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Abstract

In this paper, a series of parametric three-dimension numerical simulations were carried out to estimate the face
stability and to calculate the minimum allowable slurry pressure of pipe jacking tunnel in frozen ground for the
first time. In total, 5120 of simulation schemes were done with different ground temperature, diameter and cover
thickness of tunnel, cohesion and friction angle of frozen soil. In order to figure out the optimal grouting
pressure, 4 groups of additional simulations are computed with the uniform face support pressure of 0.5, 1.0, 1.5
and 2.0 times of horizontal stress, oy, at tunnel axis. The qualitative analysis of heading face deformation
mechanism and quantitative analysis between deformation profiles and influential factors were implemented to
comprehend the heading face deformation characteristics when conducting pipe jacking tunnel in frozen ground.
The results show that ground temperature plays a dominant role to control the face deformation of jacking tunnel
in frozen ground. And, factors of tunnel diameter and cover thickness have relatively greater influence on the
deformation regulation than that of shearing parameters of frozen soil, cohesion and friction angle. Finally, the
minimum allowable slurry pressure for each simulation schemes are obtained, which may be used in
construction the pipe jacking tunnel in frozen ground.
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1. Introduction

Seasonally and perennially frozen ground occupy about 24.91x106 Km?, including glaciers and ice sheet, nearly
25.6% of the land surface in the Northern Hemisphere (Zhang, Barry, Knowles, Ling, & Armstrong, 2003; Zhang,
Heginbottom, Barry, & Brown, 2000), where some cities aggregate with the underground construction activities.
Freezing and thawing cycles influence the thermal and hydraulic properties of the soil, which in turn have a
significant impact on the soil properties and interaction between underground structures and surrounding frozen
ground. Generally, freezing of soil pore moisture increase the strength of frozen soil, which reduces the ground
deformation and enhance the stability of tunnel face, compared with that of normal soil, which causes the
discrepancy if continuing employing the conventional slurry pipe jacking method in the cold regions.

Trenchless technology is a process for construction, renewal, and replacement of underground pipelines and
utilities with minimal and subsurface disruptions (Najafi, 2005). Among which, pipe jacking is a non-destructive
trenchless technique used for installing pipes under the ground using a tunnel boring machine and hydraulic
jacks located inside a launch jacking pit (Chapman & Ichioka, 1999; Choo & Ong, 2015; Khazaei, Shimada,
Kawai, Yotsumoto, & Matsui, 2006; Pipe Jacking Association, 1995; Rahjoo, Najafi, Williammee, & Khankarli,
2012; Shimada, Khazaei, & Matsui, 2004). A shield is inserted into the ground through a launch shaft or
reception shaft and cuts a bore. As the shield advances forward, excavating the earth in its path, sections of pipe
are jacked into place directly behind it using powerful hydraulic jacks (Pipe Jacking Association, 1995). Recent
decades, slurry pipe jacking is widely used in the construction of underground infrastructure projects such as
rectangular or circular pedestrian subways, culverts, road underpasses, bridge abutments and so on. However, till
now, no literature reports about the application of pipe jacking technology in frozen ground can be found. In
order to promote the development of slurry pipe jacking technology, this paper is presented to explore the issues
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which may be encountered when applying slurry pipe jacking in frozen ground.

In this paper, a series of finite element simulations were carried out to estimate the stability of tunnel heading
face and the minimum allowable face support pressure of slurry pipe jacking in frozen ground, which is
essentially important to design the grouting pressure and to prevent the collapse and blow-out failure of the
jacking tunnel face. As we know, ensuring tunnel face stability is directly related to the safe as successful
construction of a tunnel (Kim & Tonon, 2010, Tang, Liu, Albers, & Savidis, 2014; Soranzo, Tamagnini, & Wu,
2015). The minimum support pressure to avoid face instability in cold regions is affected by various factors, such
as ground temperature, cohesion, friction angle and permeability of frozen ground, the type of shield machine,
advance rate, unit weight of slurry and conditioned soil, jacking tunnel diameter, cover thickness and so on. In
this article, the qualitative analysis of the jacking tunnel face deformation mechanism is acquired. Then, the
quantitative relationship between tunnel face deformation profiles and temperature, geological and geometric
parameters are analyzed by using FLAC3D version 5.0, of which the most important outcome is the obtaining of
the minimum allowable face support slurry pressure for each simulation schemes with various conditions.

