

3
􏽨 􏽩

z

zζ
􏼠 􏼡,

b
1

􏽨 􏽩 �
g
ξ

|J|

nξ
x 0 0 0 nξ

z nξ
y

0 nξ
y 0 nξ

z 0 nξ
x

0 0 nξ
z nξ

y nξ
x 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

,

b
2

􏽨 􏽩 �
g
η

|J|

n
η
x 0 0 0 n

η
z n

η
y

0 n
η
y 0 n

η
z 0 n

η
x

0 0 n
η
z n

η
y n

η
x 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

,

b
3

􏽨 􏽩 �
g
ζ

|J|

nζ
x 0 0 0 nζ

z nζ
y

0 nζ
y 0 nζ

z 0 nζ
x

0 0 nζ
z nζ

y nζ
x 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

T

,

(8)

where nξ
x, nξ

y, nξ
z, n

η
x, n

η
y, n

η
z, nζ

x,nζ
y, and nζ

z are the components
of the outer surface unit normal (nξ , nη and nζ) of the
bottom Se shown in Figure 2, respectively.

Equation (8) shows that [b1], [b2], and [b3] are inde-
pendent of the radial coordinates ξ and satisfy the following
formula:

|J| b
2

􏽨 􏽩􏼐 􏼑η + |J| b
3

􏽨 􏽩􏼐 􏼑ζ � −2|J| b
1

􏽨 􏽩. (9)

In the Cartesian coordinates (􏽢x, 􏽢y, 􏽢z), the tangential
force of a surface with a normal direction of n � nxi + nyj +

nzk is

τ{ } �

τx

τy

τz

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
�

nx 0 0 0 nz ny

0 ny 0 nz 0 nx

0 0 nz ny nx 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
σ{ }. (10)

From equations (3), (8), and (10), it can be seen that the
tangential force on the surface (η, ζ), (ζ, ξ), and (ξ, η) of any
given value ξ, η, and ζ is as follows:

t
ξ

􏽮 􏽯 �
|J|

g
ξ b

1
􏽨 􏽩

T
σ{ },

t
η

􏼈 􏼉 �
|J|

g
η b

2
􏽨 􏽩

T
σ{ },

t
ζ

􏽮 􏽯 �
|J|

g
ζ b

3
􏽨 􏽩

T
σ{ }.

(11)

For the computational element domain Ve shown
in Figure 2, the displacement and pore pressure of dis-
crete nodes are expressed by a shape function similar
to the coordinates of nodes on the bottom boundary
Se of ξ � 1. *en, on a surface Sξ with any radial coor-
dinate ξ, displacement and pore pressure can be
expressed as

u{ } � u(ξ, η, ζ)􏼈 􏼉 � N
u
(η, ζ)􏼂 􏼃 u(ξ){ },

pf􏽮 􏽯 � pf(ξ, η, ζ)􏽮 􏽯 � N
p
(η, ζ)􏼂 􏼃 pf(ξ)􏽮 􏽯.

(12)

From equations (7), (8), and (12), it can be seen that the
effective stress in the scaled curvilinear coordinates is as
follows:

σ′􏼈 􏼉 � [D] b
1

􏽨 􏽩
T

uξ􏽮 􏽯 +
1
ξ

b
2

􏽨 􏽩
T

uη􏽮 􏽯 + b
3

􏽨 􏽩
T

uζ􏽮 􏽯􏼒 􏼓􏼠 􏼡

� [D] B
1
u􏽨 􏽩 u(ξ){ }ξ +

1
ξ

B
2
u􏽨 􏽩 u(ξ){ }􏼠 􏼡,

(13)

σξ′􏽮 􏽯 � [D] B
1
u􏽨 􏽩 u(ξ){ }ξξ +

1
ξ

B
2
u􏽨 􏽩 u(ξ){ }ξ −

1
ξ2

B
2
u􏽨 􏽩 u(ξ){ }􏼠 􏼡,

(14)

where[B1
u]T � [b1][Nu] and [B2

u] � [b2][Nu],η + [b3][Nu],ζ .
*erefore, it can be concluded that [B1

u] and [B2
u] are only

functions of circumferential coordinates, independent of
radial coordinates η, ζ.

By using equations (3), (8), and (12), the differential
equations (4) and (6) of saturated soil consolidation in
Cartesian coordinate system (􏽢x, 􏽢y, 􏽢z) can be transformed
into the scaled curvilinear coordinates, and it can be
expressed as follows:

b
1

􏽨 􏽩
T

σξ′􏽮 􏽯 + m{ }pf,ξ􏼐 􏼑 +
1
ξ

b
2

􏽨 􏽩
T

ση′􏽮 􏽯 + m{ }pf,η􏼐 􏼑 + b
3

􏽨 􏽩
T

σζ′􏽮 􏽯 + m{ }pf,ζ􏼐 􏼑􏼒 􏼓 + ρω2
u{ } + ρ b{ } � 0, (15)
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− k m{ }
T

b
1

􏽨 􏽩
z

zξ
b
1

􏽨 􏽩
T z

zξ
+
1
ξ

b
2

􏽨 􏽩
T z

zη
+ b

3
􏽨 􏽩

T z

zζ
􏼠 􏼡􏼠 􏼡 +

1
ξ

b
2

􏽨 􏽩
T z

zη
b
1

􏽨 􏽩
T z

zξ
+
1
ξ

b
2

􏽨 􏽩
T z

zη
+ b

3
􏽨 􏽩

T z

zζ
􏼠 􏼡􏼠 􏼡􏼠

+ b
3

􏽨 􏽩
T z

zζ
b
1

􏽨 􏽩
T z

zξ
+
1
ξ

b
2

􏽨 􏽩
T z

zη
+ b

3
􏽨 􏽩

T z

zζ
􏼠 􏼡􏼠 􏼡􏼡 m{ }pf + ω2

kρf m{ }
T

b
1

􏽨 􏽩
T

uξ􏽮 􏽯 +
1
ξ

b
2

􏽨 􏽩
T

uη􏽮 􏽯 + b
3

􏽨 􏽩
T

uζ􏽮 􏽯􏼒 􏼓􏼠 􏼡

+ kρf m{ }
T

b
1

􏽨 􏽩
T

bξ􏽮 􏽯􏼓 +
1
ξ

b
2

􏽨 􏽩
T

bη􏽮 􏽯 + b
3

􏽨 􏽩
T

bζ􏽮 􏽯􏼒 􏼓􏼡 + iω m{ }
T

b
1

􏽨 􏽩
T

uξ􏽮 􏽯 +
1
ξ

b
2

􏽨 􏽩
T

uη􏽮 􏽯 + b
3

􏽨 􏽩
T

uζ􏽮 􏽯􏼒 􏼓􏼠 􏼡 +
iωϕpf

Kf

� 0.

(16)

3. Application of Weighted Residual Method

Galerkin weighted residual method is adopted in computing
unit domain Ve. For convenience of expression, the su-
perscript e of the presentation unit is omitted. Interpolated
shape functions of the same form as the displacement of

discrete nodes are chosen for the weight function, such as
wu{ } � wu(ξ, η, ζ)􏼈 􏼉 � [Nu(η, ζ)] wu(ξ){ }. For the dynamic
equilibrium equation (12) of saturated consolidation soil, it
can be obtained by the Galerkin method in the computa-
tional domain:

􏽚
V

w{ }
T

b
1

􏽨 􏽩
T

σξ′􏽮 􏽯 + m{ }pf,ξ􏼐 􏼑dV + 􏽚
V

1
ξ

w{ }
T

b
2

􏽨 􏽩
T

ση′􏽮 􏽯 + m{ }pf,η􏼐 􏼑 + b
3

􏽨 􏽩
T

σζ′􏽮 􏽯 + m{ }pf,ζ􏼐 􏼑􏼒 􏼓dV􏼠

+ ρω2
􏽚

V
w{ }

T
u{ }dV + ρ􏽚

V
w{ }

T
b{ }􏼓dV � 0.

