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The large-scale rectangular pipe jacking technology has attracted more and more attention in the construction of urban un-
derground pipe galleries, especially the problem of prediction and control of the surface settlement. Taking the pipe gallery project
of Chengbei Road in Suzhou as an example, the settlement values of three groups of monitoring sections under the conditions of
natural settlement and synchronous grouting are monitored, and the measured settlement values are compared with Peck formula
and random medium theory. The results show that the Peck formula is more accurate in predicting the natural settlement within
1.5 times the pipe jacking width, while the stochastic medium theory is more accurate in predicting the settlement beyond the
width. By comparing the field test and theory, the suggestions on the prediction of ground settlement of rectangular pipe jacking of
large scale are put forward. The results of this study provide a basis for subsequent related research work and

engineering applications.

1. Introduction

With the acceleration of urbanization, the expansion of
underground space has gradually become a hot issue in the
comprehensive utilization of urban space. Underground
pipe jacking technology is one of the important ways to build
a comprehensive pipe gallery in addition to the underground
excavation technology. Pipe jacking construction will have a
certain impact on the surface; in particular, large section
pipe jacking construction in complex stratum will cause
greater disturbance to the soil within the affected area [1-6].

In order to study the ground motion, many theoretical
analyses have been carried out [7]. Previous studies have
shown that the surface deformation is affected by the fol-
lowing factors: (i) ground loss, (ii) the pressure on the ex-
cavation surface, (iii) lateral friction on the hoist, (iv)
grouting process [8], and (v) mechanical vibration [9], etc.

The research methods of surface deformation caused by
pipe jacking mainly include experience method, theoretical

analysis, numerical simulation, and actual field measurement
analysis.

1.1. Empirical Method. Peck [10] obtained the conclusion that
the land subsidence trough is typically distributed based on the
analysis of the number of engineering measured data. The Peck
formula for estimating the lateral ground settlement trough is
proposed under the assumption that the soil is incompressible.
After that, many scholars have put forward different methods
for the values of width coefficient and soil loss in the Peck
formula.

O'Reilly and New [11] treated drilling soil and granular soil
differently and put forward different formulas for calculating
width coefficients. Loganathan and Poulos [12] thought that the
width coefficient is related to the tunnel depth and tunnel radius
and so proposed new formula. Attewell and Farmer [13] used
the cumulative probability curve formula to calculate the
longitudinal ground subsidence of the ground directly above the
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tunnel axis. Based on the formula of O’Reilly and the empirical
coeficient of Shanghai Metro, the soil loss is calculated.

1.2. Theoretical Analysis. There are two common theoretical
analysis methods for the calculation of soil stress and dis-
placement caused by underground engineering construction
such as pipe jacking and tunnel construction: the classical
theoretical analysis and the random theory analysis.

The classical theoretical analysis method is to use the
solution of the concentrated force in the infinite and semi-
infinite space in elastic mechanics and calculate the effect of
construction on the surrounding soil stress and displace-
ment by using the integral principle in the mathematical
method [14]. The theory of random medium was proposed
by Litwiniszyn [15] when studying the law of ground sub-
sidence and movement caused by underground mining.

For the surface deformation caused by pipe jacking,
researchers tend to choose the shield construction
method for comparison. Sagaseta [16] assumes that the
ground motion is uniform and the consolidation con-
dition is undrained. Then, the three-dimensional defor-
mation calculation is used to analyze the surface loss.
Verruijt and Booker [17] divided the tunnel deformation
into the same radial displacement and the self-elliptic
deformation of the soil and obtained the calculation
formulas of the vertical displacement and horizontal
displacement of the soil through mathematics. Scholars
[18] analyzed the ground settlement caused by shield
excavation and proposed a method to estimate the
ground settlement by using a cumulative probability
curve. Ren et al. [19] proposed a theory of ground set-
tlement caused by circular pipe jacking and compared it
with the engineering case. Cheng et al. [20] studied pipe
jacking engineering in Taiwan and analyzed the variation
law of pipe jacking force when crossing different strata.