2. Frozen Ground Materials

It has become a limiting factor to select the material properties for use in design of frozen earth structures for
some field applications (Bragg & Andersland, 1981). Generally, the geological material, soil and rock, is mainly
comprised of three phases, solid grains, water and gases. However, from the point of view of the science of
materials, the frozen soil is a natural particulate composite, which is composed of four different constituents:
solid grains (mineral or organic), ice, unfrozen water and gases, showing in Figure 1. While the ground
temperature decreasing, part of the water content will be frozen to ice crystal, which enhances the cohesion
between soil particles. Because of the existence of ice crystal in frozen soil, there are great changes of material
properties within frozen soil. The most important characteristic by which it differs from other similar
materials—such as unfrozen soils and the majority of artificial composites—is that under natural conditions its
matrix, which is mostly composed of ice and water changes continuously with varying temperature and applied
stress (Andersland & Ladanyi, 2013).
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Figure 1. Phase diagram of frozen and unfrozen soil

2.1 Targeted Frozen Soil

The frozen soil is a kind of natural multicomponent and multiphase system and very complex geological material,
the mechanical properties of which are affected by many factors, such as temperature, dry density or water
content (Sayles & Carbee, 1981), mineral particle size and their distribution, applied strain rate, the sample size
or shape, loading conditions (Bragg & Andersland, 1981) and so on. Many researchers have done a lot of
experiments, including uniaxial compressive strength and tensile tests, split cylinder tests, dynamic tri-axial tests
(Ling et al., 2009; Shi, He, & Bian, 2006), concentrating on the study of mechanical and deformation properties
of frozen soil in the past few decades. Yuanlin Zhu and David L. Carbee (Yuanlin, 1986; Zhu & Carbee, 1984)
conducted a series of UCS tests on remolded, saturated Fairbanks frozen silt, taken from the Fairbanks
Permafrost Experiment Station (FPES) in Cold Regions Research and Engineering Laboratory (CRREL) of USA
experimental permafrost tunnel at Fox near Fairbanks, Alaska, under various constant machine speeds,
temperature and dry densities. Some of its physical properties are as follows: the plastic limit of 34.2%, liquid
limit of 38.4%, organic content of 5.49%, and a specific gravity of 2.68.

The initial tangent modulus is much less sensitive to strain rate than to temperature, shown in Figure 2.
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Therefore, it is reasonable to consider that the initial tangent modulus is only dependent the temperature (Yuanlin,
1986). Thus, the initial tangent modulus can be expressed with a correlation coefficient R=0.869 by the
following expression:

E; = 0.4%(6/6,)°¢3¢ (1)

where E; is in GPa, 0 is the temperature and 6, equals to -1°C.
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Figure 2. Initial tangent modulus vs. temperature factor in logarithm (Yuanlin, 1986)

What is more, considering the difference between experimental and natural condition, the tangent modulus of
frozen soil is multiplied by reduction coefficient of 0.5. In addition, the lateral pressure coefficient is set as 0.75.
The geometric and other simulation inputting parameters are summarized in Table 1.

Table 1. Simulation parameters

Tunnel geometric parameters

Diameter (D): 2, 3, 4 and 5m;

Cover thickness (C): 4, 6, 8 and 10m;

Geomechanical properties

Friction angle (¢): 20, 30, 40 and 50°;

Cohesion (c¢): 10, 30, 50, and 70kPa;

Concrete pipe and filling slurry

Concrete pipe: C40, Ec=40MPa, u.=0.3;

Slurry filling: Es=40kPa, 1,=0.3

Effective face support pressure (61) applied normal to tunnel face
Applied tunnel face pressure (o7): 0, 50, 100, 150 and 200% of horizontal stress (o)

3. FEM Solutions
3.1 Simulation Schemes

As listed in Table 1, the simulation is the full combination of 5 factors in 4 levels with 5 levels of applied face
support pressure ranging from 0 to 200% of horizontal stress of tunnel axis, which in total contains 5120
analyses. The Fast Lagrangian Analysis of Continua in 3 Dimensions (FLAC3D Version 5.0) is used to carry out
all the simulation analyses, which is numerical modeling software for geotechnical analyses of soil, rock,
groundwater, constructs, and ground support(/tasca, 2012). The mechanical properties of frozen soil are very
sensitive to temperature. Therefore, the thermal-mechanical coupling model should be built as a sequential
coupling model that excavation and support system is done after completion of the thermal simulation on the
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same model. The numerical simulation of tunnel face stability of slurry pipe jacking in frozen ground is
comprised of the following steps: 1) obtaining the initial stress in the soil mass by ally and balance the gravity; 2)
defining thermal properties of frozen ground and computing thermal simulation; 3) applying the initial stress to
deduct the initial settlement in the frozen soil mass; 4) removing the elements representing the soil excavated by
the pipe jacking machine to simulate the excavation and setting the supporting system and filling material, and
applying the effective face support pressure at tunnel face; 5) defining the mechanical properties change with the
temperature field and carrying out the mechanical simulation.

