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ABSTRACT

During shield runnelling operation, a shield machine is driven forward by applying mechanical jack forces behind
the mnrhmc tail and excavating the soil in front of |h= m.n:h:ne with its cutting face. In this study, the advancement

and of the shield runnelling of

vestigate the effect of these construction

on the gmund P

lelled using the finite element method in order to in
A new ing finite ¢lement, which

models the disturbed soil in front of the cu:ung face, is introduced. The operation of shield advancement and of soil
excavation is simulated usmg the l‘m[:: =I=m=nl mnshmg terhnlqm: at each mne step of the analysis. The accuracy of
d by

the finite element is

medium, The el hni of shield

project in Tokyo and the numerical results are compared with the ficld

lidation of an i ic elastic
li are applied to simulate a tunnclling
The soil jon mecha- |

nism associated with the shicld tunnelling operation is examined in detail,
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INTRODUCTION
During shield Al the itud

sive earth pressure and deformation measurements of a
sewer tunnel construction through soft ground in Tokyo
ducted by Hashii (1984). The figure implies that

and distribution of the ground deformalions are largely
controlied by the construction process. The factors that
affect the ground deformation are (Lee et al., 1992; Mair
and Taylor, 1997y

(i) changes in earth pressure at the culling face,

(i3 variation of external forces applied to the machine
such as jacking forces,

{iii}  shearing of soil at the shield-soil interface due to
friction,

iv) introduction of the tail void and injection of back-
fill between the tunnel lining and excavated tunnel cavity,
{v) overexcavation due to steering of the machine, and
{vi} long term consolidation due to excess pore pressure
dissipation and changes in groundwater hydraulic condi-
tions.

Many of the above factors are closely linked to the in-
teraction between the soil and shield machine, which
cause the stress state of the soil to change. The possible
carth pressure changes duc 1o the shield machine advance-
ment are illustrated in Fig. 1. The figure is based on exten-

the nature of the problem is three-dimensional and that
the magnitude of earth pressure change is related to the
machine istics, construction proced oper-
atar’s control, et¢. Therefore, when estimating the
ground deformation caused by shield wnnel construe-
tion, care should be taken of how to model the character-
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Fig. 1. Eurih pressore changes doe to the shicld machlse sdvance-
menl (afier Hashlmoto, 1984)
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istics of the machine and the construction process,
Because of the complex boundary conditions of a
shield tunnelling problem, the use of the finite ¢lement
method is one of the popular methods to investigate the
ground deformation behaviour, In general, the fnite cle-
ment analysis results reported in the literature have con-
tributed greatly in understanding various deformation
mechanisms associated with shield wnnelling (c.g.
Katzenbach and Breth, 1981; Clough and Leca, 1989;
Swoboda et al., 1989; Lee et al., 1992; Ohtsu et al., 1993;
Addenbrooke, 1996, 1997, Addenbrooke et al., 1997;
and many others). However, these past studies are often

dimensional coupled soil-pore water analysis were com-
pared to the actual field measurements in order 1o exam-
ine the stress-deformation behaviour of the soils
caused by the shield tunnelling operation.

The modelling method described in this paper
originates from the study by Akagi and Komiya (1993).
In the present study, their method has been modified by
implementing a more robust remeshing procedure for
three dimensional finite element analysis of tunnel excava-
tion, The accuracy of this new method is verified by per-
forming one-dimensional consolidation analysis and
comparing its result 1o the theoretical solution. A three

made to examine the above- d factors individual
ly. Also, many of the reported analyses use the in-situ
stress condition as the initial condition of the problem
without any in-depth consideration of other factors
affecting the change in the stress state of the soil. For ex-
ample, both the sieering problem and interface friction

bl are expected to i the soil conditions
around the shield machine at the same time during its ad-
vancement and their effects cannot possibly be analysed
separately. Therefore, there is a need to examine the com-
bined effect of various aspects of shield tunnelling opera-
tions on ground deformation within one analysis.

The construction process of a shicld operation is often
modelled by applying external forces, introducing trac-
tion, or forcing displacements at the boundary nodes of a
finite element mesh under a spatially fixed tunnel configu-
tation. In these analyses, the advancement of the shicld
machine is not modelled. In reality, however, the stress-
strain state of the soil changes continuously as the shickl
machine advances and then passes the spatial point of in-
terest. In order to fully understand the deformation
mechanism associated with shield tunnelling, the stress
history (or stress path) caused by shield advancement
neads to be investigated.