1.3. Numerical Simulation. The numerical simulation
method is widely used to simulate the influence of pipe
jacking construction on ground deformation [21]. Zhang
et al. [22] conducted a 3D numerical simulation to inves-
tigate the responses of pipe jacking construction on the
roadway. Based on the comparison between simulation
results and field measurement, Zhang et al. proposed the
technological methods to reduce the uplift and ground
settlement of the tunnel.

Shimada et al. [23] found that mud properties play an
important role in the jacking process, and appropriate mud
pressure is the key to the stability of surrounding soil
[24, 25]. Bing et al. [26] did a 3D simulation and found that
the transverse deformation range caused by pipe jacking
is—3.6d~3.6d, and the influence range of longitudinal
surface deformation is—2.14d~2.14d. According to a
rectangular subway shield, Tang et al. [27] analyzed the
deformation of the ground by ABAQUS three-dimensional
finite element simulation software. The spatial and temporal
distribution laws of the deformation of the settlement of the
ground surface are summarized.
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1.4. Method of Measurement and Analysis. Zhou et al. [28]
simulated the influence of grouting on jacking force and
surface settlement in silt areas and concluded that reasonable
control of slurry parameters can effectively reduce friction
and control surface settlement. Yang et al. [29] also obtained
that if the mud performance can be improved, the jacking
force in pipe jacking construction can be reduced and the
jacking force can be predicted accurately. Sun et al. [30]
adopted the field monitoring method to analyze the key
parameters in the pipe jacking construction of double line
underground pedestrian passage and presented geo-
environmental impacts of the rectangular pipe jacking
technology. Zhang et al. [31] summarized four calculation
methods of jacking force in the process of pipe jacking
construction of Gongbei tunnel and compared with a field
test. Li et al. [32] analyzed the possible causes of pipe
cracking by way of detailed field investigation and on-site
pipe strain monitoring. Stuedlein and Meskele [33] mea-
sured the ground deformation induced by mechanical vi-
bration and compared the results with the vibration
standard. The results show that the influence degree of
mechanical vibration decreases rapidly with the increase of
radial distance [34, 35].

Based on the theoretical analysis of Peck and random
medium, the settlement law caused by rectangular pipe
jacking in the large fault flour sand formation will be an-
alyzed based on the field data.

2. Project Background and Monitoring Methods

2.1. Project Background. The total length of the compre-
hensive Underground Pipe Gallery project in Suzhou City is
over 30 kilometers. And this project needs to traverse
multiple urban inland rivers, main buildings, roads, and
various municipal pipe networks. This paper takes the pipe
gallery crossing the river section in Chengbei Road as the
objective of research and analysis.

According to the site investigation, the comprehen-
sive pipe gallery under the river is about 39 meters wide,
and there is a simple building with four floors within 10
meters to the south end. The terminal position is under an
overpass, and various underground pipelines such as
water supply, rainwater, telecommunications, and optical
fiber are passed down along the line. It is confirmed by
drilling that the stratum layer crossed by the jacking pipe
is silty sand mixed with silt and silt sand layer, and there is
silt on the top of the pipe jacking partly underneath the
river channel where the groundwater is abundant. In
order to control ground settlement and ensure the safety
of the surface and structure of the pipe jacking section, it
is suggested to apply an Earth pressure balanced rect-
angular pipe jacking machine to carry out tunnel con-
struction, and the performance parameters of the
equipment are shown in Table 1.

The comprehensive pipe gallery adopts a section size of
55mx9.1m, a wall thickness of 650mm, a pipe joint
concrete strength of C50, and all the pipe jacking structures
adopt prefabricated rectangular reinforced concrete pipe
joints.
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TaBLE 1: Technical parameters of the rectangular pipe jacking machine.