3.2 Numerical Model
3.2.1 Thermal Model

As mentioned in the last section, this is a thermal-mechanical coupling model. The soil is considered as the
thermal isotropic material during thermal simulation and after frozen, the unfrozen soil and frozen are both set as
Mohr-Coulomb materials. Fish function is compiled in this model to make the mechanical properties changing
automatically with temperature distribution. The thermal simulation is a 3D thermal with different ground
temperatures of -5, -10, -15 and -20°C, showing in Figure 3. It is observed that the ground temperature remains
practically constant throughout the year(Bharadwaj & Bansal, 1981, Popiel, Wojtkowiak, & Biernacka, 2001;
Sodha, Bansal, & Seth, 1981), therefore, the bottom of model is considered as constant temperature boundary of
10°C. The outside and inside are adiabatic and symmetric boundary. Table 2 shows the thermal parameters of the
target frozen soil.

Table 2. Thermal parameters
Conductivity (W/(l’l’l'OC)) Specific heat (J/(m3'°C))
1.5 2.4e6

FLAC3D 5.00

©2012 tasca Consulting Group, Inc.
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Figure 3. Temperature model

3.2.2 Mechanical Model

The thermal-mechanical coupling model should be built as a sequential coupling model. Figure 4 shows the
mechanical model of 4m in tunnel diameter and 6m in cover thickness. Because of the symmetry of geometry
and boundary conditions, only half space is modeled in order to save computation time. The size of half model is
40m in height, 30m in width and 25m in length. The number of element zones is 10200, 11400, 12600 and 13800
for 4m, 6m, 8m, and 10m cover thickness, respectively. The excavation is 10m and the supporting system is 9m,
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leaving behind 1m space as the excavation chamber. The concrete pipeline and lubricant fill material are
modelled to behave linear elasticity. In order to figure out the minimum allowable face support pressure, five
models are considered with 0, 50%, 100%, 150% and 200% of horizontal stress of tunnel axis applied at tunnel
face, shown in Figure 4. Five points are taken on the tunnel face uniformly to monitor the face deformation.
However, this model do not consider the procedure of tunnel shield in detail, including the cutter inclination,
excavation ratio and its mechanical supporting effect on the surrounding ground. Also, the water table is not
taken into account because of the frozen temperature.

FLAC3D 5.00

©2012 Rasca Consulting Group, Inc
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Figure 4. Mechanical model
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3.3 Simulation Results
3.3.1 Thermal Results

In the thermal simulation, the temperature of surface ground is set -5, -10, -15 and -20°C, which stands for 4
different conditions of ground climatope. Figure 6 shows the thermal simulation results of these four cases, in
which temperature is demonstrated as uniform layered distribution, because the soil is considered as the thermal
isotropic material. In addition, the depth of 0°C isothermal increases with the decreasing ground surface
temperature. Within these simulation with ideal condition, the freezing depth of ground is ranging from 13.3m to
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26.7m, which means that all the simulation schemes are situated in frozen ground.
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Figure 6. Temperature distribution with ground temperature. a) -5°C, b) -10°C, ¢) -15°C, d) -20°C (3m diameter
and 6m cover thickness)

3.3.2 Mechanical Results

1) Deformation Mechanism Types

Generally, there are mainly two types of failure mechanism of tunnel face, the blow-out of upper part of the
tunnel and the collapse of the lower part of the tunnel, like showing in Figure 7. In the upper part blow-out
mechanism, as shown in Figure 7(a), the top of the failure area passes through the tunnel crown. In the lower part
collapse mechanism, as shown in Figure 7(b), the bottom of the failure area passes through the tunnel invert(Li,
Emeriault, Kastner, & Zhang, 2009). These two partial failure mechanism are the very common and dangerous
failure mechanism, corresponding to deformation #ype II and type IV shown in Figure 8. However, for
deformation mechanism without failure, zype I and #ype III shown in Figure 8, are also taken into consideration
in this paper. The mechanism procedure can be divided in the following types: 1) type I: bulges outward as a
parabola along with tunnel axis, always happens in the condition with comparatively large tunnel diameter or
small tunnel diameter with low property parameters, such as high deformation modulus, cohesion, and friction
angle; 2) type II: the maximum tunnel face deformation comes up at the point of 1/3 diameter near tunnel invert,
which always appears with low mechanical properties or insufficient slurry pressure and causes partial collapse;
3) type III: bulges inward as a parabola along with tunneling direction, and just behaves oppositely with type I,
which happens with large grouting pressure; 4) type IV: the maximum deformation behaves near tunnel crown
along with tunneling direction, which always occurs with too large slurry pressure and causes partial blow-out
failure. Figure 9, Figure 10 and Figure 11 show the Deformation mechanism of #ype I, II and II1.
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Figure 7. Two partial failure mechanisms(Li et al., 2009)

Ground
AR
Cover
depteh/m
7/// / 7 7 e
|
o —type [V
type [ \% # 2 / / yp
/ £ ar type Il

r \ ¥
e [[—m &
op “\ \\ // /Tunnel face

“m:\ eformation/m
DI

Figure 8. Deformation mechanisms of tunnel face

N

FLAC3D 5.00
e

©2012 fasca

FLAC3D 5.00
ins

2012 lasca

Contour
eformed
7.4970E-03

0.0000E+00
-1.0000E-02
-2.0000E-02
-3.0000E-02
-4.0000E-02

Contour
formed
2.9150E-04
0.0000E+00
-5.0000E-03
-1.0000E-02
-1.5000E-02
-2.0000E-02