1n this study, the advancement of a shield machine and
excavation at the cutting face are modelled, so that the
effect of these construction processes on ground deforma-
tion and stress-strain behaviour of the soil around the
tunnel can be examined. In open cut excavation prob-
lems, the finite element method has proved to be useful
for design purposes, even though the actual process of ex-
cavation is not modelled in an exact manner, Therefore,
an attemnpt was made 1o model the cutting operation of
shield runnelling within the framework of the finite ele-
ment method.

The excavation and advancement of a shield machine
are modelled by (i) ing the finite el at each
time step, (i} introducing the excavating elements of a
fixed size in front of the shield machine elements, and
(iii) applying external forces such as jacking forces be-
hind the shield machine and slurry (or earth) pressures at
the cutting face. By doing so, it is aimed to satisfy the con-
tinuity condition as well as the boundary conditions of
the problem.

The proposed modelling techniques are used to simu-
late shield tunnelling construction project through
clayey ground in Tokyo, The resulis from the three

i 1 finite element analysis of shield tunnelling in
soft clayey deposits was carried out usmg :hc new
method. The i three dil

trough and the effective stress paths in the clay around a
shield machine are carefully examined and reported in
this study.

FINITE ELEMENT MODELLING OF EXCAVATION
AND ADVANCEMENT OF A SHIELD MACHINE

EXCAVATING ELEMENT

In shield tunnelling work, the soil in front of the cut-
ting face of a shield machine is extremely disturbed by its
cutting operation. The exact operation of the cutting
process is very difficult to model in the finite element
method, because the excavation process itself violates the

ion of i hanics used in the finite ele-

ment furrnulatlcm. In the past, this excavation process
wis I delled by g the finite el i
in front of the machine and :ppl.p':\g nodal forces at the
boundary, which represents the cutting face (see Fig. 2).
The applied nodal forces are obtained from the given (or
recorded) hydraulic jack forces behind the machine
and/or the earth/slurry pressures at the cutting face.
Although this modelling technique satisfies the force
‘boundary conditions, the sum of the computed nodal dis-
placements at the cutting front and the length of the re-
moved elements may not necessarily match the actual
mavement of the shield machine at a given time interval,

1n this study, the excavation process is modelled by in-
troducing new excavating finite elements of a fixed size in
front of the shield machine (see Fig. 3). Solid finite ele-
ments are used for the excavating clements, and the
presence of these elements in front of the cuiting face
aims to represent the disturbed area urlhe ground caused
by the fon process. thei I
tion of the excavating clements provides the condition
where both displacement and force boundaries given by
the shield machine operation are satisfied. The boundary
conditions are (a) the known advancement of the
machine at a given time interval, (b} the given (or record-
ed) external forces applied by the hydraulic jacks placed
between the machine and tunnel lining, and {c) the given
{or recorded) earth pressure or slurry pressure at the cut-
ting face,

‘When various external forces are applied at the bound-
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Fig. 3. Excavation modelling using ibe exeavating demeni

aries of the shield machine as shown in Fig. 3, the
process of ion is rep d by the ifici

deformation of the excavating elements. The size and the
constitutive model used for the excavating element are
rather arbitrary. However, they need to be selected so
that the calculated movement of the shield machine con-
trolled by the given force boundary conditions matches
the recorded movement of the shield machine. In this
study, the isotropic elastic model was used for con-
venience. In practice, the size and material properties of
the excavating elements are determined by trial and er-

Fig. 4. Advance of shicld meschine simulated using evoavaling ehe- |
ments

ror, so that the computed data are compatible with the
monitoring data, However, the elastic properties of the
excavating element should be mainly related to the char-

istics of the shield hi hape of the cutter, etc.)
and the workmanship. The method which determines the
material ies of the ing el will be de-
scribed in detail later on.

MODELLING OF SHIELD MACHINE
ADVANCEMENT

The advancement of a shield machine is modelled by
(i) remeshing the finite elements at cach time step, (i) in-
ing the ing el of a fixed size in front
of the shield machine elements, and (ili) applying exter-
nal forces such as jacking forces behind the shield
machine and slurry (or earth) pressures in front of the
machine. Sequential illustrations of the finite element
modelling of the excavation at the cutting face of the
shield machine and the advancement of the tunnelling
machine are shown in Fig. 4. The shaded area in the
figure the proposed ing element.
Figure 4{a) shows the status of the shield machine at
reference time f5. In order to model the hydraulic jacking
forces applied to the shield machine, forces are applied at
the nodes that represent the til end of the shield
machine. The applicd nodal forces are given from the
forces of the hydraulic jacks measured in the field at a
given time. For the case of simulating slurry type shicld
tunnel operation, slurry and water pressures can be ap-
plied in the excavating elements, as shown in Fig. 3.
During the time interval of f 1o fy-+ 81, the excavating
elements and the soil elements adjacent to the shield
machine will deform by the jacking forces under un-
drained, partially drained conditions, or fully drained




40 KOMIVA ET AL

conditions, depending on the speed of the shield machine
and the permeability of the ground, The shield machine
itself will act as a rigid body since a large value of stiff-
ness is used for the elements representing the shield
machine.

