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Abstract

A new approach of shield tunnel advancement for soil deformation calculation is

presented using 3D finite element method. Applyiegp Hy step tunneling loads

this method, total soil deformation is calculated by summation of induced

displacement fronthe first loading step to the current step deformationthis

approach, shielchachine face distance from monitoring locations is taken as a factor

which affects way of calculating soil displacemdhtTBM machine face distance

fromthemonitoringloca i on i s assumed to be | ess

drained condition is used to calculate soil deformation; on the other hahe, if

machi ne face di stance from mandairied r i

condition is used for soil deformaticcalculation. Additionally field data of d8PB
shield tunnelingsite were gathered and used to investighte validity of proposed
approach.
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1 INTRODUCTION

Both field study and numerical investigation have shown that tunneling is a three
dimensional procedure. Shield machine advancement and tunneling construction
sequencessing3D analysishave been investigated by previous researsfsse e.g.

[3], [4], and [5]).

In order to simulate earth pressure balance tunneling, aalhesgly proposed a way
of 3D analysis otunnel advancement and loading sequenggslij that work,
total displacement was obtained based on the sum of the all prevailisgo
steps displacement pludisplacement ofhe currentstep. Drained or undrained
behaviorof soil during tunneling usually was deed by the soil typeand the
boundary conditionLater on, 1 was found that using FEM and summation of
loading stepdisplacemerd required to takes into accouatother factor In this
way, effect of distance (length of drainage path) is etsidered which impacts
on the drainage condition of groufat soil displacement calculatioMeanwhile,
field data of twin EPB skld tunneling were gathered and used here to validate
FEA results.Additionally, high permeability of a specific soil type which was
observed in field was applied #malysisprocedure when making comparison
between field resultandFEA outputs.

2 ADVANCEMENT APPROACH OF SHIELD TUNNELING BASED
ON DISTANCE OF MACHINE FACE FROM MONITORING
LOCATIONS

2.1 General

In this work, FEA is performed using a program that was already developed by
Komiya etal. [3]. Tunneladvancemenprocedure using 3D meshcarriedout by
applying step by step tunneling loadis.each stepface pressure at the front of
tunnel iscalculaed by increasing linearly from top to bottoof shield machine

face. Tail void grouting islsoappliedperpendicular to tunnel perimetirough

the entirelength of one ring exactly at the back of shield machim&al vertical
stress applied in 3D models is obtained by considering overburden load and
ground water table. Then, difference between face pressure and irgtiti e
pressures appliedto elements in front ofhe tunnd face similarly difference
between grouting pressure aindtial earth pressures also appliecat the back of
shieldmachine as an acting force in each loading step.
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Applying these forces, noded elementsaredisplacd and stress and strain are
develomd throughout the mesh. Developed stresses in elements at each step are
used as an initial stress fitie next loading step.

In each step, undeformed mesh is used for applying forces and obtaining stress,

strain, anddeformation.Then final dsplacementof any node at any step (any
advancement step of tunnels) is obtained by adding of all deformation of previous
steps plus developed deformation of current step. Above mentioned procedure has
been already described theseauthors of [3]; due to necessity, here, its summary

is presented:

In front of shield TBM machine, difference between face pressure and earth
pressures applied as follows:

Loading step D &0 %0

Loadingstep® &0 %0 30

Loadingstep® &0 %0 30O

(1)

At the back ofTBM machine, difference between grouting pressure and earth
pressure is applied as follow:

Step 1" "0 %0
Step2: ' 0 %0 30
Step n" "0 %0 30
2)

in which R and G are applied stress as an input loading to the elements in front

and back of shield m aespedtivelg; FRismthelfagea d i n
pressure valueatl oadi ng step “n @B, isdhie greuting f r o |
pressure values in loading stépn ” obtained f4li®imduckd el d
stress i n el emeln’t,;siskERearth prasdurervagusdoadiagp “ n

step “n” 0t aiAn s¢hk uism ngh ia ol are vertical and
horizontal stresses of soil.

