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ABSTRACT: Tunnelling through soils results in ground loss, causing surface settlements and transverse mo
vements. When the tunnel drive passes below an existing structure, it is important to estimate the effects upon
the structure. However, the greenfreld deformations should not simply be imposed upon a structure, because
the structure contributes to _stiffening of the ground (Potts & Addenbrooke 1997). A computational three di
mensionalsoil-structure interaction analysis is required, to obtain detailed stress-defonnation response to the
tumrel construction on existing buildings (Burd et al. 2000). As an example, the case of the Cairo metro tunnel
is analysed. The nrunerical simulations presented here take into account the physics of the problem: face
support, over-cut and the conical shape of the machine, the injection of grout in the annular void and its
consolidation. After a precise description of the principles of excavation process simulation, we analyse not
only the effect of final settlements on the existing building but also the stresses induced in the structure during
the passage of the TBM. To analyse the influence of the foundation type, two structures are studied, the first
with pad forurdations and the 'second with a raft foundation.

1 INTRODUCTION

The movements and settlements of the soil associ
ated with slurry shield tunnelling depend on many
control parameters of the trmnel boring machine. In
order to limit these movements, the pilot may con
trol the bentonite slurry pressure on the face, the
value of the over-cut of the machine itselt] and the
injection of the grout in the annular void around the
final tunnel.
Field observations may help to analyse the contribu
tion of the different parameters to the soil move
ments around a tunnel, but meanwhile their forecast
is still difficult and empirical; Two dimensional
simulations by considering the concept of stress re
lease or volume loss (Benrnebarek et al. 1998) for
every step of construction enable the measured
movement considering the contribution of every pa
rameter to be calculated approximately step by step.
Nevertheless these approaches require the applica
tion of a coefficient similar to the " deconfinement
coefficient " aiming to take into consideration the
strongly three-dimensional nature of the problem.
Because of the complexity of the parameter’s effect
and their interactions, this corrective coefficient can
be only determined by back-arralysis based on ex
perimental measurements.

In order to evaluate the influence of the choice of

the control parameters of the trurnel boring machine
on the magnitude of the settlements, a three

dimensional nrunerical simulation for the excava
tion is proposed aiming to take into account the
physics of the problem: face support, over-cut and
conical shape of the machine, the injection of grout
in the annular void and its consolidation.

These simulations are realised with the aid of the
computer program FLAC 3D using an explicit finite
difference scheme and developed by ITASCA.

After a precise description of the principles of
simulation of the excavation process, a 'simpliied
procedure based on the physics of the problem was
adopted. An example of calculation applied to the
Cairo m etro is presented and analysed. This tunnel
has been excavated in a line sand layer by means of
a slurry shield and is situated rmder existing three
storey buildings. _

The nrunerical simulations presented here take
into account: face support, over-cut and the conical
shape of the machine, the injection of grout inthe
annular void and its consolidation. After a precise
description of the principles of excavation process
simulation, the analyses of two three storey struc
tures are presented, the first with pad foundations
and the second with a raft foundation. The analyses
contain not only the effect of final settlements on the
existing buildings but also the stress induced in the
structure during the passage of the TBM.



2 PRESENTATION OF THE STUDY SECTION

2.1 Experimental section

Line 2 of Cairo subway network is 18,5 km long
with 5,9 km of tunnel bored by the slurry shield
technique. The 9,8 m diameter tunnel runs through
soils of relatively poor geotechnical characteristics
corresponding' to alluvial deposits from the Nile
floods. A section (with the tunnel 25 m deep) has
been used in this study to observe the influence on a
stuface structure (Figure 1).
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Figure 1. Studied section'

2.2 Geotechnical characteristics ofthe site

Extensive in-situ and laboratory tests were per
formed to provide a description of the different geo
logical formations encountered and geotechnical pa
-rameters. Table l summarises the data used in the
project.

Table 1. Geotechnical ropertiesp _
Parameters Soil 1 Soil 2 _ Soil 3

Elastic Modulus (MPa) 6.6 90. 120.
Poisson’s ratio *_ 0.4 0.3 0.3
cohesion (kPa)  0. . 0. 0.
Friction #11316 (P 1 (°) ‘20. 20. 40.
Density (kN/mg) p 18. 19.4 - 20.3

For the 3-D numerical model, an elastic perfectly
plastic behaviour has been asstuned with Mohr Cou
lomb criterion. The simulations have been per
formed under drained conditions. Earth coefficient at
rest is derived from J aky’s equation K0 =1-sin¢ .

3 NUMERICAL SIMULATIONS

3.1 Experimental section

In certain_ parts of the layout, surface settlements of
25 mm were recorded (Figure 2). For this reason, we
tried to simulate in a realistic Way the digging by a
Ttmnelling Boring Machine with a pressurized face
whose surface settlement generated would be of this
value.
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Figure 2. Final settlements

3.2 Tunnel boring phases

According to the experimental Work of Maghazi
(2001), the observed subsurface movements due to

the different phases of tunnel boring using a slurry
shield technique exhibit cycles of deconfmement and
reconiinement. \_

The different 'reloading and loading cycles are
mainly due to. over-cutting, shield conicity, grouting
and the grout consolidation (Figure 3).