Serial number Content Parameters
Strata Clay, sandy soil, and silty clay
Shape 5520 mm x 9120 mm

Screw speed
Excavated volume

N U W~

Form of the cutter head
Deviation adjustment angle
Cutter head speed

Whole section cutting
Horizontal: +1.3°, vertical: +2.3°
0~1.58 rpm
0~6rpm
60 m*/h

A typical section of the comprehensive pipe gallery is
shown in Figure 1.

The drilling positions closest to the riverbed and riv-
erbank are J07 and J08, which are shown in Figure 2.
According to the drilling data, the main types of crossing soil
layer are miscellaneous fill, clay, silty clay, silt, etc., and the
physical parameters of the soil layer are shown in Table 2.

2.2. Monitoring Methods. The comprehensive pipe gallery
project from Jinzheng Street (Chengbei Road) to Jiangyu
Road starts from east to west, and the jacking distance is
240.0 m. Due to the large excavation section of rectangular
pipe jacking, the influence on the ground deformation is
particularly large. Therefore, three monitoring sections
(CJ1 section, CJ2 section, and CJ3 section) are set up
according to the geological conditions combined with the
distribution of surface structures. Among these three
monitoring sections, CJ1 is located on the current road, 69.4
meters away from the launching shaft; CJ2 is located be-
tween buildings, 111.4 meters away from the launching
shaft; CJ3 is located along the river, 182.9 meters away from
the launching shaft. The specific details are displayed in
Figure 3.

The settlement observation points of each section are
symmetrically arranged with the pipe jacking axis as the
center. The distance between the inner measuring points
within the width range of the jacking pipe is 1 meter, and
outside the width range, the measuring points are arranged
every 2 meters. There are 23 monitoring points on the CJ1 and
CJ3 sections, respectively. Since the CJ2 section is located
between the building groups, there are 3 fewer monitoring
points on both sides of the jacking pipe axis. Taking CJ3 as an
example, the distribution of the monitoring points is shown in
Figure 3. The number of each monitoring point is numbered
from the launching shaft section. The monitoring point
number is composed of the monitoring section and the
distance from the axis. The distance of the measuring point on
the north side of the axis is positive, and vice versa.

The monitoring instruments and frequency are shown in
Table 3.

The contents of monitoring and analysis are as follows:

(1) Analysis of the law of surface transverse settlement:
The settlement of several monitoring sections (be-
fore, during, and after the cutter head passes through
the monitoring sections) is monitored, and the de-
velopment law of the width and shape of the rect-
angular pipe jacking is analyzed.

(2) Analysis of surface longitudinal settlement.

In this paper, the ground settlements along the pipe
jacking axis are monitored, and the development law of the
maximum uplift and settlement of the settlement in different
jacking processes is analyzed.

3. Monitoring Results

3.1. Analysis of Daily Surface Settlement. In order to study
the lateral settlement law on both sides of the axis in the pipe
jacking process, the CJ1 section surrounded by more
buildings is selected as the analysis object. The monitoring
points are selected every 4 m from the outermost side with
the purpose of simplifying the data to be processed.
Therefore, the data of CJ-17, CJ1-13, CJ1-9, CJ1-4, CJ1-0,
CJ1+4,CJ1+9, CJ1+13,and CJ1+ 17 are selected, and the
two groups of data with the same off-axis distance are
compared.

3.1.1. Comparative Analysis of CJ1-17 and CJ1+17. The
daily settlement and rate of change (CJ1-17 and CJ1 + 17) are
shown in Figures 4 and 5, respectively. The maximum uplift
of CJ1-17 occurred on October 30 and November 9, with a
value of 5mm, and the maximum settlement occurred on
November 7, with a value of 8 mm. The maximum positive
change of CJ1-17 settlement occurred on November 8 with a
change rate of 9.13, and the maximum negative change
occurred on November 7 with a change rate of —12.07.