-5.0000E-02 -2.5000E-02
-6.0000E-02 -3.0000E-02
-7.0000E-02 -3.5000E-02
-8.0000E-02 -4.0000E-02

-9.0000E-02 -4.5000E-02

-1.0000E-01 -5.0000E-02

-1.1000E-01 -5.5000E-02

-1.2000E-01 -5.5390E-02

-1.3000E-01

-1.4000E-01

-1.5000E-01

-1.5860E-01 FaCC

deformation Info: deformation

Cover thig
Diameter:

Cohesion:
Friction:




esr.ccsenet.org

Earth Science Research

FLAC3D 5.00

©2012 Hazes Consulting Grou, Ine.

Contour Of Y-Displacemen
eformed Factor: 10

2.7838E-04

0.0000E+00
-2.5000E-03
-5.0000E-03
-7.5000E-03
-1.0000E-02
-1.2500E-02
-1.5000E-02
-1.7500E-02
-2.0000E-02
-2.2500E-02
-2.5000E-02
-2.7500E-02
-3.0000E-02
-3.0480E-02

Face
Info: deformation
Cover thig
Diameter:
Cohesion:

Friction:

FLAC3D 5.00

©2012 hazes Consulting Group, Ine.

Contour Of ¥-Displacem en
formed Factor: 10

2.8426E-04

0.0000E+00
-2.0000E-03
-4.0000E-03
-6.0000E-03
-8.0000E-03
-1.0000E-02
-1.2000E-02
-1.4000E-02
-1.6000E-02
-1.8000E-02
-2.0000E-02
-2.1441E-02

Face

Info: deformation
Cover thig
Diameter:
Cohesion:

Friction:

Figure 9. Deformation mechanism of #ype I with friction angle (magnified 10times)

FLAC3D 5.00 FLAC3D 5.00
o o o o o o e
Contour Of Y-Displacemen Contour Of Y-Displacemen

1.3665E-02 1.0218E-02
1.0000E-02 1.0000E-02
0.0000E+00 5.0000E-03
-1.0000E-02 0.0000E+00
-2.0000E-02 -5.0000E-03
-3.0000E-02 -1.0000E-02
-4.0000E-02 -1.5000E-02
-5.0000E-02 -2.0000E-02
-6.0000E-02 -2.5000E-02
-7.0000E-02 -3.0000E-02
-8.0000E-02 -3.5000E-02
-9.0000E-02 -4.0000E-02
-1.0000E-01 + -4.5000E-02 2
-1.1000E-01 de fO rmation -5.0000E-02 de formatlon
-1.1253E-01 -5.5000E-02
-6.0000E-02
-6.5000E-02
-7.0000E-02
. -7.5000E-02

Info' . -8.0000E-02

Cover thic -8.3401E-02

Diameter:

Cohesion:

Friction: 2

FLAC3D 5.00 1 FLAC3D 5.00
o o o o o o e
Contour Of Y-Displacemen Contour Of Y-Displacemen

7.7593E-03 5.9927E-03

5.0000E-03 5.0000E-03

0.0000E+00 0.0000E+00

-5.0000E-03 -5.0000E-03

-1.0000E-02 -1.0000E-02

-1.5000E-02 -1.5000E-02

-2.0000E-02 -2.0000E-02

-2.5000E-02 -2.5000E-02

-3.0000E-02 -3.0000E-02

-3.5000E-02 -3.5000E-02

-4.0000E-02 -4.0000E-02

-4.5000E-02 -4.5000E-02

-5.0000E-02 Face -4.8872E-02

-5.5000E-02 0 |
e deformation deformation
-6.2663E-02

Info: Info:

Cover thic Cover thic

Diameter: ] 812;1m§ter3

Cohesion:|| ohesion:

Friction: 2( Friction: 2(

Figure 10. Deformation mechanism of type II with temperature (magnified 10times)