(17)

For the second item in the above equation, by using the
partial integral and substituting equations (9) and (11), we
can obtain

I � 􏽚
1

0
ξ 􏽚
Γξ

w{ }
T

t
ζ

􏽮 􏽯g
ζdη + t

η
􏼈 􏼉g

ηdζ􏼐 􏼑 − 􏽚
Sξ

− 2 w{ }
T

b
1

􏽨 􏽩
T

+ wη􏽮 􏽯
T

b
2

􏽨 􏽩
T

+ wζ􏽮 􏽯
T

b
3

􏽨 􏽩
T

􏼒 􏼓 σ′􏼈 􏼉 + m{ }pf􏼐 􏼑|J|dηdζdξ. (18)

By substituting equation (18) into equation (17), the
following equation can be obtained:

􏽚
1

0
ξ2􏽚

Sξ
w{ }

T
b
1

􏽨 􏽩
T

σξ′􏽮 􏽯 + m{ }pf,ξ􏼐 􏼑|J|dηdζ + ξ􏽚
Γξ

w{ }
T

t
ζ

􏽮 􏽯g
ζ
dη + t

η
􏼈 􏼉g

ηdζ􏼐 􏼑􏼒

− ξ􏽚
Sξ

−2 w{ }
T

b
1

􏽨 􏽩
T

+ wη􏽮 􏽯
T

b
2

􏽨 􏽩
T

+ wζ􏽮 􏽯
T

b
3

􏽨 􏽩
T

􏼒 􏼓 σ′􏼈 􏼉 + m{ }pf􏼒 􏼓|J|dηdζ

+ ρω2ξ2􏽚
Sξ

w{ }
T

u{ }|J|dη dζ + ρξ2􏽚
Sξ

w{ }
T

b{ }|J|dηdζdξ � 0.

(19)

*en, we substituted w{ }T � w(ξ){ }
T
[Nu]T into the

upper equation, and if equality is established for the upper
equation in the whole integral domain, then
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w{ }
Tξ2􏽚

Sξ
N

u
􏼂 􏼃

T
b
1

􏽨 􏽩
T
σξ′􏽮 􏽯|J|dηdζ + w{ }

Tξ2􏽚
Sξ

N
u

􏼂 􏼃
T

b
1

􏽨 􏽩
T

m{ } N
p

􏼂 􏼃 pf(ξ)􏽮 􏽯ξ|J|dηdζ

+ w{ }
Tξ􏽚

Sξ
2 N

u
􏼂 􏼃

T
b
1

􏽨 􏽩
T

− N
u

􏼂 􏼃
T

η b
2

􏽨 􏽩
T

− N
u

􏼂 􏼃
T

ζ b
3

􏽨 􏽩
T

􏼒 􏼓 σ′􏼈 􏼉|J|dηdζ

+ w{ }
Tξ􏽚

Sξ
2 N

u
􏼂 􏼃

T
b
1

􏽨 􏽩
T

− N
u

􏼂 􏼃
T

η b
2

􏽨 􏽩
T

− N
u

􏼂 􏼃
T

ζ b
3

􏽨 􏽩
T

􏼒 􏼓 m{ } N
p

􏼂 􏼃 pf(ξ)􏽮 􏽯|J|dηdζ

+ w{ }
Tξ􏽚
Γξ

N
u

􏼂 􏼃
T

t
ζ

􏽮 􏽯g
ζdη + t

η
􏼈 􏼉g

ηdζ􏼐 􏼑 + w{ }
Tω2ξ2􏽚

Sξ
N

u
􏼂 􏼃

Tρ N
u

􏼂 􏼃 u(ξ){ }|J|dηdζ

+ w{ }
Tρξ2􏽚

Sξ
N

u
􏼂 􏼃

T
b{ }|J|dηdζ � 0.

(20)

After multiplying [ w{ }T]− 1 at both sides of the upper
equation and substituting [B1

u] and [B2
u], we can obtain

ξ2􏽚
Sξ

B
1
u􏽨 􏽩

T
σξ′􏽮 􏽯|J|dηdζ + ξ2􏽚

Sξ
B
1
u􏽨 􏽩

T
m{ } N

p
􏼂 􏼃 pf(ξ)􏽮 􏽯ξ|J|dηdζ

+ ξ􏽚
Sξ

2 B
1
u􏽨 􏽩

T
− B

2
u􏽨 􏽩

T
􏼒 􏼓 σ′􏼈 􏼉|J|dηdζ + ξ􏽚

Sξ
2 B

1
u􏽨 􏽩

T
− B

2
u􏽨 􏽩

T
􏼒 􏼓 m{ } N

p
􏼂 􏼃 pf(ξ)􏽮 􏽯|J|dηdζ

+ ω2ξ2􏽚
Sξ

N
u

􏼂 􏼃
Tρ N

u
􏼂 􏼃 u(ξ){ }|J|dηdζ + ξ F

t
(ξ)􏽮 􏽯 + ξ2 F

b
(ξ)􏽮 􏽯 � 0,

(21)

where Ft(ξ)􏼈 􏼉 � 􏽒Γξ[Nu(η, ζ)]T( tζ􏽮 􏽯gζdη + tη{ }gηdζ) and
Fb(ξ)􏼈 􏼉 � ρ􏽒

Sξ
[Nu(η, ζ)]T b{ }|J|dηdζ。.

By using equations (13), (14), and (21), the following
results can be obtained:

ξ2􏽚
Sξ

B
1
u􏽨 􏽩

T
[D] B

1
u􏽨 􏽩|J|dηdζ u(ξ){ }ξξ + ξ2􏽚

Sξ
B
1
u􏽨 􏽩

T
m{ } N

p
􏼂 􏼃|J|dηdζ pf(ξ)􏽮 􏽯ξ

+ ξ􏽚
Sξ

B
1
u􏽨 􏽩

T
[D] B

2
u􏽨 􏽩|J|dηdζ u(ξ){ }ξ + ξ􏽚

Sξ
2 B

1
u􏽨 􏽩

T
− B

2
u􏽨 􏽩

T
􏼒 􏼓[D] B

1
u􏽨 􏽩|J|dηdζ u(ξ){ }ξ

− 􏽚
Sξ

B
2
u􏽨 􏽩

T
[D] B

2
u􏽨 􏽩|J|dηdζ u(ξ){ } + ω2ξ2􏽚

Sξ
N

u
􏼂 􏼃

Tρ N
u

􏼂 􏼃|J|dηdζ u(ξ){ }

+ ξ􏽚
Sξ

2 B
1
u􏽨 􏽩

T
− B

2
u􏽨 􏽩

T
􏼒 􏼓 m{ } N

p
􏼂 􏼃|J|dηdζ pf(ξ)􏽮 􏽯 + ξ F

t
(ξ)􏽮 􏽯 + ξ2 F

b
(ξ)􏽮 􏽯 � 0.

(22)

For the continuity equation of fluid in the consolidation
equation of saturated soil, the weight function is expressed
by the interpolation function which is the same as the pore

pressure. Galerkin’s method is used in the calculation do-
main. Similar to the above deduction, the following can be
obtained from equation (16):

􏽚
V

− k w{ }
T

m{ }
T

b
1

􏽨 􏽩 b
1

􏽨 􏽩
T

m{ }pf,ξξ +
1
ξ

b
1

􏽨 􏽩 b
2

􏽨 􏽩
T

m{ }pf,ξη + b
1

􏽨 􏽩 b
3

􏽨 􏽩
T

m{ }pf,ξζ􏼒 􏼓

−
1
ξ2

b
1

􏽨 􏽩 b
2

􏽨 􏽩
T

m{ }pf,η + b
1

􏽨 􏽩 b
3

􏽨 􏽩
T

m{ }pf,ζ􏼒 􏼓 +
1
ξ

b
2

􏽨 􏽩 b
1

􏽨 􏽩
T

η m{ }pf,ξ + b
1

􏽨 􏽩
T

m{ }pf,ξη􏼒 􏼓

+
1
ξ

b
3

􏽨 􏽩 b
1

􏽨 􏽩
T

ζ m{ }pf,ξ + b
1

􏽨 􏽩
T

m{ }pf,ξζ􏼒 􏼓 +
1
ξ2

b
2

􏽨 􏽩 b
2

􏽨 􏽩
T

η m{ }pf,η + b
2

􏽨 􏽩
T

m{ }pf,ηη􏼒 􏼓
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+
1
ξ2

b
2

􏽨 􏽩 b
3

􏽨 􏽩
T

η m{ }pf,ζ + b
3

􏽨 􏽩
T

m{ }pf,ηζ􏼒 􏼓 +
1
ξ2

b
3

􏽨 􏽩 b
2

􏽨 􏽩
T

ζ m{ }pf,η + b
2

􏽨 􏽩
T

m{ }pf,ηζ􏼒 􏼓

+
1
ξ2

b
3

􏽨 􏽩 b
3

􏽨 􏽩
T

ζ m{ }pf,ζ + b
3

􏽨 􏽩
T

m{ }pf,ζζ􏼒 􏼓 + iω + ω2
kρf􏼐 􏼑 w{ }

T
m{ }

T
b
1

􏽨 􏽩
T

u,ξ􏽮 􏽯

+
1
ξ

b
2

􏽨 􏽩
T

uη􏽮 􏽯 + b
3

􏽨 􏽩
T

uζ􏽮 􏽯􏼒 􏼓 + kρf w{ }
T

m{ }
T

b
1

􏽨 􏽩
T

bξ􏽮 􏽯

+
1
ξ

b
2

􏽨 􏽩
T

bη􏽮 􏽯 + b
3

􏽨 􏽩
T

bζ􏽮 􏽯􏼒 􏼓 +
iωϕ w{ }

T
pf

Kf

dV � 0.