The maximum uplift of CJ1 + 17 occurred on November
24, with a value of 4mm, and the maximum settlement
occurred on November 7, with a value of 6 mm. The
maximum positive change of CJ1+ 17 settlement occurred
on November 8 with a change rate of 9.13, and the maximum
negative change occurred on November 7 with a change rate
of —-7.04.

According to the linear fitting results, the changing trend
of the two points is roughly the same. The ground defor-
mation caused by pipe jacking at the beginning is the set-
tlement and gradually tends to abscissa with the progress of
jacking. The daily deformation will fluctuate between uplift
and settlement. The maximum daily settlement of the two
monitoring points is on November 7, but the maximum
daily uplift is not on the same day. The results show that the
daily deformation changes alternately and the maximum
daily settlement change rate of the two points occurred on
November 8 (positive) and November 7 (negative). In
general, the change of CJ1-17 is greater than CJ1+17.
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FiGURE 1: Typical section of comprehensive pipe gallery.
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FIGURE 2: Soil layer information and pipe jacking spatial location profile.

3.1.2. Comparative Analysis of CJ1-13 and CJI+13. The
daily settlement of CJ1-13 and CJ1 + 13 is shown in Figure 6.
The maximum uplift of CJ1-13 occurred on October 30, with
a value of 6 mm, and the maximum settlement occurred on
November 7, with a value of 9 mm. The maximum positive
change of CJ1-13 settlement occurred on November 8 with a
change rate of 8.11, and the maximum negative change
occurred on November 7 with a change rate of —13.07.
The rate of change of daily settlement of CJ1-13 and
CJ1+13 is shown in Figure 7. The maximum uplift of
CJ1+ 13 occurred on November 24, with a value of 5mm,
and the maximum settlement occurred on November 7, with
a value of 6 mm. The settlement of CJ1 + 13 had the largest

positive change on November 8, with a change rate of 9.13,
and the largest negative change on November 7, with a
change rate of —9.05;

According to the fitting results, the changing trend of the
two sections is not completely coincident. The influence of
pipe jacking on the surface deformation of CJ1-13 and
CJ1 + 13 is settlement and uplift, respectively. The maximum
daily settlement change rates of the two sections occurred on
November 8 (positive) and November 7 (negative). The
maximum daily settlement occurred on November 7, but the
maximum daily uplift is not on the same day. The results
show that the change of CJ1-13 is slightly greater than
CJ1+13.
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TaBLE 2: Physical mechanics parameters of soil layers.

Name Height Thickness =~ Moisture rate ~ Natural density ~ Void ratio Cohesion Internal friction angle
h (m) wo (%) p (g/cm’) e---- C (kPa) 0 ()

Plain fill 35 3.66 30.4 1.92 0.865 27.9 16.8

Clay -0.16 2 26.2 1.99 0.737 41.4 15.7

Silty clay & silt -2.16 1.3 30.0 1.92 0.841 16.8 22.7

Silt & soil -3.46 4.4 30.2 1.91 0.836 4.6 31.4

Silt -7.86 4 28.9 1.94 0.789 3.8 334

Fine silty clay -11.86 5.7 29.9 1.93 0.840 25.7 17.7
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Figure 3: CJ3 plane layout of settlement monitoring points.

3.1.3. Comparative Analysis of CJ1-9 and CJ1 + 9. The daily
settlement of CJ1-9 and CJ1+9 is shown in Figure 8. The
maximum uplift of CJ1-9 occurred on September 25 with a
value of 6 mm, and the maximum settlement occurred on
November 7 with a value of 9 mm. The maximum positive
change of CJ1-9 occurred on November 8, with a change
rate of 13.18, and the maximum negative change was on
November 7, with a change rate of —13.07.

The rate of change of daily settlement of CJ1-9 and
CJ1 +9 is shown in Figure 9. The maximum uplift of CJ1 +9
occurred on November 8 and November 24, with a value of
5mm, and the maximum settlement occurred on November
7, with a value of 8mm. The largest positive change of
CJ1 +9 settlement occurred on November 8, with a change
rate of 13.18, and the largest negative change of CJ1+9
occurred on November 7, with a change rate of —11.06.
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TaBLE 3: Surface settlement monitoring.