Vol. 6, No. 2; 2017




esr.ccsenet.org Earth Science Research Vol. 6, No. 2; 2017

FLAC3D 5.00 FLAC3D 5.00
i Info: S 0 T 5C
el Cover thickness:10m pempreeee)  Cover thickness:10m =
etacel Diameter: Sm | AR
7.0000E-02 Cohesion:10kPa 5.5000E-02 go’hi‘swn:;glgl)a
6.5000E-02 st 900 5.0000E-02 riction:
6.0000E-02 Friction: 20 4:5000E-02
5.5000E-02 4.0000E-02
5.0000E-02 3.5000E-02
4.5000E-02 3.0000E-02
4.0000E-02 2.5000E-02
3.5000E-02 2.0000E-02
3.0000E-02 1.5000E-02
2.5000E-02 1.0000E-02
2.0000E-02 5.0000E-03
1.5000E-02 0.0000E+00
1.0000E-02 -4.8248E-04
5.0000E-03 Face ; .
0.0000E+00 deformation deformation
-3.0403E-03
FLAC3D 5.00 FLAC3D 5.00
%i%‘w?ﬁﬁzﬁwinzﬁ nfo: | A ?é?';/ﬁ?z‘&mz InfO: &
CosonrOFY Displcemet gc_)ver IhlclgneSS:IOm -5C Pl Cover thickness:10m = C
6.0027E-02 lameter: Dm 5.9239E-02 1 .
6.0000E-02 e 5.5000E-02 Diameter: Sm
5.5000E-02 Cohesion: ‘1' OkPa 5.0000E-02 Cohesion:10kPa
5.0000E-02 Friction: 40° 4:5000E-02 g0, ()0
4.5000E-02 4.0000E-02 Friction: 50
4.0000E-02 3.5000E-02
3.5000E-02 3.0000E-02
3.0000E-02 2.5000E-02
2 5000E-02 2.0000E-02
2.0000E-02 1.5000E-02
1.5000E-02 1.0000E-02
1.0000E-02 5.0000E-03
5.0000E-03 0.0000E+00
0.0000E+00 -4.5137E-04
-4 5769E-04
deformation deformation
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2)  Tunnel Face Stability with Temperature, T

In cold regions, temperature is a controlling factor to determine the strength parameters of frozen soil and the
initial yield stress, the compressive peak strength, and the initial tangent modulus increase with decreasing
temperature(Bragg & Andersland, 1981, Haynes & Karalius, 1977), which means that the stability of pipe
jacking tunnel face is impacted by ground temperature. In the following analysis, only the maximum face
deformation, Uy, is take into consideration in the five deformation monitoring points on tunnel face. What
should be clear that in the following all graphs, the legend is identified in this way: for example, the “10/20, 2/4”
means that cohesion of 10kPa, friction angle of 20 degree, diameter of 2m and cover thickness of 4m, or the
“-5°C, 20°, 2/4” means that temperature of -5°C, friction angle of 20 degree, diameter of 2m and cover thickness
of 4m.

Figure 9 and Figure 10 show the maximum face deformation with temperature when @=20° and @=30°,
respectively. Both figures indicate that as the temperature decreases, the maximum face deformation, Uymay,
drops quickly, especially from -5 to -10°C. When the temperature reaches less than -10°C, the deformation
becomes slightly small. This is because the lower temperature of the ground, the higher mechanical property of
frozen ground and therefore, and the tunnel face becomes more stable. For the temperature stays constant, as the
tunnel gets deeper and tunnel diameter gets larger, the face deformation behaves larger. Comparison with Figure
12 and Figure 13, while the friction angle increases, the maximum face deformation decreases.
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3) Tunnel Face Stability with Tunnel Diameter, D

Nowadays, large diameter tunnel is becoming more and more popular in pipe jacking engineering. Therefore, we
consider that the pipe jacking tunnel diameter ranges from 2 to Sm. Figure 14 and Figure 15 give out relationship
of the maximum face deformation with tunnel diameter when ¢=20° and ¢=30°, respectively. Obviously, it is
found that the maximum face deformation increases with the increasing tunnel diameter, especially for the higher
temperature (-5°C) situation. As we know, the larger pipe jacking tunnel diameter means bigger free face of
excavation, which contributes to more larger face deformation. Therefore, for large diameter pipe jacking tunnel

in frozen ground, to increase the slurry pressure is needed to prevent tunnel face failure. Besides, increasing
another geometric parameter, cover thickness, results in larger face deformation.
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4) Tunnel Face Stability with Cover Thickness, C
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Figure 15. Maximum face deformation with tunnel diameter (c=30kPa, ¢=30°)

Figure 16 shows the relationship between maximum face deformation and tunnel cover thickness. The results
illustrate that when the cover of tunnel becomes deeper, the face deformation increases. As we know, the ground
stress increases along with depth, therefore, excavation of deep buried tunnel causes relatively larger stress
release of frozen ground, which results in large tunnel face deformation. In order to stabilize the tunnel face and
prevent collapse and failure, more larger slurry pressure is needed in the construction of deep buried pipe jacking
tunnel while shield machine moves ahead. It's worth noting that for shallow buried jacking tunnel, appropriate
slurry pressure should be chosen to avoid blow-out failure and ground heave, rather than dig the tunnel without
any grouting pressure because of its slight deformation. What’s more, construction of jacking tunnel under lower
temperature is much safer than that of under higher ground temperature.
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5) Tunnel Face Stability with Cohesion, ¢, and Friction Angle, ®