(23)

By using the partial integral and substituting wp{ }
T �

wp(ξ){ }
T
[Np]T into the upper equation, the following re-

sults can be obtained:

− ξ2 w{ }
T
􏽚

Sξ
B
1
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dηdζ pf(ξ)􏽮 􏽯ξξ + ξ w{ }

T
􏽚

Sξ
B
1
p􏽨 􏽩

T
k B

2
p􏽨 􏽩|J|dηdζ pf(ξ)􏽮 􏽯ξ

+ ξ w{ }
T

􏽚
Γξ

B
2A
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dζ + 􏽚

Γξ
B
2B
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dη􏼒 􏼓 pf(ξ)􏽮 􏽯ξ

+ 2ξ w{ }
T
􏽚

Sξ
B
1
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dηdζ pf(ξ)􏽮 􏽯ξ − ξ w{ }

T
􏽚

Sξ
B
2
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dηdζ pf(ξ)􏽮 􏽯ξ

+ w{ }
T

􏽚
Γξ

B
2A
p􏽨 􏽩

T
k B

2
p􏽨 􏽩|J|dζ + 􏽚

Γξ
B
2B
p􏽨 􏽩

T
k B

2
p􏽨 􏽩|J|dη􏼒 􏼓 pf(ξ)􏽮 􏽯

− w{ }
T
􏽚

Sξ
B
2
p􏽨 􏽩

T
k B

2
p􏽨 􏽩|J|dηdζ pf(ξ)􏽮 􏽯 + ξ2 iω + ω2

kρf􏼐 􏼑􏽚
Sξ

N
p

􏼂 􏼃
T

m{ }
T

B
1
u􏽨 􏽩|J|dη dζ u(ξ){ }ξ

+ ξ iω + ω2
kρf􏼐 􏼑 􏽚

Γξ
B
2A
p􏽨 􏽩

T
N

u
􏼂 􏼃|J|dζ + B

2B
p􏽨 􏽩

T
N

u
􏼂 􏼃|J|dη􏼒 􏼓 u(ξ){ } − ξ iω + ω2

kρf􏼐 􏼑􏽚
Sξ

B
2
p􏽨 􏽩

T
N

u
􏼂 􏼃|J|dηdζ u(ξ){ }

+ 2ξ iω + ω2
kρf􏼐 􏼑􏽚

Sξ
N

p
􏼂 􏼃

T
m{ }

T
B
1
u􏽨 􏽩|J|dηdζ u(ξ){ } + ξ2kρf􏽚

Sξ
B
1
p􏽨 􏽩

T
bξ􏽮 􏽯|J|dηdζ

+ 2ξkρf􏽚
Sξ

B
1
p􏽨 􏽩

T
b{ }|J|dηdζ + ξ2iω􏽚

Sξ

w{ }
Tϕ

Kf

N
p

􏼂 􏼃|J|dηdζ pf(ξ)􏽮 􏽯 � 0,

(24)

where [B1
p] � [b1]T m{ }[Np], [B2A

p ]T � [Np]T m{ }T[b2],
[B2

p] � [b2]T m{ }[Np]η + [b3]T m{ }[Np]ζ , and [B2B
p ]T �

[Np]T m{ }T[b3].
*e dynamic consolidation equation of saturated soil

considering pore water pressure can be obtained by

equations (22) and (24). *e scaled boundary finite element
equation expressed by pore water pressure and displacement
is as follows:

E0􏼂 􏼃ξ2 u(ξ){ }ξξ + E3􏼂 􏼃ξ2 pf(ξ)􏽮 􏽯ξ + 2 E3􏼂 􏼃 − E4􏼂 􏼃( 􏼁ξ pf(ξ)􏽮 􏽯 + 2 E0􏼂 􏼃 − E1􏼂 􏼃 + E1􏼂 􏼃
T

􏼐 􏼑ξ u(ξ){ }ξ

− E2􏼂 􏼃 u(ξ){ } + ω2
M0􏼂 􏼃ξ2 u(ξ){ } + ξ2 F

b
(ξ)􏽮 􏽯 + ξ F

t
(ξ)􏽮 􏽯 � 0,

(25)
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E5􏼂 􏼃ξ2 pf(ξ)􏽮 􏽯ξξ + 2 E5􏼂 􏼃 − E6􏼂 􏼃 + E6􏼂 􏼃
T

+ F
t1

􏽮 􏽯􏼐 􏼑ξ pf(ξ)􏽮 􏽯ξ + − E7􏼂 􏼃 + F
t2

􏽮 􏽯􏼐 􏼑 pf(ξ)􏽮 􏽯 − iω M1􏼂 􏼃ξ2 pf(ξ)􏽮 􏽯

+ F
t1

􏽮 􏽯ξ pf(ξ)􏽮 􏽯ξ + − E7􏼂 􏼃 + F
t2

􏽮 􏽯􏼐 􏼑 × pf(ξ)􏽮 􏽯 − iω M1􏼂 􏼃ξ2 pf(ξ)􏽮 􏽯 − iω + ω2
kρf􏼐 􏼑 E3􏼂 􏼃

Tξ2 u(ξ){ }ξ

− iω + ω2
kρf􏼐 􏼑 2 E3􏼂 􏼃

T
− E8􏼂 􏼃 + F

t3
􏽮 􏽯􏼐 􏼑ξ u(ξ){ } − kρfξ

2
F

b1
(ξ)􏽮 􏽯 + 2ξ F

b2
(ξ)􏽮 􏽯

− ξ F
b3

(ξ)􏽮 􏽯 + ξ F
b4

(ξ)􏽮 􏽯 � 0,

(26)

where

M0􏼂 􏼃 � 􏽚
Sξ

N
u

􏼂 􏼃
Tρ N

u
􏼂 􏼃|J|dηdζ,

M1􏼂 􏼃 � 􏽚
Sξ

N
p

􏼂 􏼃
Tϕ

Kf N
p

􏼂 􏼃
|J|dηdζ ,

E0􏼂 􏼃 � 􏽚
Sξ

B
1
u􏽨 􏽩

T
[D] B

1
u􏽨 􏽩|J|dηdζ􏼐 􏼑,

E1􏼂 􏼃 � 􏽚
Sξ

B
1
u􏽨 􏽩

T
[D] B

1
u􏽨 􏽩|J|dηdζ ,

E2􏼂 􏼃 � 􏽚
Sξ

B
2
u􏽨 􏽩

T
[D] B

2
u􏽨 􏽩|J|dηdζ ,

E3􏼂 􏼃 � 􏽚
Sξ

B
1
u􏽨 􏽩

T
m{ } N

p
􏼂 􏼃|J|dηdζ ,

E4􏼂 􏼃 � 􏽚
Sξ

B
2
u􏽨 􏽩

T
m{ } N

p
􏼂 􏼃|J|dηdζ ,

E5􏼂 􏼃 � 􏽚
Sξ

B
1
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dηdζ ,

E6􏼂 􏼃 � 􏽚
Sξ

B
2
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dηdζ ,

E7􏼂 􏼃 � 􏽚
Sξ

B
2
p􏽨 􏽩

T
k B

2
p􏽨 􏽩|J|dηdζ ,

E8􏼂 􏼃 � 􏽚
Sξ

B
2
p􏽨 􏽩

T
N

u
􏼂 􏼃|J|dηdζ,

F
b3

(ξ)􏽮 􏽯 � 􏽚
Sξ

B
2
p􏽨 􏽩

T
b{ }|J|dηdζ ,

F
b1

(ξ)􏽮 􏽯 � 􏽚
Sξ

B
1
p􏽨 􏽩

T
bξ􏽮 􏽯|J|dηdζ ,

F
b2

(ξ)􏽮 􏽯 � 􏽚
Sξ

B
1
p􏽨 􏽩

T
b{ }|J|dηdζ ,

F
b4

(ξ)􏽮 􏽯 � 􏽚
Γξ

B
2A
p􏽨 􏽩

T
b{ }|J|dζ + B

2B
p􏽨 􏽩

T
b{ }|J|dη,

F
t1

􏽮 􏽯 � 􏽚
Γξ

B
2A
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dζ + 􏽚

Γξ
B
2B
p􏽨 􏽩

T
k B

1
p􏽨 􏽩|J|dη,

F
t2

􏽮 􏽯 � 􏽚
Γξ

B
2A
p􏽨 􏽩

T
k B

2
p􏽨 􏽩|J|dζ + 􏽚

Γξ
B
2B
p􏽨 􏽩

T
k B

2
p􏽨 􏽩|J|dη,

F
t3

􏽮 􏽯 � 􏽚
Γξ

B
2A
p􏽨 􏽩

T
N

u
􏼂 􏼃|J|dζ + B

2B
p􏽨 􏽩

T
N

u
􏼂 􏼃|J|dη􏼒 􏼓.

