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ABSTRACT

During shield tunnelling operation, a shield machine is driven forward by applying mechanical jack forces behind
the machine tail and excavating the soil in front of the machine with its cutting face. In this study, the advancement
and excavation processes of the shield tunnelling operation are modelled using the finite element method in order to in-
vestigate the effect of these construction processes on the ground response. A new excavating finite element, which
models the disturbed soil in front of the cutting face, is introduced. The operation of shield advancement and of soil
excavation is simulated using the finite element remeshing technique at each time step of the analysis. The accuracy of
the finite element remeshing technigue is discussed by analysing one-dimensional consolidation of an isotropic elastic
medium. The proposed modelling techniques of shield tunnelling construction are applied to simulate a tunnelling
project in Tokyo and the numerical resuits are compared with the field measurements. The soil deformation mecha-
nism associated with the shield tunnelling operation is examined in detail.
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INTRODUCTION

During shield tunnelling operations, the magnitude
and distribution of the ground deformations are largely
controlled by the construction process. The factors that
affect the ground deformation are (Lee et al., 1992; Mair
and Taylor, 1997):

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

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

(i) 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
earth pressure changes due to the shield machine advance-
ment are illustrated in Fig. 1. The figure is based on exten-
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sive earth pressure and deformation measurements of a
sewer tunnel construction through soft ground in Tokyo
conducted by Hashimoto (1984). The figure implies that
the nature of the problem is three-dimensional and that
the magnitude of earth pressure change is related to the
machine characteristics, construction procedure, oper-
ator’s control, etc. Therefore, when estimating the
ground deformation caused by shield tunnel construc-
tion, care should be taken of how to model the character-
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Fig. 1. Earth pressure changes due to the shield machine advance-
ment (after Hashimoto, 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 element
method is one of the popular methods to investigate the
ground deformation behaviour. In general, the finite ¢le-
ment analysis results reported in the literature have con-
tributed greatly in understanding various deformation
mechanisms associated with shield tunnelling (e.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
made to examine the above-mentioned 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 steering problem and interface friction
problems are expected to influence 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 shield 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-
ration. In these analyses, the advancement of the shield
machine is not modelled. In reality, however, the stress-
strain state of the soil changes continuously as the shield
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
needs to be investigated.

In 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 attempt was made to model the cutting operation of
shield tunnelling within the framework of the finite ele-
ment method. :

The excavation and advancement of a shield machine
are modelled by (i) remeshing the finite elements at each
time step, (ii) 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 technigues are used to simu-
late shield tunnelling construction project through
clayey ground in Tokyo. The results from the three

dimensional coupled soil-pore water analysis were com-
pared to the actual field measurements in order to 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 to the theoretical solution. A three
dimensional finite element analysis of shield tunnelling in
soft clayey deposits was carried out using the new
method. The computed three dimensional settlement
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
cufting 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
assumption of continuum mechanics used in the finite ele-
ment formulation, In the past, this excavation process
was commonly modelled by removing the finite elements
in front of the machine and applying 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
movement of the shield machine at a given time interval.

In 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 elements, and the
presence of these elements in front of the cutting face
aims to represent the disturbed area of the ground caused
by the excavation process. Mathematically, the introduc-
tion of the excavating elements 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 tunne! lining, and (¢) 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 the excavating element

aries of the shield machine as shown in Fig. 3, the
process of excavation is represented by the (artificial)
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-
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Fig. 4. Advance of shield machine simulated using excavating ele-
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-
acteristics of the shield machine (shape of the cutter, etc.)
and the workmanship. The method which determines the
material properties of the excavating elements 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 each time step, (ii) in-
troducing the excavating elements of a fixed size in front
of the shield machine elements, and (iii) 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 represents the proposed excavating element.

Figure 4(a) shows the status of the shield machine at
reference time #,. In order to model the hydraulic jacking
forces applied to the shield machine, forces are applied at
the nodes that represent the tail end of the shield
machine. The applied 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 shield
tunnel operation, slurry and water pressures can be ap-
plied in the excavating elements, as shown in Fig. 3.