After obtaining a solution for = +41, the finite ele-
ments are remeshed as shown in Fig. 4(c). The new mesh
will have the same mesh geometry relative 1o the shield
machine as £=#,, but the location of the shield has shift-
ed. Again, the excavating elements will be placed in front
of the cutting face before applying external forces given
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the shield machine and the sated - stress-it
changes of the ground are numerically simulated in a con-
tinuous manner.

UPDATING EFFECTIVE STRESSES AND PORE
PRESSURES IN REARRANGED MESH

After remeshing, the values of effective stresses and
pore p of the hed el ts need be calcu-
lated from these obtained in the original deformed mesh,
This is necessary because the equilibrium condition needs
to be satisfied before conducting the next loading step.
The stress interpolation procedure is summarised in the
flow-chart shown in Fig. 5.

STEP 1: Element Identification

The first step of the interpolation procedure is iden-
tifying an element, which has the rearranged nodal point
inside it. The three dimensional finite element used in this
study is the cight-noded trilinear element. Let a rear-
ranged nodal point A exist inside an element that has
eight nodes af ny to my, as shown in Fig. 6(a). In this case,
the volume of the element should be equal to the volume
sum of the quadrangular pyramids (¥ to ¥; as shown in
Fig. 6(b}), which are formed by the side plane of the ele-
ment and the rearranged nodal point ne. When nodal dis-
placements are small, the volume of ¥, to ¥, can be eval-
uated by the following vector calculations.

Vi=(1/B) (7T % wiy )+ (s % mgnd )} - e

Va=(1 /6 (T % T )+ (Al % mgnz )} - mynis

Vy={1/6M (Figiis = Ty )+ (s % oty V- g

V=16 (Fivi; % iy )+ (Thaity % Tyity )} - Wofig

V=L 6) (iarts % Ay )+ (Fifts % T )} - et

Vem (161 (T % Tt )+ (70w % 70 )} - it
where * is the vector product and =+ is the scalor
product.

If the rearranged nodal point exists outside the ele-
ment, the volume sum of ¥ to ¥, will be larger than the
element volume V. By doing this operation, the element,
where the rearranged nodal point exists, can be identified
automatically, This operation is performed for all the
rearranged nodal points.

n

Fig. 5. Flow-chart of the stress interpokation procedure

Fig. 6ish, Eight-noded irilinesr element and u resrrumgod nodsl poin
e
Fig. &by, The volume sm of the quadrangalas pyramids

STEP 2:  Local Coordinates Calcwlation

The local coordinate system of an eight-noded trilinea
element is shown in Fig. 7. Assuming that the rearrangec
nodal point exists in an element, which has nodal poin
1o ng, the local coordinate (£, &, {) of the rearrangec
nodal point is calculated using the flow chart shown is
Fig. 8. The computational algorithm shown in the figur
utilises Eq. (1) to save computing time. The operatios
“*egfc"" in the flow chart is described in Appendix A.

STEP 3: Incremental Displacement Vector Calcilation
The internal incremental displacement vector dug a
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the rearranged nodal point my can be computed from its
local di and the incry 1 displ. veg-
tars of the nodal points #, 1o my, using the following equa-
tion

due=N(¢, 5, C)du (2

where N (&, n, {) (=1, 8) is the shape function, and du,
is the incremental displacement vector at nodal point m,
of the element.

STEP ¢ Effective Stress Update

Onee the incremental displacement vector of all rear-
ranged nodal points is computed, the effective stress in-
crement da’ at the Gauss-Legendre integration points af

the new hed finite el are d using the
following equation.
da’ =jDﬁdu, 3)

where D 1 the stress-strain refationship of the soil skele-
Ciauss-Legendre integration points, and B is
isplacement matrix. The selection of D de-
pends on the state of the soil; so that correct stress path
«<an be followed during the updating of the effective stress-
s, The effective stresses o at the Gau ss-Legendre integra-
tion points of the remeshed elements at 1= 1+ 41 will be

a'=gi+da’ (4)

where o is the effective stress state at r=t,. Ideally, a3
should be determined from the effective stress field ar
#=ry obtained in the original undeformed mesh. This
requires back-calculating the location of the Giauss:
Legendre integration points of the remeshed elements at
=y, and interpolating af at these points. However, this
additional caleulation i the ing lime.
Therefore, in this study, o at the Gauss Legendre in-
tegration point of the remeshed elements is simply as-
sumed to be equal to that of the original undeformed
clement, provided that the i 1 displ.
computed at each time step are small. The details of the
effective stress updating procedure used in this study are
described in Appendix B,
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STEP 5:  Pore Pressure Update
In this study, the coupled stress-deformation-pore pres-
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sure interaction was formulated using the method
proposed by Akai and Tamura (1978). This method is
similar to the one proposed by Christian and Boehmer
(1970), where the pore pressure is assigned at the cenlre
of the element, When remeshing is performed, the value
of pore water pressure in the element must be updated Lo
satisfy the tolal stress equilibrium condition.