Number of Measured

Items Instruments . Frequency
point
The distance between the pipe jacking head and the monitoring section is 20m, 1
times/d.
Settlement Optical level 63 The cutter head is 15m away from the monitoring section, 1~2 times/d.

After the cutter head passes through the monitoring section, it is continuously

monitored until the trend is stable, 1 times/d.
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The maximum daily settlement of both sections occurred
on November 7, but the maximum daily uplift do not occur
on the same day. The maximum change rates of the two
observation points occurred on November 8 (positive) and
November 7 (negative).

3.1.4. Comparative Analysis of CJ1-4 and CJI +4. The daily
settlement and rate of change (CJ1-4 and CJ1 +4) are shown
in Figures 10 and 11, respectively. The maximum uplift of
CJ1-4 occurred on November 8, with an amount of 8 mm,
and the maximum settlement occurred on November 7, with
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FIGURE 6: Daily settlement of CJ1-13 and CJ1 + 13.
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FIGURE 7: Rate of change of daily settlement (CJ1-13 and CJ1 +13).

an amount of 10 mm. The maximum positive change of CJ1-
4 settlement was 18.25 which occurred on November 8, and
the maximum negative change was —14.08 which occurred
on November 7.

The maximum uplift of CJ1 +4 occurred on November
30, with a value of 7mm, and the maximum settlement
occurred on November 7, with a value of 9 mm. The largest
positive change of CJ1 +4 occurred on November 8, with a
change rate of 15.12, and the largest negative change oc-
curred on November 7, with a change rate of —13.07.

3.1.5. Comparative Analysis of CJ1-0, CJI1-9, and CJ1-17.
It can be concluded from Figure 12 that the ground de-
formation amplitude, with the same distance from the

jacking axis, tends to be the same. Therefore, we analyze the
influence of jacking construction on the width direction, by
comparing the ground deformation of CJ1-0, CJ1-9, and
CJ1-17.

It can be seen from Figure 13 that CJ1-0 has the largest
daily settlement and change rate, and CJ1-17 is the smallest
of the three groups of data.

The maximum uplift of CJ1-0 occurred on November 30,
with a value of 11 mm, and the maximum settlement oc-
curred on November 7, with a value of 10 mm. At the same
time, the CJ1-0 had the largest positive change on November
8, with a change rate of 17.24, and had the largest negative
change on September 27, with a change rate of —15.32.

Theoretically, the ground settlement is mainly due to the
fact that the support pressure of the excavation face is less
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than the active Earth pressure, and the ground uplift is
generally related to the operation of synchronous grouting.

The monitoring points with equal distance from the
jacking axis show similar rules under the influence of pipe
jacking, which is mainly related to the attitude of pipe
jacking, stratum parameters, ground buildings, and other
factors.

The maximum uplift of monitoring points with the same
distance from the axis does not occur on the same day, but
the maximum settlement occurs on November 7. The main
reason is that the grouting was interrupted on November 7
and the ground subsided naturally. The mud was injected on
November 8, so the measuring point had a sharp increase.
The daily deformation will fluctuate repeatedly between
uplift and settlement, which is the result of synchronous
grouting and deviation correction operation.

3.2. Vertical Cumulative Settlement. The longitudinal cu-
mulative settlement value of the axis caused by pipe jacking
shows roughly the same rule at the monitoring points on

both sides of the axis. Therefore, the observation points on
the south side of the jacking axis are used as the research
object to analyze the longitudinal cumulative settlement of
the surface. The selection of measuring points for CJ1, CJ2,
and CJ3 sections is demonstrated in Figures 14-16.