(27)

*e displacement and pore pressure vectors are
expressed by generalized displacement vectors

U{ } �
u(ξ){ }

pf(ξ)􏽮 􏽯
􏼨 􏼩.

*e second-order differential equations can be obtained
by equations (25) and (26):

ξ2
E0􏼂 􏼃 0

0 E5􏼂 􏼃
􏼢 􏼣 U(ξ){ }ξξ − ξ2

iω + ω2
kρf􏼐 􏼑 E3􏼂 􏼃

T 0

0 − E3􏼂 􏼃

⎡⎣ ⎤⎦ − ξ
2 E0􏼂 􏼃 − E1􏼂 􏼃 + E1􏼂 􏼃

T 0

0 2 E5􏼂 􏼃 − E6􏼂 􏼃 + E6􏼂 􏼃
T

+ F
t1

􏽮 􏽯

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦⎛⎝ ⎞⎠ U(ξ){ }ξ

+ ξ2
ω2

M0􏼂 􏼃 0

0 −iω M1􏼂 􏼃

⎡⎣ ⎤⎦ − ξ
iω + ω2

kρf􏼐 􏼑 2 E3􏼂 􏼃
T

− E8􏼂 􏼃 + F
t3

􏽮 􏽯􏼐 􏼑 0

0 E4􏼂 􏼃 − 2 E3􏼂 􏼃

⎡⎣ ⎤⎦ −
E2􏼂 􏼃 0

0 E7􏼂 􏼃 − F
t2

􏽮 􏽯
⎡⎣ ⎤⎦⎛⎝ ⎞⎠ U(ξ){ }

� −ξ2
F

b
(ξ)􏽮 􏽯

−kρf F
b1

(ξ)􏽮 􏽯

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
− ξ

F
t
(ξ)􏽮 􏽯

−kρf 2 F
b2

(ξ)􏽮 􏽯 − F
b3

(ξ)􏽮 􏽯 + F
b4

(ξ)􏽮 􏽯􏼐 􏼑

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
.

(28)
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4. Numerical Analysis and Discussion

*e displacement and pore pressure responses of 3D half-
space surface subjected to vertical concentrated harmonic
loads are investigated. In the calculation, the saturated soil
layer is clay layer, and the relevant parameters in [16] are
used. Some soil parameters adopted in the present study are
obtained from field investigation and laboratory test, such
as ρs � 2000 kg/m3, ρf � 1000 kg/m3, ϕ � 0.4, Kf � 2.0×

109 N/m2, υ � 0.4, k � 1.0 × 10− 9 m/s, and μ � 1.0 × 107 Pa.
Using the method presented in this paper, the 3D half-

space is divided into two parts. A hemisphere with a radius
of 2R is a structure and the rest is a semi-infinite space.
According to symmetry, 1/4 half space is taken for analysis,
as shown in Figure 3. Two parts of 3D half-space are ana-
lyzed by scaled boundary finite element method. *e
structure half-space interface is discretized by three 8-node

two-dimensional elements, and the structure part is dis-
cretized by eighteen 8-node two-dimensional elements.

In order to verify the accuracy of this method, if ρf � 0
and n � 0, the two-phase medium degenerates into a single-
phase medium. By using the method presented in this paper,
the solution of the degenerate 3D linear elastic dynamic
Boussinesq problem can be obtained. Figure 4 shows the
relationship between vertical displacement 􏽥uz � uzrμ/P and
dimensionless frequency 􏽥ω �

���
ρ/μ

􏽰
ωr, where r is the hori-

zontal distance between concentrated load P and surface
calculation point. It can be seen from Figure 4(a) that the
shape of the curve for the present solution is very similar to
the solution in the literatures (Banerjee and Mamoon [21]
and Kobayashi and Nishimura [22]). *e maximum value of
the solution in the present solution is 0.092, and the min-
imum value is 0.03, which is consistent with the solution in
the literature. And, the difference between them is in the

Q

Psinwt

A

r

r

Figure 3: SBFEM discretization of 1/4 unbounded half-space.
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Figure 4: Compared present solutions with the reference’s results: (a) real part of vertical displacement and (b) imaginary part of vertical
displacement.
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range of 0.002. It can be seen from Figure 4(b) that the
solution in present solution has a decreasing trend, and the
curve shape is relatively smooth. *e maximum value de-
creased from −0.017 to −0.092. By comparing the present
solution in this paper with that in the literature, it can be
concluded that the fluctuation of the solution in present
solution is relatively small. *e numerical results in this
paper are in good agreement with those in literature
(Banerjee and Mamoon [21] and Kobayashi and Nishimura
[23]), which verifies the accuracy of the proposed method.

Figure 5 shows the relationship between vertical displace-
ment 􏽥uz � uzrμ/P of saturated and elastic soils in 3D half space
and dimensionless frequency 􏽥ω �

���
ρ/μ

􏽰
ωr. *e results show

that the dynamic responses of saturated soil and elastic soil are
different at different frequencies. It can be seen from the figure

that, with the increase of 􏽥ω, the real part of the vertical dis-
placement 􏽥uz decreases, while the imaginary part of the vertical
displacement 􏽥uz appears at an extreme value near 􏽥ω� 1.3.

Figure 6 shows the relationship between pore pressure
􏽥pf at point B on the structure-soil interface (2R away from
the surface) and dimensionless frequency 􏽥ω at different
permeability coefficients k � 1.0 × 10− 7 m/s, 1.0 × 10− 9 m/s,
and 1.0 × 10− 11 m/s. It can be seen from the figure that the
pore pressure amplitude increases with the increase of
permeability coefficient of saturated soil.

5. Conclusion

In this paper, the scaled boundary element method for
single-phase elastic media is extended to the dynamic
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Figure 5: *e vertical displacement for the 3D half-space varied with the frequency: (a) real part of vertical displacement and (b) imaginary
part of vertical displacement.
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Figure 6: *e pore pressure for the interface between the half spec and structure varied with the frequency: (a) real part of vertical
displacement and (b) imaginary part of vertical displacement.

10 Advances in Civil Engineering



consolidation of 3D saturated soils with water-soil two-
phase coupling. *e application of scaled boundary element
method in soil-structure interaction is extended. From the
theoretical analysis in this paper, it can be seen that

(1) Not the same as single-phase media, the displace-
ment and stress matrices are not only formed in the
scaled boundary finite element equation of saturated
soil consolidation but also the pore water pressure
effect is coupled in the scaled boundary finite ele-
ment matrix. According to Biot’s theory, the gov-
erning differential equation of saturated soil
consolidation is solved in Cartesian rectangular
coordinate system, and the proportional boundary
finite element equation in the form of pore pressure
and displacement is obtained.

(2) *e scaled boundary of dynamic consolidation of
saturated soil also has unique advantages. *e di-
mension of the analytical problem can be reduced by
one dimension if only the boundary surface is dis-
cretized. In addition, similar to the boundary ele-
ment method, it can automatically satisfy the
radiation conditions at infinite distances. However,
the method in this paper does not need to solve the
fundamental solution and does not involve singular
integrals.