In this study, it is assumed that the total stresses of the
remeshed clement are equal to those of the original
deformed element at f=f+dr. With this i

the pore water pressure pog of a remeshed element at
{+dt becomes the sum of the pore pressure of the
defe d el before
the mean effective stress @ of the remeshed element, as
shown in the following equation.

Pan=patOn— s {5)

where p,, is the pore water pressure before remeshing, o2
is the mean effective stress of the element before remesh-
ing and o2 is that after remeshing.

STEP 6 Residual Forces Caleulation

The simplified evaluation of o and de used in Step 4
and 5 will produce some errors when equilibrium is check-
4. These errors result in residual forces. After stress up-
dating, the residual forces of the rearranged nodal forces

dey are d using the foll I3

d¢;=\- BdagdV—dF (6)

where o F is the external incremental forces,

Further iteration of Step 4 and 5 can be made (o obtain
the correct stress/ pore pressure ficld in the remeshed con-
dition that satisfies the equilibrium condition. However,
this iteration would result in a dramatic increase of com-
puting time, Therefore, in this study, the residual forces
computed at the rearranged nodal points are simply
added 10 the loading forces of the subsequent incremen-
tal step. A similar technique is used in CRISP94 (Britto,
1994).

SIMULATION OF ONE-DIMENSIONAL
CONSOLIDATION USING REMESHING
TECHNIQUE

In order 1o verify the accuracy of the proposed remesh-
ing i imensional lidation finite
element analyses with and without the remeshing tech-
nigue were performed, and the results were compared 1o
Terzaghi’s consolidution theory solution.

The finite element meshes and the material properties
used in these analyses arc shown in Fig. 9. After obtain-
ing a solution for t=f+d¢ (Fig. 10(b)), the finite ele-
ments were remeshed as shown in Fig. 10{c) and the stress
state of each remeshed element was updated. All the
remeshed clements have the same mesh geometry. The
results of the analyses are compared to Terzaghi's
consolidation solution for the relationship between the

E= 500 kPa
T | i | V= 0.35
E| k= 11574 X 1077 emfs
o
and the change in i | " i
Undrained
| boundary condition
[p—7
‘|" £
—

10m

¥ig. 9. Finite dlement model used | the one-dimeasional consalids-
tion problem.

(e =18t

() t=t+5t

(@) 1=,

Fig. 10, Rearrangement of fintie element meshes

defined as the percentage of the current surface settle-
ment to the final surface settlement, as shown in Fig. 11.
The solid circles in the figure are the results obtained by
the remeshing technique, whereas the open circles are the
results obtained without the hi i The
numerical analysis with the remeshing technique appears

to give a better match 1o Terzaghi's solution,
The computed isochrone curves of the excess pore
water pressure are shown in Fig. 12(a) for analysis with
hing and (b) for analysis without remeshing. The

titne factor T, and the degree of lidation 7 which is
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vertical axis of the figures is the ratio of the distance from
the drained surface 2 to the initial height of the model zq,
whereas the horizontal axis is loaded pressure p (=100
kPa). The result of the analysis with remeshing pmwdcs

Compli i boundary exist, parti in
the case of shield tunnelling in urban arcas since the dis-
tance between the shield tunnel and the pre-existing un-
derground structures or the foundations of superstrue-

a better match to the solution,

the b of the lidation and at I closc

tures ‘becomes very small. Hence, the three

to the drainage boundary.

THREE DIMENSIONAL FINITE ELEMENT
MODELLING OF SHIELD TUNNELLING

During shield tunnelling work, the position and direc-
tion of the shield machine are controlled by changing the
driving forces of the hydraulic jacks installed behind the
machine. Therefore, three dimensional movements of the
machine, i.e. the pitching and yawing, take place in a
complicated manner,

Time factor Tv
00 02 04 0.6
L/ T
10—

08 1.0

30
40
50
60
0
a0
a0
100

Degree of consolidation U (%)

Fig. 11.
tor-T,

20

Helatloms

} Without rearrangmunt
® With rearramgment
| — Terzaghi's sulution
! el il vl

I nature of & shicld tunnelling problem must
be considered carefully in order to have proper control of
the construction,

The long term subsidence around a wnnel is directly
related to the excess pore pressures generated during the
shield machine advancement. Therefore, the coupled
soil-pore water analysis is necessary 1o assess the time-de-
pendent ground deformation caused by shield tunnelling
construction.