As is shown in Figure 14, when the top of the pipe
jacking cutter head is at a certain distance from the CJ1
section, the monitoring section has a certain degree of
settlement. The main reason is that the original Earth
pressure balance is broken during the jacking process and
there is no simultaneous grouting supplement, which in turn
causes a certain degree of surface settlement. As there are
many key buildings distributed around the CJ1 section, the
settlement control is the most stringent among the other two
sections. Several measures are adopted during the jacking
process such as adjustment of muddy water pressure and
synchronous grouting pressure, to control the surface set-
tlement value below 2.0 cm.

Similarly, before the jacking pipe crosses the CJ2 and CJ3
sections, a certain degree of ground subsidence also occurs
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for the same reason as the CJ1 section. After the pipe jacking
equipment was pushed into the monitoring section, the
settlement values of the three monitoring sections increased
significantly, but with the increase of the jacking length, the
settlement observation value gradually stabilized with the
CJ3 section being the most obvious. In addition, the set-
tlement deformation of the measurement points on each
section shows a similar overall law. The jacking construction
has a greater impact on the measurement points which are
closer to the axis, especially the one on the axis. Due to the
superimposed effect of groundwater loss, synchronous
grouting pressure adjustment, pipe jacking posture adjust-
ment, and other factors, it shows some certain irregularities.

Finally, it should be noted that since the CJ3 section is
close to the river, grouting construction should be

minimized considering environmental protection and safety
issues, and thus, the settlement law of this section is closer to
natural settlement.

3.3. Horizontal Settlement Trough. To analyze the settlement
troughs of the three monitoring sections, five time points are
selected for each settlement trough. The observation results
are shown in the following figures.

It can be seen from Figure 17 that although the settle-
ment observation data of the CJ1 section fluctuates greatly
and the settlement trough curve is relatively twisting, the
settlement deformations of the three monitoring sections
basically indicate a symmetrical distribution. In addition,
after the pipe jacking equipment was pushed to the
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monitoring section, the settlement deformation increased
significantly. However, with the passage of time, the curve of
the cross-section settlement groove gradually becomes
smooth, and the deformation of the cross section gradually
decreases. The maximum settlement deformation point of
the three settlement trough curves occurs on the axis of the
jacking pipe and only the CJ3 section has a numerical rate on
the axis less than on both sides of the axis during the passage
of the pipe jacking machine which is related to the sole
grouting at the top of the pipe jacking during the river
crossing; in addition, as time goes by and the distance of the
jacking section becomes farther and farther from the section,
the influence of jacking on settlement becomes smaller and
smaller, and the influence of pipe jacking on settlement
decreases as the distance from the axis of the jacking pipe
increases.

Regarding the CJ1 section, due to the adjustment of the
synchronous grouting parameters, the settlement trough
curve fluctuates greatly, and the law is not obvious; at the CJ2
section, stable synchronous grouting process parameters
have been explored: with the passage of time and the
progress of simultaneous grouting, the deformation of the
section changes from settlement to elevation, which also
shows that the selection of simultaneous grouting param-
eters is reasonable; and finally, because the CJ3 section is
close to the river and only grouted at the top of the pipe
gallery during the jacking period, the subsequent settlement
deformation tends to increase slowly but eventually is close
to a stable state. In the three sections, the CJ3 monitoring
section is relatively less affected by construction factors and
basically reflects the natural settlement trend and law of
surrounding rocks during pipe jacking. The next stage of
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theoretical analysis will focus on the research and analysis of
the CJ3 section data.

4. Theoretical Analysis of Ground Settlement

4.1. Peek Curve. The Peck formula [10] currently is one of
the prediction models that is widely used in soil deformation
caused by pipe jacking construction. The formula for esti-
mating horizontal ground settlement is

292
S(X) — Smaxe x”/2i ,

1
_ Vloss ( )
max i\

where S, is the Land settlement (m), x is the horizontal
distance from the tunnel axis (m), S, is the maximum
ground settlement above the tunnel axis (m), the Vj is the
amount of soil loss per unit length of the tunnel (m*/m), and
i is the Width coefficient of ground settlement trough (m).