(3) As a semi analytical method, the 3D scaled boundary
finite element equation for dynamic consolidation of
saturated soils is not only accurate in finite element
sense but also convenient in mathematical pro-
cessing. Especially, in dealing with complex struc-
tures and structural nonlinearity, it can simulate
two-phase saturated soil-structure dynamic inter-
action in infinite and finite domain, which has im-
portant engineering practical value.
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Under the modern and complicated urban environment, clarifying the interaction mechanism and mutual influence mechanism
between the urban tunnel and the surrounding environment is of considerable significance to the construction and operation of
the tunnel. To understand and grasp the excavation-induced disturbance range andmechanism of adjacent pipeline jacking group
on surrounding soils, this paper carries out relevant researches. Based on a case history of a three-hole parallel adjacent jacking
pipeline in shallow overburden, a field test and assessment are performed. By setting monitoring points around the monitoring
section, the earth pressure and water pressure under different buried depths and different spacing are monitored. For further
discussion, the general law of soil disturbance around single-hole, double-hole, and three-hole jacking is investigated, the
calculationmethod of lateral disturbance range and overlapping area range of pipe jacking group is deduced, and the degree of soil
disturbance is evaluated as well. *e results show that there will be different degrees of disturbance superposition in parallel
multihole jacking due to the influence of the spacing, and the disturbance intensity is greatly affected by the parallel distance and
buried depth.

1. Introduction

Pipe jacking technology is an underground pipeline con-
struction method developed after shield tunnel. With its
advantages of low comprehensive cost, high construction
efficiency, and uninterrupted to urban traffic, it is widely
used in municipal pipelines, underground pedestrian pas-
sageways, subways, and comprehensive pipe gallery. Due to
the use of trenchless excavation technology, the surrounding
soils are inevitably disturbed, which will lead to unloading or
loading and other complex mechanical behaviors of the soil,
resulting in changes in stress and strain of surrounding soils
and even endangering the safety of adjacent buildings and
underground pipelines, causing a series of environmental
geotechnical problems. *erefore, the mechanism of soil
disturbance caused by excavation has been the focus of

scholars and engineering applications [1–4]. In recent years,
with the need for urban underground space development,
pipe jacking through existing subway tunnels, foundation
pits, railway, and other adjacent projects is gradually in-
creasing [5–10], which puts forward new requirements and
research directions for soil disturbance mechanism of pipe
jacking. And the disturbance effect of pipe jacking adjacent
excavation on surrounding soil has gradually aroused
attention.

Some theoretical research studies, field tests, and labo-
ratory tests on soil disturbance caused by pipe jacking ex-
cavation have been conducted, and the corresponding
evaluationmethods and indicators have been studied as well.
During pipe jacking excavation, due to the extrusion of
jacking force, cutting shear force of the microtunnel boring
machine (MTBM) head, and vibration load, the soils near
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the working face will have different degrees of disturbance in
different areas. Fang et al. proposed the concept of soil
disturbance zone division in pipe jacking construction [11].
Wei et al. expanded the soil disturbance zone to seven
disturbance zones in combination with joint grouting and
soil consolidation [12] and deduced the range of transverse
and longitudinal disturbance zones caused by parallel pipe
jacking [13]. Li and Miao studied the influence of grouting
pressure and grouting amount on soil disturbance plastic
zone based on the cavity expansion theory [14]. Chen et al.
[15], Meng et al. [16], Xu et al. [17], and Lu et al. [18] had
studied the evaluation index and method of disturbance
based on laboratory tests. In the field test, according to the
characteristics of the project, the field measurement, and
analysis of the excavation disturbance of the surrounding
soil of large-diameter circular pipe jacking [19, 20], rect-
angular pipe jacking [21], curved pipe jacking [22], and
circular steel pipe jacking with flange plate [23] are carried
out, and the relative research results are obtained.

Cavity expansion methods in geomechanics are a classic
problem, which was widely used in stress-strain problems
such as tunnel excavation, bolt support, shaft sinking, and in
situ tests such as static CPT [24–27]. It is more significant
that the cylindrical hole expansion theory under the iso-
tropic initial stress state can also simulate the horizontal
excavation construction process of urban underground
pipeline and tunnel engineering, analyze the soil disturbance
caused by horizontal excavation, and determine the maxi-
mum grouting pressure in the hole, which provides a
practicable way for the research in this paper. Jia et al. [28]
analyzed the expanded radius and internal expanding
pressure of cylindrical hole and obtained the relationship
between the plastic zone radius and the initial pore size and
the expansion pressure based on the SMP criterion. With the
help of FLAC numerical software, Han et al. [29] established
a two-dimensional circular hole expansion model with
pressure as the expansion boundary and analyzed the cavity
shape and the distribution of the plastic zone.

At present, the research studies on soil disturbance
mechanism mainly focus on single pipe jacking or parallel
pipe jacking. *e research on soil disturbance mechanism
and field measurement of adjacent pipe jacking group is
scarce. When there are more than two pipes excavating in
sequence, what kind of disturbance effect will happen,
whether there will be disturbance overlapping, and what is
the relationship between the disturbance intensity and the
center spacing of pipeline group and buried depth. *ese
are the topics worthy of further study and discussion.
Different from the previous researches, the disturbance
effect of pipe jacking group adjacent excavation on sur-
rounding soil would pay more attention to the soil dis-
turbance perpendicular to the jacking direction, so the
transverse disturbance range of soil will be focused on.
Taking a practical three-hole parallel adjacent jacking in the
drainage project of Meilan International Airport in Haikou
as the engineering background, the disturbance effect of
pipe jacking group adjacent excavation on surrounding soil
is investigated, which would provide an engineering ref-
erence for similar projects.

2. Determination of Lateral Disturbance
Range of Pipe Jacking Group
Adjacent Excavation

For the convenience of the problem analysis, we make the
following assumptions: (1) the material and section
specification of the pipeline segment in the pipe jacking
group are identical; (2) the jacking pipes of each hole are
excavated in sequence, and the jacking speed is suitable
and consistent; (3) the soil is homogeneous isotropic
elastic-plastic cohesionless material, and the soil obeys the
Mohr–Coulomb yield criterion. And the lateral distur-
bance range of single-hole excavation, double-hole ex-
cavation, three-hole excavation will be analyzed
separately.

2.1.)e Lateral Disturbance Range of Single-Hole Excavation.
During single-hole pipe jacking, friction resistance is
generated between the shell of MTBM and the sur-
rounding soil, which makes the soil around the shell
shear disturbance. At the same time, the horizontal
excavation of pipe jacking will cause shear disturbance
on the soil in the front of MTBM and excavation
unloading on the soil upper front MTBM. *erefore, the
horizontal excavation of single-hole pipe jacking will
produce soil disturbance in a certain range perpendicular
to the jacking direction.

Based on the field measurement and the theory of small
hole expansion, the calculation method of the radius of
plastic shear disturbance zone is given in the literature
[30–34], but it is not suitable for shallow overburden en-
gineering. *erefore, the shell shear disturbance zone will be
further analyzed based on cavity expansion methods. And
the pipe jacking in shallow overburden is regarded as cy-
lindrical hole expansion in finite medium. *e mechanical
model is shown in Figure 1.

Referring to a0 as the initial radius, the hole radius
after expansion is called the expanding radiusa. Referring
to p0 as the initial pressure of the hole, p is called the
expansion pressure of the hole. When the uniformly
distributed internal pressure changes from p0 to p, the
radius of the hole changes from a0 to a. With the con-
tinuous increase of internal pressure, the soil around the
hole begins to yield, from the original overall elastic state
to the state containing both elastic and plastic regions.
*erefore, the soil will be disturbed within the radius of
plastic zone rp, which is the radius of the shell shear
disturbance zone R′.

*e soils around the cylindrical hole satisfy the differ-
ential equation of stress balance according to the cavity
expansion method:

zσr

zr
+
σr − σθ

r
� 0, (1)

where σr and σθ are the radial and circumferential normal
stresses, respectively, and r is the polar radius.

*e geometric and physical equations in the elastic re-
gion can be expressed as
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where εr and εθ are the radial and circumferential strain,
respectively, E is the elastic modulus, and ] is Poisson’s ratio.

Combining equations (1)–(3), the stress and displace-
ment field of soils in elastic zone satisfy the following:

σr � p0 + py − p0􏼐 􏼑
rp

r
􏼒 􏼓

2
,
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(4)

ur �
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2G

rp

r
􏼒 􏼓

2
r, (5)

where G is the shear modulus of soil and py is the expanding
pressure at elastoplastic interface.

According to the basic assumption 3, the soil outside
the hole obeys the Mohr–Coulomb criterion without con-
sidering the cohesion, and its yield criterion can be expressed
as

σr

σθ
� Rps �

1 + sin φ
1 − sin φ

, (6)

where φ is the internal friction angle of soil, Rps is the ratio of
large principal stress to small principal stress, and it is also
the ratio of radial force to circumferential force.