As mentioned before, the mechanical properties are very sensitive to freezing temperature. Figure 17 and Figure
18 show the relationship between maximum face deformation and cohesion and friction angle of frozen soil,
respectively. Both of the figures illustrate that the face deformation reduce when the cohesion and friction angle
increase. However, this phenomenon behaves less apparent in high temperature (e.g. -5°C) than in low
temperature (e.g. -10, -15 and -20°C). While freezing of ground, the deformation modulus, the friction angle and
cohesion between soil particles are enlarged. However, among these increment of properties, the increment of
deformation modulus contributes the most to enhance the mechanical properties to resist deformation, because
when the ground temperature blow to -20°C, the deformation modulus increases two orders of magnitude,
ranging from Mpa to Gpa level. Even, after frozen, the soil behaves as elastic or brittle geomaterial rather than
elastic-to-plastic material. In some literatures, the relevant Young's modulus of elasticity has to be chosen for
different stages of the performance of frozen soil structures and for the effective life time(Frivik, 1982,
Jessberger, 2013). On the contrary, the influence of cohesion and friction angle are much smaller than that of
deformation modulus. This is the reason that when ground temperature become lower than -10°C, the maximum
face deformation is slightly impacted by cohesion and friction angle.
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Figure 18. Maximum face deformation with friction angle (c=30kPa)

4. Minimum Allowable Face Support Pressure

In the last section, we talk about the deformation mechanism and the face deformation regularity of pipe jacking
tunnel in frozen ground with temperature, tunnel diameter, cover thickness, cohesion and friction angle. As
mentioned above, the final goal of this paper is to get the optimal face support pressure applied on tunnel face
during conducting pipe jacking tunnel in cold regions.

4.1 Numerical Simulation Results with Various /oy Ratios

In order to figure out the most suitable slurry pressure to stabilize the tunnel face, except for the simulation with
no support pressure, 4 groups of additional simulations are carried out with the uniform support pressure of 0.5,
1.0, 1.5 and 2.0 times of horizontal stress , oy, at tunnel axis, as shown in Figure 5. Method of exhaustion is used
in the FEM solutions to computing the maximum face deformation corresponding to each simulation schemes.
Figure 19 and Figure 20 show the typical relationship between the maximum tunnel face deformation, Uy, and
the applied face support pressure ratios (o7/ox). The quality Uyua represents the maximum displacement in
y-direction among the face monitoring points. When the curve locates under the horizontal axis, the deformation
mechanism of tunnel face behaves like deformation #ype I or 11, in contrast, it presents as deformation type I11.
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Figure 20. Maximum face deformation with ratio of o7/oy (¢=30kPa, ¢p=20°)

4.2 Calculation of Minimum Allowable Slurry Pressure

The identification of minimum allowable slurry pressure refers to the suitable face support pressure applied on
the jacking face to ensure that allowable value of y-direction happens on the heading face. Figure 21 illustrates
the typical curve of relationship between maximum tunnel face deformation and the ratio of o7/on. The Uyaiiow
refers to allowable value of tunnel face deformation. The A point indicates the intersection of typical curve of
Uvymax and ratio of o7/oy with the allowable value of tunnel face deformation. The x-axis value, 19, means that the
most suitable ratio of Uy and ratio of o7/, when the displacement reaches to the allowable value on the tunnel
face, which can be expressed in the following:

or/oy = Ao ()
where oris the optimal face support pressure, and oy is the horizontal stress of jacking tunnel axis , and 4 is the
most appropriate ration of o7/oy. Therefore, the o7 can be written as follow:

o7 = AoKoy(C +D/2) 3)
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where K is coefficient of lateral earth pressure, 0.75; y is unit weight of frozen soil, 25kN/m3; C is cover
thickness and D is tunnel diameter. For each simulation scheme with face support pressure ranging from 0 to 2.0
times of oy, we can obtain a value of 1y, which can be substituted into exp. (3) to calculate the optimal face
support pressure, or. The minimum allowable tunnel face support pressures found from a series numerical
simulation are summarized in Table 3, when the Uy,,= -5mm. It can be seen from Table 3 that the minimum
allowable slurry pressures are mainly gathered within the part of relatively higher temperature (-5°C), larger
tunnel diameter and larger cover thickness. In addition, the minimum allowable slurry pressure becomes larger
with the increasing tunnel diameter and cover thickness, and becomes smaller with the increasing cohesion and
friction angle of frozen soil.