According to O’Reilly and New’s experience in London,
there is a simple linear relationship between i and z, (tunnel
axis depth):

i =Kz, (2)

tan f .
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where K is the trough width parameter depending on the
nature of the land.

Combined with the construction data of underground
projects in Shanghai [8], the recommended value of the
trough width parameter is 0.5. The determination of the soil
loss per unit length of the pipe jacking Vi is calculated by
the empirical method:

Vloss = lhﬂ’ (3)

where [ is the width of the tunnel, & is the height of the
tunnel, and # is the ground loss ratio (see Table 4).

According to the design, h=55m, [=9.1m, K=0.5,
Zo=11.75m, and take # = 2.5%, and substitute them into the
empirical method, respectively, obtaining i=59m,
Viess = 1.25m>/m, and S,,,, =0.09 m. In addition, the width
of the settlement tank can be calculated which is 2.1.

4.2. Random Medium Theory. According to the random
medium theory, the settlement of a certain point caused by
jacking is a random event, and it is the superposition of
infinite small excavations. The rise or sink of the soil in the
disturbance zone around the pipe gallery W (X, Z) is
expressed by

where ) is the area of the tunnel excavation in pipe jacking
construction, 8 is the major influence angle of the sur-
rounding rock in the upper part of the tunnel, ¢ is the angle
of internal friction, and (n— 1) is the ground loss rate.

exp{ T _”Z)z tan 2 (X - f)z}dfdn, (4)

When the pipe jacking excavation surface is rectangular,
suppose that the tunnel excavation width is s and the excavation
height is A, then Q = sh, and the distance between the center of
the tunnel and the ground surface is H; then, the above formula
(4) is

s +h
W(X’Z)z(n_l)J/Z J~H /2 tanﬁ

-2/2

The stratum above the pipe jacking machine at the CJ3
section is V-5, @, ®, ®-1, ®-2, and the thickness is 1.4 m,
3.5m, 1.5m, 1.3m, and 6.8 m, respectively. By referring to
Table 1 for information about stratum physical and

_ 14x16.8+3.5x157+1.5%x22.7+1.3x31.4+6.8x33.4

CX{ d
UG-

Hew (- 2Z)

77 tan > (X — f)z}dqu. (5)

mechanics, the internal friction angles of each soil layer are
16.8, 15.7, 22.7, 31.4, and 33.4 successively. The average
friction angle ¢ of the CJ3 section is calculated as follows:

= 26.24. (6)

14.5

In addition, taking # as 1.25 and combining it with the
above formula, the width of the settlement tank is 24.3 m.

4.3. Settlement Curve. We select the measured data of the
maximum settlement at the CJ3 section and use the

MATLAB 9.0 combined with the Peck formula and the
random medium theory to express the monitoring data in
the same coordinate system, as shown in Figure 18.

As shown in Figure 18, outside the width of the rectangular
pipe jacking, the curve obtained by the random medium theory
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better fits the actual measured value, especially achieving a high ~ theory is obviously larger than the actual measured value, while
degree of fitting at the two ends of the axis; but within the width ~ the settlement value obtained by the Peck curve is closer to the

range, the soil settlement obtained by the random medium

measured value.
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TaBLE 4: Empirical values for ground loss ratios.

Types of soil Ground loss ratio 7 (%)

Types of soil Ground loss ratio 7 (%)

Clayey soil 0.5~2.5 Newly deposited silty clay 2~10
Hard clay 1~2 Noncohesive soil (above groundwater level) 2~5
qo . Noncohesive soil
Icy soil (without atmospheric pressure) 2~2.5 (below the groundwater level) 2~10
Icy soil (with atmospheric pressure) 1~1.5 Artificial fill >10
10
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F1GURE 18: Comparison between calculated and observed results of CJ3’s settlement.