With the above considerations in mind, a three dimen
sional coupled soil-pore water analysis was conducted to
simulate the construction process of a tunnel of 3.7 m di-
ameter in Tokyo. The wnnel was approximately 33 m
deep, and 0,55 km long. The machine used was of shield
type with an earth pressure balance, and air bubbles were
injected in the excavation chamber to stabilise the soil
and control the carth pressure in fromt of the shield *
machine.

FINITE ELEMENT MODELLING

Soil Modelling

The Sekiguchi and Ohta's model (1979) was used to
model the stress-strain behaviour of the clay. The input
parameters used in the analysis are listed in Table 1. Most
of the mpnt pnrnmﬂm were dmmuned from the results

T d by ical tests on samples ob-

p/p

tained at various depths. Other input parameters, which
were not able to be determined from these tesis, were cal-
culated by the method suggested by lizuka et al. (1985).

p/p

0.0

/z0
0.5

0.5

1.0

015

Tv=0.05

1.0

0.5

(a) With rearrangement

0.0 0.5 1.0
I
Ll
oz0 2 Zv=0.05
¥
05 0.15 1
0.5
1.0

(b) Without rearrangement

Fig. 12, Isochrane curves of excess pare water pressine
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rated. The initial void ratio distribution is shown in Fig.
14, The ground water table was assumed to be at the
ground surface and initially hydrostatic water condition.
Accordingly, the initial vertical effective stresses were
computed as shown in Fig. 13. The cocfficient of lateral
earth pressire was assumed to be 0.55, irrespective of the
tatio,

Effective Stress (kPa)

Fig. 13, Preconsolidation pressure ani inftinl vertical eifective stress

The coefficient of permeability ar various depths was es-
timated by the method proposed by lizuka et al. (1985},
which uses the preconsolidation pressure and the void ra-
tio at the preconsolidation pressure, The distribution of
the coefficient of vertical permeability is shown in Fig.
15. For comparison, the values measured from the

tests are plotted in the figure. The measured
values {as shown in white circle symbols in the figure)
agree well with the estimated profile.

Values of ient of horizontal p were

Bili

Void ratio ¢

Fig. 14, Distribution of sokd ratio with depth

Loxot 1.0x107 1.0%10Y

not d in the . They were assumed 1o be
twenty times those of vertical permeability, as it is com-
mmon that the horizontal permeability is larger than the
vertical.

Shield Machine Modelling
The shield machine was modelled as a rigid body by

o

E -1
=i
-0
-40
-50

Fig. 15. Disiribuibon of permeatilily with depth

The initial di of the lidation pres-
sure was obtained based on the results of standard
d lidation tests. The vari of precon-

solidation pressure versus depth used for the analysis is
shown in Fig. 13,

The initial distribution of the water content was ob-
tained from the samples taken, and the unit weight of the
soil was estimated by assuming that the soil is fully satu-

Tabie 1.

Shicd muching | Poissan’s ratio ¢

Densiry p

Esxcavating element |

Specific gra

| Compressian index &

Swelling lnden

ool Polsson’s ratio v

| Critheal viate parameter M
Denity of saturated soil m,

Yicld value 7,

Inpul parameters for shicid tunselling dmulation

Young's modulus £

Young's modulus E
Poisson’s ratio v

ing a large value of clastic modulus of 2.0% 10t
(kN/m*) and Poisson’s ratio of 0.499. The weight of the
machine was modelled by applying a body foree. The di-
ameter and length of the shield machine are 3.737 m and
5,67 m, respectively.

Shield Machine and Soil Interface Modelling

1t has been recognized that the long-term subsidence af-
ter soft clay tunnelling is partly caused by excess pore
pressure induced by disturbance associated with the inter-
face friction between the soil and shicld machine. There-
fore, joint elements were placed at the interface of the cle-
menis that represent the shield machine and the adjacent
soil, in order 1o investigate interface friction effects on
ground deformations, The behaviour of the joint ele-
ments shows zero stiffness when the frictional foree ex-
ceeds some eritical value.
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Excavating Elements

The excavating elements represent the area that is
turbed by cutting and mixing of the excavated soils with
slurry in front of the cutling face of the shield machine.
The excavating elements arc used to match the volume
change and shear distortion of the elements to the actual
movement of the shicld machine. Therefore, the material
properties of the excavating elements depend on various
factors such as the method of excavation, machine char-
acteristics, the size of the elements, etc. Hefice, they need
to be obtained by trial and error.