Uymax/mm

U Yallow

Figure 21. Calculation model of o7

Table 3. Minimum allowable slurry pressure

D 2 3 7 5

T/clp C4 6 & 10 4 6 8 10 4 6 8 10 4 6 8 10
1020 - 169 355 615 143 273 459 654 223 352 584 708 * * 593 787
1030 - - - 425 - - 335 502 - - 425 542 - 367 471 573
1040 - - - 361 - - - 491 - - 397 543 - 305 467 582
1050 - - - 295 - - - 416 - - 357 545 - 264 464 59.1
3020 - - - 430 - - 324 506 - - 425 552 - 384 478 63.1
3080 - - - 372 - - - 490 - - 388 544 - 311 466 583
3040 - - - 312 - - - 478 - - 354 545 - 265 463 59.1

5 3050 - - - 264 - - - 472 - - 315 546 - - 460 597
5020 - - - 317 - - - 491 - - 386 544 - 333 466 583
5080 - - - 323 - - - 480 - - 350 544 - 273 463 59.1
5040 - - - 2701 - - - 473 - - 312 545 - - 460 59.7
5050 - - - - - - . 471 - - 287 546 - - 458 599
7020 - - - 331 - - - 482 - - 348 545 - 288 463 59.0
7080 - - - 219 - - - 474 - - 311 545 - - 459 596
7040 - - - - < - - 471 - - 287 546 - - 457 599
7050 - - - - < - 470 - - 287 546 - - 457 60.0
1020 - - 186 317 - 135 287 426 159 244 381 511 * *  x %
1030 - - - - oo oo L . . 383
c=10

A0 es0s0 T T T T T T T
¢/30-70
o050 ~ T T T T Tt
1020 - - - 228 - - 196 329 155 234 339 451 * *  x %
c=10

A5 @p0s0 T T T T T T T T T T T T
¢/30-70
o050 ~ T T T T T T T Tt
1020 - - - - o o _ 271 149 223 316 420 * *  x %
c=10

20 ¢30-50 ) ) ) ) ) ) ) ) ) 7 ) )
¢/30-70
Y

(T3 1)

represents that the jacking tunnel face can be self-stabilization and no need slurry pressure.

“*” represents that the tunnel face failure happen so that simulation cannot be convergence.
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5. Conclusion

In this paper, the three-dimensional finite element simulations were carried out to investigate the tunnel face
deformation behavior without slurry pressure and to estimate the relationship between maximum tunnel face
deformation and various ground temperature, geotechnical and geometrical parameters, including cohesion and
friction of frozen soil, tunnel diameter and cover thickness. Then, four groups of additional simulations were
done with face support pressure of 0.5, 1.0, 1.5 and 2.0 times of horizontal stress of tunnel axis, through which
the minimum allowable slurry pressure can be figured out. Following points are concluded upon above results
and discussion:

e In frozen ground, the jacking shield tunnel face becomes more stable than that in the unfrozen ground,
because of the freezing temperature, which immensely enlarges the mechanical property. In addition, the
face deformation profiles are nearly independent of friction angle and cohesion of frozen soil owing to the
dominant ascendancy of deformation modulus to face deformation.

e  When the geotechnical parameters stay constant, the tunnel deformation increases with larger geometric
parameters, such as tunnel diameter and cover thickness.

e  The minimum allowable slurry pressure is found through numerical simulation which can be used in the
construction of pipe jacking tunnel in frozen ground. The larger slurry pressure is more needed with the
condition of relative higher temperature (-5°C), larger tunnel diameter and cover thickness. In addition, the
minimum allowable slurry pressure becomes larger with the increasing tunnel diameter and cover thickness,
and becomes smaller with the increasing cohesion and friction angle of frozen soil.

Acknowledgement
This research was made possible by financial support from the China Scholarship Council (CSC).
References

Andersland, O. B., & Ladanyi, B. (2013). An introduction to frozen ground engineering: Springer Science &
Business Media.

Bharadwaj, S., & Bansal, N. (1981). Temperature distribution inside ground for various surface conditions.
Building and Environment, 16(3), 183-192. https://doi.org/10.1016/0360-1323(81)90012-3

Bragg, R. A., & Andersland, O. (1981). Strain rate, temperature, and sample size effects on compression and
tensile properties of frozen sand. Engineering Geology, 18(1), 35-46.
https://doi.org/10.1016/0013-7952(81)90044-2

Chapman, D., & Ichioka, Y. (1999). Prediction of jacking forces for microtunnelling operations. Tunnelling and
Underground Space Technology, 14, 31-41. https://doi.org/10.1016/S0886-7798(99)00019-X

Choo, C., & Ong, D. (2015). Evaluation of Pipe-Jacking Forces Based on Direct Shear Testing of Reconstituted
Tunneling Rock Spoils. Journal of Geotechnical and Geoenvironmental Engineering, 141(10), 04015044,
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001348

Frivik, P. E. (1982). Ground Freezing 1980: Selected Papers of the Second International Symposium on Ground
Freezing, Held in Trondheim, June 24-26, 1980: Elsevier Scientific Software.

Haynes, F. D., & Karalius, J. A. (1977). Effect of temperature on the strength of frozen silt (No. CRREL-77-3).
Cold regions research and engineering lab hanover nh.

Itasca, F. D. (2012). Fast Lagrangian Analysis of Continua in 3 Dimensions, Version 5.0. Minneapolis,
Minnesota, Itasca Consulting Group, 438.