*e stress in the plastic zone satisfies both the differential
equation of stress equilibrium and the Mohr-Coulomb
criterion. Substituting equation (6) into equation (1), we get

σr � A
1
r

􏼒 􏼓
1− 1/Rps( 􏼁

, (7)

where A is the integral constant.
In the meanwhile, the soil in elastic zone also satisfies the

Mohr–Coulomb criterion, by substituting the yield condi-
tion (6) into the stress field equation (4), the expansion
pressure of the cylindrical hole at the beginning of yielding
can be obtained, and it is also the radial stress at the radius of
the plastic zone:

py � σr|r�rp
�
2Rpsp0

1 + Rps

. (8)

*e integral constant A can be obtained by simultaneous
equations (7) and (8):

A �
2Rpsp0

1 + Rps

r
1− 1/Rps( 􏼁
p . (9)

*en, the radial stress in the plastic zone is

σr �
2Rpsp0

1 + Rps

rp

r
􏼒 􏼓

1− 1/Rps( 􏼁
, (10)

and the radius of the shell shear disturbance zone is

rp �
1 + Rps

2Rpsp0
􏼠 􏼡

Rps/ Rps− 1( 􏼁

ap
Rps/ Rps− 1( 􏼁

. (11)

*erefore, the radius of the shell shear disturbance zone
is

R′ � rp �
1 + Rps

2Rpsp0
􏼠 􏼡

Rps/ Rps− 1( 􏼁

ap
Rps/ Rps− 1( 􏼁

. (12)

As jacking excavation, soil output, driving machine
jacking, and other processes, the pipe jacking excavation will
continue to disturb the surrounding soil along a certain
angle to the ground. *e complete boundary line on both
sides will form a junction with the ground; thus, a lateral
disturbance area forms, which is shown in Figure 2.

According to the limit equilibrium principle, the
boundary of the disturbance zone should be tangent to the
shear disturbance zone, and the horizontal elevation angle of
the boundary line is equal to the active earth pressure angle

α � 45° +
φ
2

, (13)

where φ is the internal friction angle of the soil.
*erefore, the range of horizontal disturbance caused by

single-hole pipe jacking is

L � 2htg 45° −
φ
2

􏼒 􏼓 + 2
R′

cos 45° − (φ/2)( 􏼁
, (14)

p0

a0

rpr

σr σφ

σφ

Elastic zone

Plastic zone

ur

Figure 1: Mechanical model of cylindrical hole expansion.
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where h is the vertical distance between the center of pipe
segment and ground surface, φ is the internal friction angle
of soil, and R′ is the radius of the shell shear disturbance
zone, which can be determined by formula (12).

2.2.)eLateralDisturbanceRange ofDouble-HoleExcavation
and Disturbance Superposition. When the second jacking
pipe excavates in sequence, the double-hole jacking pipeline
will be formed. At this time, the influence of horizontal
center spacing should be considered. If the center spacing
between two holes is large, the second hole only produces
soil disturbance near itself, and its lateral disturbance range
is the same as that of single-hole jacking. If the center
spacing between two holes is small, disturbance superpo-
sition will occur near the junction center of the two holes.
Assuming that the center spacing of pipeline is B, it satisfies

B> 2hctgα +
2R′
sin α

. (15)

*e lateral disturbance range of the double hole is shown
in Figure 3(a). *e center spacing of the double hole is small
and satisfies

B< 2hctgα +
2R′
sin α

. (16)

*e lateral disturbance range of the double hole is shown
in Figure 3(b). And the lateral overlapping area range is

L′ � 2hctgα − B +
2R′
sin α

. (17)

2.3. )e Lateral Disturbance Range of )ree-Hole Excavation
and Disturbance Superposition. When the third hole exca-
vates in parallel, the influence of the lateral disturbance
range is the same as that of double-hole jacking, but the
jacking position of the third hole should be considered. If the
third hole is jacked outside the previous two holes, it is
consistent with the superposition effect of double-hole
jacking, as shown in Figures 4(a) and 4(b). If the third hole is
jacked in the middle of the previous two holes, it will be
further overlapped in the previous two-hole overlapped area,
as shown in Figures 4(c) and 4(d). *e lateral disturbance

zone of the third hole jacking and the lateral overlapping
area range are the same as formulas (14) and (17).

3. Case Description

3.1. Overview. To effectively discharge the rainy season
precipitation and municipal sewage around Meilan Inter-
national Airport and the surrounding areas in Haikou, the
construction method combining large-diameter adjacent pipe
jacking group underground excavation with large-diameter
box culvert open excavation is adopted. *is project locates
outside the red line of Meilan Airport phase II expansion
project and passes through the nursery, industrial plants, and
urban roads. *e aerial view of the project is shown in
Figure 5. Among them, a three-hole parallel jacking pipeline
group is adopted in the area from No. 4 shaft to No. 5 shaft.
*e total length of pipe jacking group is 1470 meters, the
horizontal center spacing of the pipe jacking group is 3.18
meters, and the average cover depth of the pipe section is
about 3.93 meters. It started in October 2019 and finished in
April 2020. *e construction of No. 1 hole, No. 3 hole, and
No. 2 hole has been carried out successively and the cross
section of the pipe jacking group is the same, which is shown
in Figure 6.

Each ring of the jacking pipeline adopts circular pre-
fabricated reinforced concrete segments with a width of
0.32m. *e inner diameter of the segment is 3.5m and the
length is 2.5m. To effectively bore through the soft soil layer,
the MTBM is used in this project, whose whole length is
5.71m and the outer shell diameter is 4.16m. In the
meanwhile, the grouting system of synchronous grouting at
the head and follow-up grouting at the pipe is adopted to
ensure the jacking quality.

3.2.GeologicalConditions. *e strata at the construction site
can be divided into three main layers and the soft subsoil is
about 13.5m thick. *e water table is located at a depth of
2.3m below the ground. *e basic physical parameters and
depth for these soils are given in Table 1. Plain fill (layer①)
is located on the surface, and the silty clay (layer ②) and
coarse sand (layer ③) are underneath, respectively. *e
main strata of pipe jacking are silty clay and coarse sand.

h

Shear disturbance region

L

Hole 1

¦Á¦Á

R′

Figure 2: Schematic diagram of lateral disturbance range of single-hole jacking.
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Figure 3: Schematic diagram of lateral disturbance range of double-hole jacking. (a) *e center spacing is large in double-hole excavation.
(b) *e center spacing is small in double-hole excavation.
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Figure 4: Continued.
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4. Field Test Scheme

4.1. Test Content and Layout of Monitoring Points. *e field
monitoring contents include the earth pressure and pore
water pressure of the soil around the pipe jacking group.
According to the site construction and environmental
conditions, the monitoring section is arranged at 4 + 368.9
mileage between No. 4 shaft and No. 5 shaft. To investigate
the soil disturbance around the pipe jacking group to the

greatest extent, seven monitoring holes are set on the
monitoring section. Among them, No. 2, No. 4, and No. 6
monitoring holes are located directly above Hole 1, Hole 2,
and Hole 3, respectively. No. 3 and No. 5 monitoring holes
are located at the middle of the center spacing, and No. 1 and
No. 7 monitoring holes are located at the double center
spacing of Hole 1 and Hole 3. Two monitoring points are set
at No. 2, No. 4, and No. 6 monitoring holes, and five
monitoring points are set at No. 1, No. 3, No. 5, and No. 7

h

Hole 3

L′ L′

Hole 1 Hole 2

B B

L

¦Á ¦Á ¦Á
¦Á ¦Á ¦Á

R′ R′ R′

(b)
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Shear disturbance region

Hole 3

Shear disturbance region

Hole 2

B B

L

¦Á ¦Á ¦Á
¦Á ¦Á ¦Á

R′ R′ R′

(c)

h

Hole 1 Hole 2Hole 3

Li
–

L′

B B

L

¦Á
¦Á

R′ R′ R′

(d)

Figure 4: Schematic diagram of lateral disturbance range of three-hole pipeline jacking. (a) *e third hole is located on the outside of the
previous two holes and the center spacing is large. (b) *e third hole is located on the outside of the previous two holes and the center
spacing is small. (c) *e third hole is located in the middle of the previous two holes and the center spacing is large. (d) *e third hole is
located in the middle of the previous two holes and the center spacing is small.
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monitoring holes. Earth pressure and pore water pressure
gauges are arranged above and below at each monitoring
point, so there are 7 monitoring holes, 26 monitoring points,
and 52 stress gauges in total. *e layout of the earth pressure
gauge and pore water pressure gauge measuring points is
shown in Figure 7. Figure 8 describes the erection and
burying of on-site monitoring.