2.2 Procedures of presented approach

In the previous paper done by these authors, drained or undogih@dourof soil

was determined mainly based on soil type [1]. Using summation of displacement in
all of theloading stepin 3D analyses in this approach requires to takes into account
arother factorIn this paper, effect of distance (length of drainage pathlsotaken

into consideation. If shield machine face distance from monitoring location is
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assumedto be lesstha a specific distance say “D”
drained condition is used to calculate soil deformation; on the other hamield
machine face distance from monraredri ng |
condition is usedConsidering relatieship between drainage path and degree of

consolidation, this relationship can be presented using the following equation:

4 B

3

in which T, is time factor, g¢is consolidation coefficient, t is construction time, and x

is drainage path. Bgpproaching of tunnel face to a monitoring location, when tunnel
face distance from monitoring locations is decreasing, say less than D, and by
assuming relatively small amatuof construction time, t, and constant consolidation
coefficient, time factor, J is increasing, which leads to the higher degree of
consolidation. For high degree of consolidation, drained analysis is preferable as it
also suggested by others likermeer and Meier for deep excavatif}. On the

other handif thedistane from monitoring locationgs more than D value, undrained
analysis is used. In the next part, D value is defined for a specific case study. It should
be mentioned that during drainexbndition, earth pressure is calculated using
effective stress of soil, while during undrained condition total stress of soil is used for
earth pressure calculation.

Monitoring location
GL

5
4 —__Measurement device

3
2

1

Shield machine

iq.fDAb.ﬂngbji

Advancing direction

Figure 1:  Drained or undrained condition for soil displacement datan based on
shield machine face di sb'ance from moni

3 SHILED TUNNELING CASE STUDY

3.1 General description



Shield tunneling advancement simulation

This site is located in Yokohama, Japan, and intended to be a motorway of total
length about 8.&m. About 5.9km of this route is a side by side twin tunméth
diameterof about 12.5 m.

Table 1: Soil layers description and their property

Soil Type Description P (KN/M®)| c(kN/mP)| @ ( d§ E(Mpa)| Vv Ko
B Fill material 14.0 30 0 1.2 | 045 0.80
Ac Cohesive soil 155 35 3 3.3 0.45 | 0.8¢
Ks Sand and sandsto 195 60 42 289 0.3 | 0.3%
Kms Sandy mudstone| 19.0 1840 10 492 | 0.35| 0.16
Km Mudstone 18.5 2020 7 430 | 0.35|0.1¢°

'Based orStandard Specifications for Tunnelirghield tunnel, Japan Society of Civil Engineers,
2006
Basedonlak y’ s for mul a

3A value of experiencebtained during operation of shield machine

Main part of this route is excavated using Earth Pressure Bal&hield tunneling
method. Excavation construction in both lines are being done separatelgyrttzat
outbound is 30 meter ahead of inbound libength of eacHining is 2 meter, in
which this distance has been also taken as each advancementJeitdglyers and
their materialparameters have been shown in Tdble

3.2 Measured vertical displacement at monitoring locations

In the Yokohama site, two lines are named as Outbound, and Inbound, each of which
has two monitoring locations (MLs). MLs at each line were located of about after 15
(ring No. 8) and 50 m (ring No. 25) frotime launching shafat starting point. In each

of these MLsyertical dsplacemenbf the soil is measured at various depths before,
during, and after passing of shield machines. Number of measurement devises at each
ML has been shown in Table2. Orientation of measuren@ntes schematically
depicted in Figure 1.

Table 2: Number of measurement devices at each monitoring location
Line Monitoring location 1 (ML1) Monitoring location 2 (ML2)
Outbound 5 6
Inbound 6 7

3.3 Simulation of EPB tunnel advancement using presented approach
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3.3.1 Mesh generation

Using longitudinal profile of the Yokohama site, a 3D mesh of the twin lines for
about 120 m long was prepar@iameter of each tunneling (outbound and inbound)

is 12.3 meter; length, width, and height of thieole mesh are 120127.5, and 54
meter respectively.Figure 2 shows the whol8D FE mesh, twin tunnels, and
launching shafts, as well as monitoring locations. All of the elements in mesh are 8
nodded cubic. Due to the large scale of 3D mesh, and in order to reduce tbe time
calculation, soitonstitutivemodel is assumed tmelinearelastic

z
Shield machine advancing direction
&
%6‘
%
(¢]
X
€
3
1]
‘ 120 m
Y
Figure2:  Generate@D mesh.
332Esti mati on of “D” di stance for soi |

drained or undrained condition

During tunneladvancement, shield machine face mainly passes through sandstone,
mudstone, and sandy mudstone. Mudstone is usually taken as a low permeable soil
formation. Field survey in this site shows that adifgplying of machine face pressure,
generated excess pawater pressure is dropping to its initial value after of about 1 or