Jessberger, H. (2013). A state-of-the-art report. Ground freezing: Mechanical properties, processes and design.
Ground Freezing 1980: Second International Symposium on Ground Freezing, Trondheim, Norway, 24-26
June 1980. https://doi.org/10.1016/0013-7952(81)90042-9

Khazaei, S., Shimada, H., Kawai, T., Yotsumoto, J., & Matsui, K. (2006). Monitoring of over cutting area and
lubrication distribution in a large slurry pipe jacking operation. Geotechnical & Geological Engineering,
24(3), 735-755. https://doi.org/10.1007/s10706-004-5436-1

Kim, S. H., & Tonon, F. (2010). Face stability and required support pressure for TBM driven tunnels with ideal
face membrane—Drained case. Tunnelling and underground space technology, 25(5), 526-542.
https://doi.org/10.1016/j.tust.2010.03.002

Li, Y., Emeriault, F., Kastner, R., & Zhang, Z. (2009). Stability analysis of large slurry shield-driven tunnel in

17



esr.ccsenet.org Earth Science Research Vol. 6, No. 2; 2017

soft clay. Tunnelling and Underground Space Technology, 24(4), 472-481.
https://doi.org/10.1016/j.tust.2008.10.007

Ling, X., Zhu, Z., Zhang, F., Chen, S., Wang, L., Gao, X., & Lu, Q. (2009). Dynamic elastic modulus for frozen
soil from the embankment on Beiluhe Basin along the Qinghai—Tibet Railway. Cold Regions Science and
Technology, 57(1), 7-12. https://doi.org/10.1016/j.coldregions.2009.01.004

Najafi, M. (2005). Trenchless technology: pipeline and utility design, construction, and renewal. McGraw Hill
Professional.

Pipe Jacking Association. (1995). Guide to best practice for the installation of pipe jacks and microtunnels.
Tokyo, Japan.

Popiel, C. O., Wojtkowiak, J., & Biernacka, B. (2001). Measurements of temperature distribution in ground.
Experimental thermal and fluid science, 25(5), 301-309. https://doi.org/10.1016/S0894-1777(01) 00078-4

Rahjoo, S., Najafi, M., Williammee, R., & Khankarli, G. (2012). Comparison of Jacking Load Models for
Trenchless Pipe Jacking. Pipelines 2012, 1507-1520. https://doi.org/10.1061/9780784412480.140

Sayles, F. H., & Carbee, D. L. (1981). Strength of frozen silt as a function of ice content and dry unit weight.
Engineering Geology, 18(1-4), 55-66. https://doi.org/10.1016/0013-7952(81)90046-6

Shi, Y., He, P., & Bian, X. (2006). Experimental Study on the Dynamic Parameters of Warm Permafrost from the
Qinghai-Tibet Railway. Subgrade Engineering, 5, 93-95.

Shimada, H., Khazaei, S., & Matsui, K. (2004). Small diameter tunnel excavation method using slurry
pipe-jacking. Geotechnical & Geological Engineering, 22(2), 161-186.
https://doi.org/10.1023/B:GEGE.00000183 65.84174.¢ca

Sodha, M., Bansal, N., & Seth, A. (1981). Variance of the ground temperature distribution. Applied Energy, 8(4),
245-254. https://doi.org/10.1016/0306-2619(81)90021-0

Soranzo, E., Tamagnini, R., & Wu, W. (2015). Face stability of shallow tunnels in partially saturated soil:
Centrifuge testing and numerical analysis. Géotechnique, 65(6), 454-467.
https://doi.org/10.1680/geot.14.P.123

Tang, X. W., Liu, W., Albers, B., & Savidis, S. (2014). Upper bound analysis of tunnel face stability in layered
soils. Acta Geotechnica, 9(4), 661-671. https://doi.org/10.1007/s11440-013-0256-1

Zhang, T., Barry, R., Knowles, K., Ling, F., & Armstrong, R. (2003). Distribution of seasonally and perennially
frozen ground in the Northern Hemisphere. Proceedings of the 8th International Conference on Permafrost,
At Zurich, Switzerland, V2.

Zhang, T., Heginbottom, J., Barry, R. G., & Brown, J. (2000). Further statistics on the distribution of permafrost
and ground ice in the Northern Hemisphere 1. Polar Geography, 24(2), 126-131.
https://doi.org/10.1080/10889370009377692

Zhu, Y., & Carbee, D. L. (1984). Uniaxial compressive strength of frozen silt under constant deformation rates.
Cold Regions Science and Technology, 9(1), 3-15. https://doi.org/10.1016/0165-232X(84)90043-0

Zhw,Y. (1986). Uniaxial compressive strength of frozen silt under constant deformation rates. Journal of
Glaciology and Geocryology, 4, 004. https://doi.org/10.1016/0165-232X(84)90043-0

Copyrights
Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/4.0/).

18




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