During the time interval of #, to f,+dJ¢, 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
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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 =1+ ¢, the finite ele-
ments are remeshed as shown in Fig. 4(c). The new mesh
will have the same mesh geometry relative to the shield
machine as =1, but the location of the shield has shifi-
ed. Again, the excavating elements will be placed in front
of the cutting face before applying external forces given
for the next time step. By doing so, the advancement of
the shield machine and the associated stress-strain
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 pressures of the remeshed elements need be calcu-
lated from those 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 I: 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 eight-noded trilinear element. Let a rear-
ranged nodal point ny exist inside an element that has
eight nodes of »; to #g, as shown in Fig. 6(a}. In this case,
the volume of the element should be equal to the volime
sum of the quadrangular pyramids (V] to Vs as shown in
Fig. 6(b)), which ar¢ formed by the side plane of the ele-
ment and the rearranged nodal point #z. When nodal dis-
placements are small, the volume of Vi to Vs can be eval-
vated by the following vector calculations.

Vi=(/6){ (s x s )+ (7 X Why)} - Falig
Va=(1/6){(mi7is % firg )+ (s X WAz )} - Aifig
Va=(1/6){(7aris % 7ati7 Y+ (hanty X Wzh3 )} - mohig
Va=(1/6){(7m7 X 7ang ) + (1atts X maiy) } - msfiy
Vs=(1/6){(rans X nans )+ (Aafis X A7)} * Aalig

Ve=(1/6){(7istic x 7517 )+ (ni571; X Fizrig )} - ishig

(1)

where X is the vector product and » is the scalor
product.

If the rearranged nodal point exists outside the ele-
ment, the volume sum of V] to Vg 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.

STEP 1 .
Tdentify an element, which includes the rearranged nodal point

Calculate the local coordinate of the vearranged nodal point in
the identified element

Evaluate the effective stresses at the Gauss-Legendre infegration

Evaluate the pore pressure at the centre of gravity of the remeshed

[STEP 6] Calculate the residual forces from the equilibrium check ]

STEP 2

’STEP 3! Compute the incr tal disy tof the rearranged nodal points

STEP 4

a ol

peints of the r

STEP 5

elements

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

Fig. 6(a). Eight-noded trilinear element and a rearranged nodal point
g
Fig. 6(b). The volume sum of the quadrangular pyramids

STEP 2: Local Coordinates Calculation

The local coordinate system of an eight-noded trilinear
element is shown in Fig. 7. Assuming that the rearranged
nodal point exists in an element, which has nodal point
n; to ng, the local coordinate (&, #, {) of the rearranged
nodal point is calculated using the flow chart shown in
Fig. 8. The computational algorithm shown in the figure
utilises Eq. (1) to save computing time, The operation
“calc’ in the flow chart is described in Appendix A.

STEP 3: Incremental Displacement Vector Calculation
The internal incremental displacement vector dug at
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Fig. 7. Local coordinate system of eight noded trilinea element

the rearranged nodal point nz can be computed from its
local coordinate and the incremental displacement vec-
tors of the nodal points #, to 1, using the following equa-
tion

dug=N;(&, n, {)du, 2

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

STEP 4: Effective Stress Update

Once the incremental displacement vector of all rear-
ranged nodal points is computed, the effective stress in-
crement do’ at the Gauss-Legendre integration points of
the new remeshed finite elements are estimated using the
following equation,

do’ :5 DBdug 3

where D is the stress-strain relationship of the soil skele-
ton at the Gauss-Legendre integration points, and B is
the strain-displacement matrix. The selection of D de-
pends on the state of the soil; so that correct stress path
can be followed during the updating of the effective stress-
es. The effective stresses o’ at the Gauss-Legendre integra-
tion points of the remeshed elements at 1=t,4d¢ will be

o'=6i+do’ 4

where o} is the effective stress state at t=+¢,. Ideally, o}
should be determined from the effective stress field at
t=1, obtained in the original undeformed mesh. This
requires back-calculating the location of the Gauss-
Legendre integration points of the remeshed elements at
t=1;, and interpolating & at these points. However, this
additional calculation increases the computing time.
Therefore, in this study, ¢4 at the Gauss-Legendre in-
tegration point of the remeshed elements is simply as-
sumed to be equal to that of the original undeformed
element, provided that the incremental displacements
computed at each time step are small. The details of the
effective stress updating procedure used in this study are
described in Appendix B.

n=10,{=10
& =cale
E=+10, =10
1] =calc
n=tL0,{ =10
& =cale
E=-10,{=-10
n =calc
E=+1.0,n=-10
{ =calc
E=-10,n=10
¢ =calc
1 =10, =+t10
& =calc
n =10
&6 =cal
E=+t10,n =tL0
£ =calc
E=+1.0,{=+10
n =calc
==10,1n =10
=calc
=t1.0,{ =+1.0
=calc
&=-10,(=t1.0
1 =calc