In this analysis, the excavating element was assumed to
be an isotropic elastic material, and the thickness of the
cexcavating elements was selected 10 be 20 em. The air bub-
ble pressure measured during the construction was ap-
plied as a pressure boundary within the excavating ele-
ments. The measured jacking forces were applied as
nodal forces behind the shield machine. The elastic prop-
erties of the excavating elements were then determined by
matching the computed advancement of the shield
machine at a given time step to the measured field move-
ment data. The initial analysis showed that a Young's
modulus of 141 kPa and Poisson's ratio of 0.1 should be

Fig. 16iab,  Location of fourteen kydraulic jacks

45

used in the sub machine analysis,

Shield Machine Operation

The advancement of the shicld machine was simulated
by applying forces at the tail of the shield machine, where
the hydraulic jacks are located, and providing pressures
inside the excavating clements. The applied forces and
pressures were obtained from the actual driving records
of the machine. In this construction, fourteen hydraulic
jacks were installed behind the machine as shown in Fig.
16(a). The jacking records are shown in Fig. 16(b), where
the top column is the elapsed time. In this shield opera-
tion, each hydraulic jack did not operate independently,
und the jacks were in the mode of either on or off. The
solid circles in the bottom column of Fig. 16(b) show the
time sequence of on/off mode of each hydraulic jack.
The values in the central row of Fig. 16(b) are the com-
bined hydraulic force of all the jacks in operation.
Hence, the force of each jack can be computed by
dividing this combined hydraulic force by the number of
Jacks in operation.

After the tunnel linings are installed, ground move
ment occurs as the earth pressure is released in the tail
void, which carresponds to the space made between the
excavated arca of the tunnel machine and the outer sur-
face of the tunnel lining. In order to avoid this ground
movement, backfill injection is commonly made into the
tail void. Tn this anabysis, the finite element meshes adja-
cent to the tunnel lining were expanded In a radial direc-
tion by applying a pressurc equivalent to the measured
backfill pressure. Onee the backfill operation was com-
pleted, the nodal displacements were fixed in position,
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NUMERICAL RESULTS
Ground Settlements
The three di ional views of the d settle-

ment trough at 1 m above the crown of the machine at
varlous limes are shown in Fig. 17. The sequence of finite
clement remeshing operation with the machine advance-
ment is illustrated in the figure.

sre almost identical after the passage of the tail of the
shield machine. The vertical settlement after the shield
machine passed the measurement point was 6.9 mm,
which ds to the sured di in the
field, The vertical ground surface displacement was
almost zero in this case. It is important 10 notice here
that the field monitoring was stopped when the tail of the
machine passed the measuring point. Therefore, the
| Jon related to tail void closure is not modelled

In this case study, the subsurface and
pore water pressures were also measured at L m above the
crown of the shield machine as the machine passed the
measurement point, The arrow in Fig. 17 shows the meas-
urement point. The surface settlement was also meas-
ured.

The 1 vertical displ at the ground sur-
face and at 1 m above the crown are shown in Fig. 18.
The horizontal axis of the figure is the elapsed time from
the beginning of the jcal si jon. The d
data are also plotted in the figure for comparison.
Although the measured data show that there is a sudden
ground upheaval approximately 10 hours after the arrival
of the shield machine face due 1o some unkunown reason,
both the caleulated and d vertical di

¥ig. 17. Three dimeadanal views of the computed scitlement (1=
abave the crows of the muchine)

in this analysis, and larger vertical displacement is expect-
ed to oceur in the later stage of tinnel construction.

The contour plot of the vertical displacements ot | m
above the crown at 1=1.64 days is shown in Fig. 19. Due
{0 variation in the jacked forces applied to the machine,
{here was an upheaval of approximately 8 mm in fron of
the machine. L ly, the field start-
ed just before the machine approached to the monitoring
point, Therefore, it was not possible to compare this coni-
puted result to the actual upheaval behaviour in the field.

Peck (1969) showed that the transverse surface settle-
ment trough immediately following tunnel construction
s well-described by the following Gaussian distributi
curve,

S5 =Sau-exp (=3/21%) 0]
where &, is the vertical seltlement, S, is the maximum
settlement on the tunnel centre ling, ¥ is the horizontal
distance from the tunnel centre line and i is the horizon-
1al distance from the tunnel centre line to the point of
inflexion of the settlement trough. The computed settle-
ment trough at 1 m above the crown of the tuanel lining
was fitted by the Peck’s Gaussian distribution curve, as
shown in Fig. 20. The maximum settlement at the centre
of the tunnel was 6.9 mm. The shape of the computed set-
tlement trough at 1 m above the crown of the shield tail is
similar to the one suggested by Peck.