4.2. Test Monitoring Elements and Data Collection.
JTM-V2000 vibrating wire earth pressure gauge and JTM-
V3000 vibrating wire pore water pressure gauge are used as
monitoring elements. Its working principle is that the high
sensitivity induction membrane produces deflection under
the action of load and changes the excited frequency of the

metal string of the induction membrane. *e load on the
earth pressure box and pore water pressure gauge is cal-
culated by using the sensor calibration coefficient. In this
project, data acquisition adopts the combination of a 32-
channel JTM-MV20A data acquisition box and hand-held
JTM-10A vibrating wire sensor reader. JTM-MV20A data
acquisition box monitors and records the vibration fre-
quency of the metal string every 6 seconds, and ZLY-V1.0
intelligent acquisition cloud platform management system
software transmits data online and monitors the scene.

5. Analysis of Test Results

5.1. Analysis of Soil Disturbance during the First Hole
Excavation. From Nov. 10 to 21, 2019, Hole 1 passed through

Figure 5: Aerial view of the project.
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Figure 6: Cross section of pipe jacking group.

Table 1: Main geotechnical parameters of soils at the construction site.

Soil layer Depths (m) Water content (%) Void ratio Cohesion (kPa) Internal friction angle (°)
①plain fill 0–3.98 30.4 0.865 27.9 16.8
②silty clay 3.98–6.58 25.03 0.81 14.91 15.42
③coarse sand 6.58–13.28 8
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the monitoring section. *e earth pressure and pore water
pressure of No. 1, 2, 3, and 4 monitoring holes at different
depths are recorded in Figures 9 and 10, respectively. And the
earth pressure and pore water pressure of Nos. 5, 6, and 7
monitoring holes are unchanged.

It can be seen from Figures 9 and 10 that (1) the pore water
pressure and earth pressure of No. 1, 2, 3, and 4 monitoring

holes are gradually decreasing. Since Nov. 10, 2019, when field
monitoring starts, the tail ofMTBMhas just left themonitoring
section, and the outer diameter of the MTBM is larger than the
outer diameter of the first segment, which would form a gap on
the outer wall of the segment. At this time, the thixotropic
slurry injected from the tail and segment joint has just been
injected into the gap, and the hoop supporting has not yet been
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Figure 8: Diagram of monitoring elements erection and burying.
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formed. After the tail of the MTBM comes out, the soil has no
capacity to support itself and self-stabilization and fill the void
quickly, resulting in the release of soil stress and the dissipation
of pore water pressure gradually. (2) *e decline level of the
earth pressure and pore water pressure of No. 1, No. 2, No. 3,
and No. 4 monitoring holes is different. And the pressure
reduces to zero between No. 4 and No. 5 monitoring holes.

5.2. Analysis of Soil Disturbance during the Second Hole
Excavation. From Dec. 27 to 31, 2019, Hole 3 passed
through the monitoring section.*e earth pressure and pore
water pressure of Nos. 4, 5, 6, and 7 monitoring holes at
different depths are recorded in Figures 11(a) and 12, re-
spectively. And the earth pressure and pore water pressure of
Nos. 1, 2, and 3 monitoring holes are basically unchanged.
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Figure 9: Variation diagram of earth pressure during Hole 1 jacking. (a) Earth pressure of No. 1 monitoring hole. (b) Earth pressure of No. 2
monitoring hole. (c) Earth pressure of No. 3 monitoring hole. (d) Earth pressure of No. 4 monitoring hole.
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It can be seen from Figures 11 and 12 that (1) the earth
pressure and pore water pressure of Nos. 4, 5, 6, and 7
monitoring holes have changed clearly. Taking No. 6 moni-
toring hole which is shown in Figure 8(c) as an example, the
pressure basically remains unchanged for a long time before it
arrives at themonitoring section ahead of 15m.When it arrives
at the monitoring section ahead of 15m, the pressure begins to

increase sharply. When it reaches the monitoring section, the
pressure is still fluctuating, but slightly gentle than before. After
leaving the monitoring section for 10m, the pressure decreases
slowly. (2) *e range and intensity of variation of earth
pressure and porewater pressure inNo. 4, No. 5, No. 6, andNo.
7 monitoring holes are different. Between No. 3 and No. 4
monitoring holes, the pressure value decays clearly.
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Figure 10: Variation diagram of pore water pressure during Hole 1 jacking. (a) Pore water pressure of No. 1 monitoring hole. (b) Pore water
pressure of No. 2 monitoring hole. (c) Pore water pressure of No. 3 monitoring hole. (d) Pore water pressure of No. 4 monitoring hole.
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5.3. Analysis of Soil Disturbance during the )ird Hole
Excavation. From Apr. 10 to 15, 2020, Hole 2 passed
through the monitoring section.*e earth pressure and pore
water pressure of Nos. 2, 3, 4, 5, and 6 monitoring holes at
different depths are recorded in Figures 13 and 14, re-
spectively. And the earth pressure and pore water pressure of
Nos. 1 and 7 monitoring holes are basically unchanged.

It can be seen from Figures 13 and 14 that (1) the earth
pressure and pore water pressure of Nos. 2, 3, 4, 5, and 6

monitoring holes have some changes before and after
reaching the monitoring section. And its disturbance law
near the monitoring section with the change of horizontal
jacking distance is basically the same as that of Hole 3. (2)
*e amplitude and intensity of variation of soil pressure and
pore water pressure in No. 2, 3, 4, 5, and 6 monitoring holes
are different. Between No. 1 and No. 2 monitoring holes and
between No. 6 and No. 7 monitoring holes, the pressure
decays clearly.
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Figure 11: Variation diagram of earth pressure during Hole 3 jacking. (a) Earth pressure of No. 4 monitoring hole. (b) Earth pressure of No.
5 monitoring hole. (c) Earth pressure of No. 6 monitoring hole. (d) Earth pressure of No. 7 monitoring hole.
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From the field test data, it can be seen that when the head
of MTBM excavates through the monitoring section in
sequence, the stress field of soil around the monitoring
section fluctuates in varying degrees with the change of the
horizontal jacking distance, and the change laws of soil
pressure and pore water pressure are completely consistent.
*e horizontal jacking distance affect not only the soil
disturbance but also the spacing of pipeline group and
buried depth. *erefore, it is necessary to deeply analyze the

lateral soil disturbance range and the soil disturbance degree
of single-hole, double-hole, and three-hole jacking.

5.4. Analysis of the Lateral Disturbance Range and Distur-
bance Superposition. In this project, the pipeline group
excavates in sequence, and the third hole excavates in the
middle of the previous two holes, whose construction se-
quence is the same as that in Figure 4(d). Ignoring the
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Figure 12: Variation diagram of pore water pressure during Hole 3 jacking. (a) Pore water pressure of No. 4 monitoring hole. (b) Pore water
pressure of No. 5 monitoring hole. (c) Pore water pressure of No. 6 monitoring hole. (d) Pore water pressure of No. 7 monitoring hole.

12 Advances in Civil Engineering



20
20

/0
4/

11

20
20

/0
4/

10

20
20

/0
4/

12

20
20

/0
4/

13

20
20

/0
4/

14

20
20

/0
4/

15

0.012

0.014

0.016

0.018

0.020

0.022

Ea
rt

h 
pr

es
su

re
 o

f N
o.

 2
 m

on
ito

rin
g

ho
le

 (M
Pa

)
0.024

T2-1
T2-2

Monitoring section location

Date (year/month/day)

(a)

Ea
rt

h 
pr

es
su

re
 o

f N
o.

 3
 m

on
ito

rin
g

ho
le

 (M
Pa

)

20
20

/0
4/

11

20
20

/0
4/

10

20
20

/0
4/

12

20
20

/0
4/

13

20
20

/0
4/

14

20
20

/0
4/

15

Date (year/month/day)

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

Monitoring section location

T3-1
T3-2
T3-3

T3-4
T3-5

(b)

Ea
rt

h 
pr

es
su

re
 o

f N
o.