£n,E=calc

Fig. 8. Flow-chart for calculating of the local coordinate of a rear-
ranged nodal point

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 px_foposed by Christian and Boehmer
(1970), where the pore pressure is assigned at the centre
of the ¢lement. When remeshing is performed, the value
of pore water pressure in the element must be updated to
satisfy the total sttess equilibrium condition, -

In this study, it is assumed that.the total stresses of the
remeshed element are equal to those of the original
deformed element at t=fy+dJ¢. With this assumption,
the pore water pressure p,z of a remeshed element at
t+4¢ becomes the sum of the pore pressure of the
deformed elements before remeshing and the change in
the mean effective stress ¢, of the remeshed element, as
shown in the following equation. :

Pwr=pnton—0mm &)

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

STEP 6: Residual Forces Calculation

The simplified evaluation of & and de used in Step 4
and 5 will produce some errors when equilibrium is check-
ed. These errors result in residual forces. After stress up-
dating, the residual forces of the rearranged nodal forces
d¢r are computed using the following equation.

d(bR:SBdO'RdV—dF (6)

where dF is the external incremental forces.

Further iteration of Step 4 and 5 can be made to obtain
the correct stress/ pore pressure field 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 to 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 to verify the accuracy of the proposed remesh-
ing technique, one-dimensional consolidation finite
element analyses with and without the remeshing tech-
nique were performed, and the results'were compared to
Terzaghi’s consolidation theory solution.

The finite element meshes and the material properties
used in these analyses are shown in Fig. 9, After obtain-
ing a solution for r=f+45¢ (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 elements have the same mesh geometry. The
results of the analyses are compared to Terzaghi’s
consolidation solution for the relationship between the
time factor T, and the degree of consolidation I which is

100 kPa T
% D= |
L ] [ ] . o
‘ I
! ?  E=S500kPa
L —q V=035
g k=1.1574 X107 cm/s
B o L ] L ] R
v
I 1
] » . i Undrajned
' boundary condition
* . L
LI .
e
1.0m

Fig. 9. Finite element model used i the one-dimensional consolida-
tion problem. -

- & —

(n) t=t, (b) t=t,+5t () t=t, 45t

Fig. 10. Rearrangement of finite eloment 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 remeshing technique, The
numerical analysis with the remeshing technigue appears
to give a better match to Terzaghi’s selution.

‘The computed isochrone .curves of the excess pore
water pressure are shown in Fig.: 12(a) for analysis with
remeshing and (b) for analysis:without remeshing, The



f. yertical axis of the figures is theratio of the distance from
. the drained surface z to the initial-height of the model 2y,
. whereas the horizontal axis is.loaded pressure p (=100
- kPa). The result of the analysis with remeshing. provides
. fa better match to the theoretical solution, especially at
- the begmnmg of the consolidation and at locations close
- 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
0.0 0.2 0.4 06 08 1.0
-~ 0
T | |
5 \ O wWithout rearrangment |
g 20 U\ @ With rearrangment
g 30 T ’s soluti |
_g 40 == Terzaghi’s solution
=
§ 50
g 60
8 70
a 80
3 90
100
Fig. 11. Relations between the degree of consolidation U and time fac-
tor-T',

p/p
0.5

0.0 1.0

z/z0
0.5

1.0 L

' (a) With ‘rearrangement

Fig. 12.
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Complicated boundary conditions exist, particularly in
the case of shield tunnelling in urban areas, since the dis-
tance between the shield tunnel and the pre-existing un-
derground structures or the foundations of superstruc-
tures frequently becomes very small. Hence, the three
dimensional nature of a shield tunnelling problem must
be considered carefully in order to have proper control of
the construction.

The long term subsidence around a tunnel is d1rectly
related to the excess pore pressures generated during the
shield machine advancement. Therefore, the coupled
soil-pore water analysis is necessary to assess the time-de-
pendent ground deformation caused by shield tunnellmg
construction.