Pitching Angle af the Shield Machine

“The computed vertical tilt of the shield machine, i.e.
the pitching angle #, is plotted against the elapsed time in
Fig. 21. The recorded pitching angle of the machine is
also plotted in the figure.

Ground surface A:measurement
— analysis

E)
E
B
£ — —
=
~4 | Weasurement point \_ -
=§ = Oimeasurement il
= —analysis
2 -8
$ o 05 1 1.5 2
Elapsed Time (day)
Vig. 18, Vertical displacemsent at the ground sarface and o1 1 m above
Ahe crowm
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Flg. 19, Comtour plot of the verthcal displscements (1 m above the erows, 1=1,64 day)
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tromgh
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Fig. 21, Pitching anghe of the shicld machine

The figure shows that the pitching angle increased sud
denly when the machine started to operate, implying that
the machine was inclined from the horizontal level. The
angle increased as the machine advanced and the increase
ceased when the machine stopped. This is mainly due to
the variation in the mechanical jacking forces applied be-

hind the machine, which is controlled by the machine
operator, This is one of the reasons that some upheaval
ground movement was observed in front of the machine.
During the advancement, the upper tail of the machine
is moving away from the tunnel linings as it excavates,
providing a larger Lail void space at the crown of the tun-
el On the other hand, at the invert section, the lower
tail of the shield should be providing a downward force
to the ground.

Stress Paths of the Soil Around the Shield Machine

The effective stress paths in the soft clay around the
shield machine during the advancement are shown in Fig.
22. The stress paths are plotted in terms of mean effective
stress p' and deviator stress g = V2T, where J; is the sec-
ond invariant of the deviator stress tensor. Eight cle-
menis adjacent to the circumferential face of the shield
machine were selected for plotting. The initial K; line, the
eritical state line and the current vield surface based on
the Sekiguchi-Ohta model are also drawn in the stress
path figures.

The results show that the elements around the crown
of the machine (solid circles in the figure) are in a condi-
tion of unloading due to stress release as the machine
passes along the element. The effective stress states move
within the current vield surface, producing some elastic
unleading deformation.

The positive pitching angle of the machine shown in
Fig. 21 suggests that the lower tail of the shield is provid-
ing a downward force 1o the ground. The elements below
the invert of the machine (open circles in the figure) are in
the condition of loading due to the weight of the machine
and the jacking operation. In this area, the yield surface
of the soil expands from its initial condition, producing
some plastic strains.

Excess Pore Pressure Generation
The calculated and measured excess pore water pres-
sure changes at the measuring point above the crown of
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Fig. 1. Stress patls of the soil around ihe shichd machine

the shield machine are shown in Fig. 23. The initial in-
crease in excess pore pressure is due to stress created at
the face by the jacking force. The finite element result
shows that the excess pore pressures become negative as
the shield machine passes the measurement point. This is
due to the unloading of the soil, as illustrated in Fig. 22.

The measured value, however, demenstrated a sudden in-
crease in excess pore waler pressure approximately 10
hours from the arrival of the shield machine for some
unknown reason. Such a discrepancy between the meas-
ured and calculated values is similar to the sudden
change in measured vertical settlement shown in Fig. 18.
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csses of shicld t were modelled us-
ing the finite element method in order to investigate the
effect of these construction processes on the ground

Excess Pore Water

anm‘
=

0 05 1 15 2
Elapsed Time (day)

Fig. 23, Variation of eucess pore waler pressure a1 1 m above crown

X
Analysis

Excess Pore Water
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0 . A
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Elapsed Time (day)

Fig. 24.  Varintion of excess pore waler pressire al the bodtom af he
shiiglhd mackhing

The calculated excess pore water pressure at the bor-
tom ares of the shield machine is shown in Fig. 24,
Again, there is an initial increase in excess pore pressure
when the point of interest is in front of the machine. As
the machine passes, there is an increase in excess pore
pressure due o the loading condition observed at this lo-
cation.

The results shown in Figs. 23 and 24 imply that the
pore water pressure behaviour during shield Hling is
closely related to loading / unloading condition of the soil
caused by the positional and dircctional change of the
shield machine. The pattern and magnitude of the excess
pore pressures generated during the shield machine ad-
vancement will directly affect the long term subsidence
around the tunnel, especiaily in the case of shickd wnnel-
ling through soft ground. Therefore, the postural change
of the shicld machine needs to be modelled, and con-
trolled as accurately as possible for assessing the short
and long term ground settlement due to shield runnelling
<onstruction.