2 days. Furthermore, taken pictures of the mudstone samples from similar project at
Yokohama area manifest that mudstone at this area has some horizontal sand lenses
as well as numerouwfizontal and long vertical fissures which act asainage path

Figure 3 presents an example of mudstone in this area. So, knowing high permeability
characteristic of mudstone at this site, it was decided to use machine face distance
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from monitoringloat i on s, shown “ D" dsumtbdetermiee i n
drained or undrained condition for calculation of soil deformation.

According to Figure 1, e st i thea shield machiod “D
advancement rate and soil type. In thite, average daily advancement of machine is
around 3 rings per day, as the |l ength of

meter in this case.

Figure3:  Anexample of mudstone at Yokohama area. A: Horizontal cracks without
any bond between them; Bohg vertical fissures as well as horizontal
cracks.

4 COMPARISON OF FIELD DATA WITH PREDICTED RESULTS

Presented approach validation is presented in this part by comparing of FEA results
with measurement data of Yokohama site. Figures 4 to 7 show vertjglacdiment

of soil at the location of measurement devices basddeafistance from monitoring
locations (MLs). TBM machine face distance frorthe monitoring location
determines drained or undrained condition for soil deformation calculation. As it was
mentioned before, during drained condition, earth pressure is calculated using
effective stress of soil while during undrained condition, total sbfebg soil is used.
Vertical displacements calculated by FEA in the graphs are consistent with measured
field data.

In both of field data and calculatessultsby FEA, graphs show a slight jump in two
cases, one when machine face is approaching theamlthe other one is the time
when machine tail is passing monitoring section and applying tail void grouting.

As the difference between face pressure and earth pressure at the front and difference
between earth pressure and tail void grouting pressuhe #ack of machine is the
reason which causes heave or settlement of soil, using of drained or undrained
condition considerably affect the earth pressure value.
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Figure4:  Comparison ofvertical displacement of soil atonitoring location 1,
outbound measured field with output of Finite Element Analysis.

According to the results of FEA in graphs of 4 to 7, first part of these graphs show a

slight settlement. This happens because during the time when shield machine face
distancef om moni toring |l ocation is more than
used for soil deformation calculation. As in undrained condition, earth pressure is
calculated by supposing total stress of soil; therefore, earth pressure value is becomes
equal or shjhtly more than face pressure, and consequently difference between earth
pressure and face pressure becomes negative which leads to soil settlement. However,

final predicted heaves are in good harmony with measurement results.
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Figure5:  Comparison ofvertical displacement of soil atonitoring location 2,
outbound measured field with output of Finite Element Analysis
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Figure6:  Comparison ofvertical displacement of soil atonitoring location 1,
inbound measured ffteld with output of Finite Element Analysis.
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Figure7:  Comparison ofvertical displacement of soil atonitoring location 2,
inbound measured ffteld with output of Finite Element Analysis.

5 CONCLUSION

New approach of 3D shield tunnelingdvancement was presented for soil
displacement calculation. In this approach, shield machine face distance from
monitoring locations is taken as a factor which affects way of calculating soil
displacement. Ishield machine face distance from monitoring location is become

|l ess than a specific distance say *“ D’
deformation; on the other hand, shield machine face distance from monitoring

| ocati on become snednanditen isubked. in the dse of undmaided
condition, total stress and in the case of drained condition, effective stress is used to
calculate earth pressure. Comparing of FEA results using presented approach showed

good harmony with field measuremten Because of the prese
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and its good accuracy, it is a useful tool for 3D soil deformation prediction.
Additionally using this method, soil deformation due to the neighlanneling
construction is also wefiredicted.
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