With the above considerations i in mmd 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 tunnel 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 earth pressure in front 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 input parameters were determined from the results
provided by standard geotechnical tests on samples ob-
tained at various depths. Other input parameters, which
were not able to be determined from these tests, were cal-
culated by the method suggested by Iizuka et al. (1985).

p/p

0.0

Z/z0
0.5 |

1.0

(b) Without rearrangement

Isochrone curves of excess pore water pressure
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The initial distribution of the preconsolidation pres-
sure was obtained based on the results of standard
oedometer consolidation tests. The variation of precon-
solidation pregsure 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-

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

computedias shown in Fig. 13, The coefficient of lateral
earth pressure was assumed to be 0.53, 1rrespecmve of the
overconselidation ratio,

The coefficient of permeability at various depths was es-
timated by the method proposed by lizuka et al. (1985),
which uses the preconsohdatlon pressure and the void ra-
tio at the preconsolidation pressure. The distribution of

- the coefficient of vertical permeability is shown in Fig.

15. For compatison, the values measured from the
ocdometer 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 coefficient of horizontal permeability were
not measured in the laboratory. They were assumed to be
twenty times those of vertical permeability, as it is com-
mon that the horizontal permeability is larger than the
vertical.

Shield Machine Modelling

The shield machine was modelled as a rigid body by
assigning a large value of elastic modulus of 2.0x 10
(kN/m?) and Poisson’s ratio of 0.499, The weight of the
machine was modelled by applying a body force. The di-
ameter and length of the shield machine are 3.737 m and
5.67 m, respectively.

Shield Machine and Soil Interface Modelling
It 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 theinter-
face friction between the soil and shield machine. There-
fore, joint elements were placed at the interface of the ele-
ments that represent the shield machine and the adjacent
soil, in order to investigate interface friction effects on
ground deformations. The behaviour of the joint ele-
ments shows zero stiffness when the frictional force ex-
ceeds some critical value.

Table 1. Inpui parameters for shield tunnelling simulation
. Young’s modulus E 1.96 x 10° kPa
Shield machine Poisson’s ratio v 0.499
Density p 3.00 g/cm’
Young’s modulus £ 138.3 kPa
Excavating element Poisson’s ratio v 0.100
Density p 1.62 g/em®
Specific gravity of soil particle Gs 2.680
Compression index A 0.320
. . Swelling index x 0.054
Cohesive soil Poisson’s ratio v 0.355
Critical state parameter M 1.05
Density of saturated soil pg, 1.62 g/cm®
Joint element Yield value 7, 4.9kPa
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Excavating Elements

The excavating elements represent the area that is dis-
turbed by cutting and mixing of the excavated soils with
slurry in front of the cutting face of the shield machine.
The excavating elements are used to match the volume
change and shear distortion of the elements to the actual
movement of the shield 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. Hence, 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
excavating elements was selected to be 20 cm., 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. 16(a). Location of fourteen hydraulic jacks

vsed in the subsequent machine advancement analysis,

Shield Machine Operation :

The advancement of the shield 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 elements. 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 noet operate independently,
and 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 driving 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 corresponds to the space made between the
excavated area 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. In this analysis, the finite element meshes adja-
cent to the tunnel lining were expanded in a radial direc-
tion by applying a pressure equivalent to the measured
backfill pressure. Once the backfill operation was com-
pleted, the nodal displacements were fixed in position.
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Ground Settlements :

The three dimensional views of the computed settle-
ment trough at 1 m above the crown of the machine at
various times are shown in Fig. 17. The sequence of finite
element remeshing operation with the machine¢ advance-
ment is illustrated in the figure. ‘

In this case study, the subsurface displacements and
pore water pressures were also measured at 1 m above the
crown of the shield machine as the machine passed the
measurement point. The arrow in Fig. 17 shows the meas-
urerient point. The surface settlement was also meas-
ured,

The computed vertical displacements 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 numetical simulation. The measured
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 to some unknown reason,
both the calculated and measured vertical displacements

Measurement point

1.64357 day

Fig. 17. Three dimensional vieﬁs of the computed settlement (1m
above the crown of the machine)
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are 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 ‘corresponds to the measured displacement in the
field. The vertical ground surface displacement was
almost zero in this case. It is important to notice here
that the field monitoring was stopped when the tail of the
machine passed the measuring point. Therefore, the
deformatlon related to tail void closure is not modelled
in this analysis, and larger vertical displacement is expect-
ed to occur in the later stage of tunnel construction.
"The contour plot of the vertical displacements at 1 m
above the crown at-f=1.64 days is shown in Fig. 19. Due
to variation in the jacked forces applied to the machine,
there was an upheaval of approximately 8 mm in front of
the machine. Unfortunately, the field measurement start-
ed just before the machine approached to the monitoring
point. Therefore, it was not possible o compare this com-
puted result to the actual upheaval behaviour in the field.
Peéck (1969) showed that the transverse surface settle-
ment trough immediately following tunnel construction
is well-described by the following Gaussian distribution
curve.