CONCLUSIONS
In this paper, the advancement and cxcavation proc-

A new ing finite element, which
maodells the dl!lll!bﬂd soil in front of the cutting face,
Wis prop he of shield ad and
of soil excavation was simulated using the finite element
remeshing technique ot each time step of the analysis.

The proposed modelling techniques of shicld tunnel-
ling construction were applied to simulate wnnelling
project in soft cohesive soil in Tokyo and the results were
compared with the field measuremenis. The soil deforma-
tion mechanism associnted with the shield tunnelfing
operation was examined in detail, The vertical ground dis-
placement profile, the effective stress paths in the soft
clay, the excess pore water pressures, and the postural
change of the shield machine, were obained from the
three-dimensional finite element simulation using the
proposed modelling technique, and the results agreed
with the field observations.

The cohesive soil around the crown of the machine was
in a condition of unloading, due o the stress release as
the machine passes. The effective stress states moved wi-
thin the current yicld surface, producing some elastic un-
loading deformation. The excess pore pressure became
negative around the crown as the shield machine passes.

At the invert section, on the other hand, the lower tail
of the shield was providing a downward force to the
ground. The ground in this reglon was in o condition of
loading due to the weight of the machine and the jacking
operation. Thercfore, the yicld surface of the soil expand-
ed from its inilial condition producing some plastic
strains, The excess pore pressurcs increased due to the
loading condition at this location.

These pore pressures provide jts proper input 1o a
long-term analysis of the loading on the wunnel lining,
and of ground surface displacements.
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NOTATION

+="Scaler produs
® mVector prodiset
B Srain-displacement marix
Dr=Driameter of ihicld machine
D=Siress-strain matrix
=External foree
J°'=Jacobin murix inverse
Jy=Second invariant of the deviator stres tenwr
m=Nodal points of finite clement
sy = Remeshed ml paint

¢ =Devintor sress
bbb Afer remesking
5, =Vertical settiensent
= Displacement vestors at the nodal paints m,
= Displacenyent vectors at the remeshed nodal point ne
£ m, {=Local coordinate of the io-parametric finite clement
&= Residual forces of nodal fosces.

Appendix A
As shown in Fig. A-1, the mapping of vector dx within
the finite element in the global coordinate system (x, ¥, 2)

ng(-L L 1) ndo 1L

I

AT

b A ]

n Lot

dr=Jdx

g (550 ¥er 54

LETT T

Fig. A<l Mupping between the grabal amd the focal coordinare sys-
tem

1o the vector dr with the local coordinate system of the
element (£, iy, {) is given by the following equation;

dr=J-\dx (Al)

where J~' is the inverse of the Jacobin matrix.

The local coordinates of the rearranged nodal point ny
can then be found from the coordinate of one nodal
point, For example using the nodal coordinate of n,.

(Lo o Cud = ™ (X =0, Yu=21, 22— 21)
+(=1, -1, -1 (A2)

where (&x, . {z) is the local coordinates of the rear-
ranged nodal point, {xe, ¥, 2v) is the global coordinate
of the rearranged nodal point, (%, », 2] is the global
coordinates of the nodal point ay and (=1, =1, =1} is
the Iocal coordinates of the nodal peint n,.

Appendix B

The effective stress state @7 at the Gauss-Legendre in-
tegration points of the remeshed e!rmen[s at =+t is

P using the ing ¢q

(B}

where a4 is the effective stresses estimated from the origi-
nal undeformed mesh at r =y, daj is the effective stress
increment produced within a time step 41,

sh=gi+do’
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Fig. B-5.
step,
ar=ai+iden (B2)

where D), is the clastic stiffness.

Case 2 The new stress state of the origingl element is in

the elastic region, whereas that of the remeshed element
is in the plastic reglon (Fig. B-3)

In this case, the stress state calenlated from Eq. (B2)
will be outside the current yield surface for the remeshed
clement and the strain integration is necessary to com-
pute the stress state g of the remeshed element. To
reduce the computing time, @i is simply corrected back
to the yield stress state of the current yield surface using
the method proposed by Owen and Hinton (1950).

Case 3 The stress state of borh the original and
remeshed element are in plasric condition (Fig. B-4)

Since both increments produce plastic deformation,
the strain integration is necessary to obtain the stress
state oy of the remeshed element, In this case, af is as-
sumed to be equal (o the stress state of the original ele-
ment a'.

Case 4 The stress states of both the original and
remeshed element are unloaded info the elastic region

Similar to Casc 1, o} is caloulated 1o be equal 1o
a3+ Dedey, where D, is the elastic stiffness.

Case 5 The stress state af the orizinal element becomes
one af unloading, whereas that of the remeshed becomes
one of plastic loading (Fig. B-5)

The stress state af is assumed (o be equal (o &