 4
 m

on
ito

rin
g

ho
le

 (M
Pa

)

T4-1
T4-2

20
20

/0
4/

11

20
20

/0
4/

10

20
20

/0
4/

12

20
20

/0
4/

13

20
20

/0
4/

14

20
20

/0
4/

15

Date (year/month/day)

0.012

0.014

0.016

0.018

0.020

0.022

0.024

0.026

0.028

Monitoring section
location

(c)

Ea
rt

h 
pr

es
su

re
 o

f N
o.

 5
 m

on
ito

rin
g

ho
le

 (M
Pa

)

20
20

/0
4/

11

20
20

/0
4/

10

20
20

/0
4/

12

20
20

/0
4/

13

20
20

/0
4/

14

20
20

/0
4/

15

Date (year/month/day)

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.055

T5-1
T5-2
T5-3

T5-4
T5-5

Monitoring section location

(d)

Figure 13: Continued.
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influence of soil structure, jacking speed, and other factors,
the lateral disturbance range and disturbance overlapping
area of single-hole, double-hole, and three-hole jacking can
be determined, respectively. *e calculation results are
shown in Table 2 and Figure 15.

It can be seen from the table and figure that when Hole 1
excavates, its lateral disturbance range is 15.4m and its
disturbance can affect the earth pressure and pore water
pressure at No. 1, 2, 3, and 4 monitoring holes, when Hole 3
excavates, its lateral disturbance range is 15.4m and its
disturbance can affect the earth pressure and pore water
pressure at Nos. 4, 5, 6, and 7 monitoring holes, and when
Hole 2 excavates, disturbance overlapping appears due to the
small center spacing, its overlapping area range is 8.08m,
and its disturbance can affect the earth pressure and pore
water pressure at Nos. 2, 3, 4, 5, and 6 monitoring holes. And
the theoretical calculation results are consistent with the
above field test data.

6. Evaluation of Soil Disturbance Degree

Based on the field test data, with the help of disturbance
evaluation method, the disturbance degree of soil can be
analyzed [34, 35], and the influence of lateral spacing per-
pendicular to the jacking direction, the buried depth, and
disturbance overlap effect on soil disturbance can be deeply
investigated. In this paper, the evaluation of soil disturbance

degree based on pore water pressure is adopted. *e stress
disturbance degree of soil can be expressed as

λd � 1 −
u

u0
, (18)

where λd is the degree of soil disturbance and u0 and u are
the pore water pressure before and after disturbance.

6.1. Evaluation of the Influence of the Lateral Spacing Per-
pendicular to the JackingDirection on theDisturbanceDegree.
When the three holes excavate in turn, the monitoring
points under the same buried depth are taken to analyze the
soil disturbance degree of different lateral spacing, and the
results are shown in Figure 16. When Hole 1 excavates, the
soil disturbance of No. 2 monitoring hole is the most ob-
vious, followed by No. 3 monitoring hole, and No. 4 and No.
1 monitoring holes are the least. When Hole 3 excavates, the
soil disturbance of No. 6 monitoring hole is the most ob-
vious, followed by No. 5 monitoring hole, and No. 4 and No.
7 monitoring holes are the minimum. When Hole 2 exca-
vates, the soil disturbance of No. 4 monitoring hole is the
most obvious, followed by No. 3 and No. 5 monitoring holes,
and No. 2 and No. 6 monitoring holes are the least. *is
shows that the closer to the pipe, the more obvious the soil
disturbance during the single-hole, double-hole, and three-
hole jacking. Moreover, the soil disturbance on the top of
pipe jacking is more obvious than that on the side due to the
loose structure of the overlying soil.
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Figure 13: Variation diagram of earth pressure during Hole 2 jacking. (a) Earth pressure of No. 2 monitoring hole. (b) Earth pressure of No.
3 monitoring hole. (c) Earth pressure of No. 4 monitoring hole. (d) Earth pressure of No. 5 monitoring hole. (e) Earth pressure of No. 6
monitoring hole.
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Figure 14: Continued.
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6.2. Evaluation of the Influence of the Buried Depth on the
Disturbance Degree. Take the soil disturbance degree analysis
ofNo. 4monitoring hole under different buried depths, and the
results are shown in Figure 17. After comparison, it is found
that the larger the buried depth is, the closer it is to the top

surface of the pipelines, the higher the degree of soil distur-
bance is, and the more severe the soil disturbance is.

6.3. Evaluation of the Influence of Overlap on the Disturbance
Degree. Comparing the soil disturbance degree of
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Figure 14: Variation diagram of pore water pressure during Hole 2 jacking. (a) Pore water pressure of No. 2 monitoring hole. (b) Pore
water pressure of No. 3 monitoring hole. (c) Pore water pressure of No. 4 monitoring hole. (d) Pore water pressure of No. 5
monitoring hole. (e) Pore water pressure of No. 6 monitoring hole.

Table 2: Calculation table of lateral disturbance range and overlapping range.

Jacking
sequence

Weighted value
of internal

friction angle

*e horizontal
elevation angle of the
boundary line (°)

*e radius of
disturbance zone

(m)
Disturbance criteria

Lateral
disturbance
rang (m)

Overlapping
area range (m)

Hole 1
16.8 52 2.47

L1 � 15.4 L1′ � 0
Hole 3 B> 2hctgα + (2R′/sin α) L2 � 15.4 L2′ � 0.76
Hole 2 B< 2hctgα + (2R′/sin α) L3′ � 8.08
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monitoring point 3-1 when Hole 1 and Hole 2 excavate
through, respectively, the disturbance overlap effect of
double-hole jacking can be obtained, and the result is shown
in Figure 18.

It can be seen that, in the double-hole disturbance
overlap area, the soil disturbance caused by the second hole

is larger than that caused by the first hole, but the distur-
bance intensity is smaller. *is is because the soil structure is
more loose when the second hole excavates, and the dis-
turbance caused by the loading and unloading of the soil
during jacking is less obvious than that of the original soil
before.

330

52
1 2 3

15.4

1# 2# 3# 4# 5# 6# 7#

R2
.47

(a)

1 2 3

15.4

1# 2# 3# 4# 5# 6# 7#

52

R2
.47

(b)

52

1 2 3

1# 2# 3# 4# 6# 7#

8.08

5#

8.08
0.76

R2
.47

(c)

Figure 15: Calculation map of lateral disturbance range and overlapping range. (a) Hole 1 excavates. (b) Hole 3 excavates. (c) Hole 2
excavates.
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Figure 16: Degree of soil disturbance under different lateral spacing. (a) Hole 1 excavates. (b) Hole 3 excavates. (c) Hole 2 excavates.
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Figure 17: Degree of soil disturbance under different buried depth. (a) Hole 1 excavates. (b) Hole 3 excavates. (c) Hole 2 excavates.
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7. Conclusions

Combining theory analysis with field test, the effect of soil
disturbance in the vertical direction of pipe jacking group
and its interaction are mainly discussed in this paper. Based
on the actual project, the following conclusions are obtained:

(1) *e horizontal jacking of pipe jacking is regarded as
the problem of cavity expansion in finite medium in
this paper. Based on the cylindrical hole expansion
model, the calculation formula of the plastic zone
disturbance radius of soil is deduced. Furthermore,
according to the limit equilibrium principle, the
calculation formula of the transverse disturbance
range caused by single-hole jacking construction is
established.

(2) *e influence of center spacing between two holes
and the jacking position on the lateral disturbance
range of soil in double-hole and three-hole jacking
construction is analyzed and discussed. If the center
spacing is large, the soil disturbance only occurs
around the plastic disturbance area of each pipe. If
the center distance is small, the disturbance super-
position will occur. *e calculation formulas of the
critical value of the center spacing and the lateral
overlapping area range in double-hole and three-
hole jacking are established.

(3) *e disturbance superposition mechanism of three-
hole excavation is the same as that of double-hole
excavation, but the influence of jacking position
should be considered. When the third hole is located
outside the previous two holes, its disturbance su-
perposition effect is the same as that of double-hole
excavation. When the third hole is located in the
center of the two holes, if the center distance is small,
there will be secondary disturbance superposition.
*e conclusion of theoretical analysis is the same as

that of field test, which proves the rationality of
theoretical solution effectively.

(4) With the help of the pore water pressure measured in
the field test, the disturbance degree of the soil
during the multihole jacking is further analyzed.
From the analysis results, in the case of single-hole,
double-hole, and three-hole jacking, the deeper the
buried depth and the closer to the pipe, the greater
the soil disturbance. At the same time, affected by the
soil structure, the disturbance degree of the soil on
the top of the pipe jacking is larger than that on the
side, and the disturbance degree of the second hole is
larger than that of the first hole, but the degree is not
as severe as before.
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