8= Smaxexp (—y*/2i%) )]

where S, is the vertical settlement, Swe is the maximum
settlement on the tunnel centre line, y is the horizontal
distance from the tunnel centre line and / is the horizon-
tal 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 tunnel 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 of the Shield Machine

The computed vertical tilt of the shield machine, i.e.
the pitching angle 8, is plotted against the elapsed time in
Fig. 21. The recorded pitching angle of the machine is
also plotted in the figure.
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Fig. 18. Vertlcal displacement at the ground surface and at 1 m ahove
the crown
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Fig. 21. Pitching angle of the shield 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 tunncl linings as it cxcavates,
providing a larger tail void space at the crown of the tun-
nel, 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 machinc during the advancement are shown in Fig.
22. The stress paths are plotted in terms of mean effective
stress p’ and deviator stress g= v2J,, where J; is the sec-
ond invariant of the deviator stress tensor. Eight cle-
ments adjacent to the circumferential face of the shield
machine were selected for plotting. The initial K, line, the
critical state line and the current yield surface basced 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 rclease as the machine
passcs along the element. The effective stress states move
within the current yield surface, producing some clastic
unloading 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 to the ground. The clements 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 cxcess pore water pres-
sure changes at the measuring point above the crown of
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“Flg. 22, Stress paih_s_ of the soil around the shisld machine

the shield machine are shown in Fig. 23. The initial in- The measured value, however, demonstrated a sudden in-
crease in excess pore pressure is due to- stress created at  crease in excess pore water. pressure approximately 10
the face by the jacking force. The finite element result hours.from the arrival of the shield machine for some
shows that the excess pore pressures become negative as  unknown. reason. Such:a discrepancy: between the meas-
the shield machine passes the measurement point. Thisis  ured and..calculated wvalues: is similar .to the.sudden
due to the unloading of the soil, as illustrated in Fig. 22.  change in:measured vertical settlement.shown in Fig. 18.
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Fig. 23. Variation of excess pore water pressure at 1 m above crown
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Fig. 24. Variation of excess pore water pressure at the bottom of the
shield machine :

The calculated excess pore water pressure at the bot-
tom area of the shield machine is shown in Fig. 24.
Again, there is an initial increasge in excess pore pregsure
whe the point of interest is in front of the machine. As
the machine passes, there is an increase in excess pore
pressure due to 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 tunnelling is
closely related to loading/ unloading condition of the soil
caused by the positional ‘and . directional 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, especially in the case of shield tunnel-
ling through soft ground. Therefore, the postural change
of the shield machine needs to:be:modelled, and con-
trolied as accurately as.possible for assessing the short
and long term ground settlement:due:to shield tunnelling
construction. R

CONCLUSIONS e i;:—.u:ﬂw TEEREE RS
In this paper, the advancemeni-anghgxcavation proc-

esses of shield tunnelling operations. were modelled us-
ing the finite element method in. order to investigate the
efféct of these constiuction processes on the ground
response. A new. excavating finite element, - which
modells the disturbed. soil in front of the cutting face,
was proposed.. The operation of shield advancement and
of soil excavation was simulatéd using the finite element
remeshing technique at each time step of the analysis.

The proposed modelling techniques of shield tunnel-
ling construction were applied to _simulate tunnelling
project in:soft cohesive seil in Tokyo and the results were
compared with the field measurements. The soil deforma-
tion  méechanism associated with the shield tunnelling
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 obtained 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 unioading, due to the stress release as
the machine passes. The effective stress states moved wi-
thin the current yield 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 region was in a condition of
loading due to the weight of the machine and the jacking
operation, Therefore, the yield surface of the soil expand-

ed from its initial condition producing some plastic

strains. The excess pore pressures increased due to the
loading condition at this location. '

These pore pressures provide its proper input to a
long-term analysis of the loading on the tunnel lining,
and of ground surface displacements.
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'NOTATION

»=S8caler product

X =Vector product

B=Strain-displacement matrix

D=Diameter of shield machine

D=Stress-strain matrix

F=External force

J-l==Jacobin matrix inverse
J;=8econd invariant of the deviator stress tensor
n;=Nodal points of finite element
=Remeshed nodal point
N;=S8hape function
p.=Pore water pressure
p' or a,=Mean effective stress
g =Deviator stress
plevbseripd= A frer remeshing