In the process of pipe jacking construction, the vicinity of
the axis is more impacted by construction parameters, such as
jacking mud pressure, jacking speed, simultaneous grouting,
and thixotropic mud. As the random medium analysis theory is
based on the superposition principle for theoretical analysis, its
adaptability to complex and changeable site construction pa-
rameters is poor. Therefore, the random medium theory has a
better performance in the prediction of the area that is farther
from the pipe jacking range.

According to the Peck formula, the parameters of the
Peck formula adopt the recommended values, so the the-
oretical values outside the jacking width are quite different
from the measured values [36-43]. Due to the above reasons,
we use MATLAB 9.0 to fit the measured data and get the
fitting Peak curve.

The fitting formula: S(x) = -79.23 exp(—x2/37.87)
(mm)

Width coefficient of surface
i=+37.87/2 =435
Ground loss:

V2 x 4.35 = 0.414
Soil loss: n =V, /lh = 0.414/(9.1 x 5.5) = 0.8%

settlement trough:

Viess = Sinax V2711 = 79.23/1000x

According to O’Reilly and New [8], there is a multiple
relationship between the width and the width coefficient of
surface settlement trough. The width of the settlement
trough is 67, which means the horizontal distance from the

jacking axis is 3i. Therefore, the settlement trough width of
this project is 26.1 m (which is closer to 24.3 m obtained by
the random medium method) by using the fitting Peck
curve. It can be concluded that the ground loss rate based on
the empirical recommended value is too large, which leads to
inaccurate prediction and the modified Peck formula is more
accurate than the measured value.

The modified Peck prediction diagram, random me-
dium curve diagram, and cumulative maximum settle-
ment diagram of CJ1 and CJ2 section are shown in
Figure 19. It can be seen from Figure 19 that the set-
tlement of CJ1 and CJ2 is quite different from the fitted
Peck curve and random medium curve. Among the three
monitoring sections, the maximum settlement occurs in
the CJ3 section, with a value of 85 mm. However, the
maximum settlement of CJ1 sections is reduced to 16 mm
through synchronous grouting. The Peek curve and
random medium theory are suitable for the law of natural
settlement because they do not consider too much the
construction factors. CJ1 and CJ2 are especially affected
by grouting, so they can not show the law of the CJ3
section. As the CJ1 section is closer to the building,
stronger grouting measures are taken than CJ2, and the
settlement value of the CJ1 section is also smaller than
CJ2. In other words, grouting also makes the settlement
value of most monitoring points controlled below the
settlement curve, which is one of the effective means to
reduce land settlement.
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In a word, for similar projects crossing silty sand stra-
tum, the modified formula can be used in the construction
site to predict the surface settlement and determine the
influence range of surface settlement. Grouting treatment
can be used to prevent excessive surface settlement in the
process of jacking.

5. Conclusion

The soil settlement caused by the rectangular pipe jacking in
silt formations is fundamentally distributed on both sides of
the jacking axis in a symmetric way, and the impact of
jacking construction decreases as the distance from the axis
point increases.

For the pipe jacking width range with a large set-
tlement value, the Peck formula can be used for accurate
prediction without the influence of construction tech-
nology such as reinforcement grouting. However, both
the Peck formula and the random medium theory do not
consider the influence of construction parameters, so
neither of them can perform a perfect analysis of the full-
face settlement analysis caused by the rectangular jacking
pipe in the silt formation, and more in-depth research is
needed.

From the actual measured data, the surface settlement
width caused by jacking is about 1.5 times the width of the
jacking pipe, and the grouting reinforcement during
jacking has a huge impact on the fluctuation of the
settlement value. In addition, the settlement of the
modified Peck formula is the largest, followed by random
medium theory. The settlement values of CJ1 and CJ2 are
smaller than the theoretical prediction value, so it is also
proved that the selected construction technology can
effectively reduce the land settlement. Therefore, pre-
reinforcement must be carried out before the pipe jacking
passes through the key buildings, with the purpose of

reducing the impact of various auxiliary processes during
construction.
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