S,= Vertical settlement

w;=Displacement vectors at the nodal points n;
uz=Displacement vectors at the remeshed nodal point ag

&, 11, {=Local coordinate of the iso-parametric finite element

¢ =Residual forces of nodal forces

Appendix A

As shown in Fig. A-1, the mapping of vector dx within
the finite elément in the global coordinate system (x, », Z)

ng(-1, L, ' m(LL D)

ng(AL|D  mg A1y

n4(_13 II“I) 3(1, 1,-1)

nj(_In—I!_-l) nz(l,"l,_l)

dr=Jdx

Ng (x5, ¥g: Zg) 1y (X7, ¥75 Z7)
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N (¥ Yo\Z)
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Fig. A-1. Mapping between the grobal and the local coordinate sys-

tem

to the vector dr with the local coordinate system of the
element (&, #, £} is given by the following equation;

dr=J"dx (A1)

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

The local coordinates of the rearranged nodal point nz
can then be found from the coordinate of one nodal
point. For example using the nodal coordinate of ;.

(&r, Ay LRY=T " {(Xr=X1, YR— Y1, Z—21)
+(—1,—-1,-1 (A2)

where (£r, #r, {r) i3 the local coordinates of the rear-
ranged nodal point, (xz, ¥z, Zz) is the global coordinate
of the rearranged nodal point; (>, ¥1, 71) is the global
coordinates of the nodal point »n; and (—1, —1, =1} is
the local coordinates of the'nodal point ;.

Appendix B

The effective stress state o at the Gauss-Legendre in-
tegration points of thé remeshed elements at ¢t =t,+J¢ is
computed using the following equation.

oh=0{+da’ (B1)

where o4 is the effective stresses estimated from the origi-
nal undeformed mesh at =1, deo? is the effective stress
increment produced within a time step d¢.
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a4 at the Gauss-Legendre integration points of the
remeshed elements needs to be estimated from the effec-
tive stress ficld obtained in the original undeformed mesh
at #=*t,. This estimation requires back-calculation of the
location of the remeshed element at #=#,, as shown in
Fig. B-1. However, this calculation will result in large
computing time, and it was considered to be uneconomi-
cal. Therefore, in this study, it'is dssumed that o¢ at the
Gauss-Legendre integration peints of ‘a remeshed ele-
ment is the same as that of the ofiginal element.

The calculation of de’ requires stiésststrain D matrix
as shown in Eq. (3). When the soil is in plastic condition,
the value of D changes with applied.strain. increment
de=Bdu. Therefore, do needsto be calculated by strain
integration when the soil is in 4 plastic ¢ondition. This in-

‘ B.du,

-—’B;du '

Fig. B-3.

do

» Bdu,
> Bdu

Fig. B4.

tegration results in additional computing time because
the stress calculation should be performed twice in this
analysis; (i) when the analysis is made using the original
mesh and (ii) when the stress update is performed for the
remeshed elements. Again, the second stress calculation
was considered to be uneconomical and the stress update
procedure was simplified in this study, as described be-
fow.

Hereafter, de is the incremental strain at the Gauss
points of the deformed mesh, whereas deg is that of the
refined mesh.

Case I The new stress state of both original and
remeshed are both in the elastic region (Fig. B-2)
In this case, ¢} is simply calculated as follows in one
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Fig. B-5.
step.,
ocr=a}l+D.dsg (B2)

where D, is the elastic stiffness.

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

the elastic. region, whereas that of the remeshed element
is in the plast:c region (Fig. B-3)

In this case, the stress state calculated from Eq. (BZ}
will be outsjde the current yield: surface for the remeshed
element and ‘the strain’ integration is necessary to com-
pute the stress state ok of the remeshed element.' To
reduce the computing time, o is simply corrected back
to the yield stress state of the current yield surface using
the methiod: prOposed by Owen and Hinton (1980).

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

Since both increments produce plastic deformation,
the strain integration is necessary to0 obtain the: stress
state 6% of the remeshed element, In this case, o is as-
sumed to be equal to the stress state of the orlgmal ele-
ment ¢’.

Case 4 The stress states of both the ongmal and
remeshed element are unloaded. into the elastic. region

Similar to Case 1, ¢% is calculated to be equal to
of+D.deg, where D, is the elastic stiffness.

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

The stress state o} is assumed to be equal to oy.