These observations led to the _definition of nu
merical procedtues ~ accounting for the different
phases in a three-dimensional approach.

Four excavation phases have been defined :
- Phase 1 : The passage of the cutting face.
- Phase 2 : The passage of the tunnelling machine.
- Phase 3 : Annular void filling.
- Phase 4 : Consolidation of the grout.
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Figure 3. Excavation phases.

3. 3 3-D analyses

The 3-D numerical procedtue aims at modelling the
different 'stages of the tunnel construction defined
above. Figure 4 shows these stages.

The applied pressure at the face is 90 kPa at the
ttmnel axis level with a vertical gradient governed by

the slurry density (yshmy z 11 kN/m3) as done by
(Van Eekelen et al. 1997). Due to -over-cutting, it is
likely that the slurry propagates along the shield. A
maximum distance of propagation -of 1,5 m has been
assumed.



Nevertheless a partial filling of the void due to over
cutting by this sltury is not taken into account in the
analyses.

In the next phase, the soil converges towards the
shield (supposed to be infinitely rigid). A pressure of
230 kPa corresponding to the annular void grouting
is applied over a distance of 1,5 m behind the tail.
Then consolidation of the grout occurs, the grout be

ing assumed elastic (E=10 MPa, v=0.3 ac-cording to
oedometer tests) andthe tunnel lining rigid.
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Figure 4. Advance phases ofthe TBM (Dias et al. 1999)

This complex loading configuration is imposed in
the three-dimensional numerical model for each excavation step. '

The first calculation step corresponds to the
installation of the initial stress state. Thenthe first

10,5 meters corresponding to the shield and, the
grouting injection at the back of the precast concrete
is imposed in one step. The following phases
correspond to advances of 0,75 meters. Thus the
loading scheme presented o n Figure 4 translates to
0,75m in the Y-direction at each simulation step (seefig. 9).

\

ééif-:awe,;;::€‘;'=_e-¢. ~=i _
`»~*§`§1z$E:,._;:~.L¢.‘3"2;'§1"*$’Q .?5‘4 in , l*\:~ f>1:' -‘V E7 ' "*-Il' 15% , :Li-U;F‘-P’ ` 2`==:”====;.--.-rw  .1  mr'-~---: ~':~.'\a-;- 2; mf: ;¢§*2r%-c»‘§.:vf~-’ }

4se=~==~&===i==;==e.=1iwf.===:sa.;¢a~-:ein>=fr?=;.=;--ie-3;f::===§r4ff%a»¢£%£¢ /¢///5\`§~s=~l~\.,;..;;»;-~.\-.£-~.;»..f--.~.~- _-r,.~.1ge.---:v,;_~r»-~'. ;..-.-:-.::=;.r¢;.;.;¢ ¢ o 0 $ ffz?ZZg` .»r`_.¢.|..__.. .1..,-,,,-._,\\._-.....,£..__,_.,..._.;.,._.   _ ._._.,__,_.». - , o o ¢ gfgfk?\`n  -,_ .. .. ., . _ .   ..._.._.  ,__ ._ _, __ - - .o ¢ 0 éf I 2323
sssssgasfsry;=;=;\;====5aw==;=\==:area;::::==f=ezine-=»:mane§aaw=2==§2;:~&&%;2Zggf ggg
$353555Eftai;zt§%=>2;2!1ft@=;E2;=Ei=iiuiI1?Estii:§:;¢%féa;f;Ea§§§§ =iEE¢g§¢¢4;%;
§s====:;\:<¢=.==‘=t=;'e1=;¢@,§.f;:;=51;=:=======»=======»=:-f1=s$$si¢® §-:=:=¢=»¢¢;;4;4%%{
w§s==~=\\\1-Lv x;-v:-=====aI=;>===-a-;~-11--1 =:~»i:-1:-1: -:=»:@°§§§---:=--I-:-is-Kfi//4/ffff-~»,»-~=s=i-:L-.z .\..:'~~'=\:fu-‘.».=,.i==::= ;~:;,.:--1; ;.~:=@§ §,.--;:--::»-::-:-:~=¢¢#¢¢/4;;{g§===1;- '-fg; :ly:~\:'!»'=,g:»-tv-=;;z;1s =g ;1;;,;;;::; 4-=§~=§® ;-:;~-:g;-:5-¢:5-:;-=»=s»f»¢/;¢;///Z

\,\~;~\:1==-:a=ie=e:'i@arm-£21-=lzi=|:= ;=i==12=sf §ssss==§=======:=====2====.¢=i='==:===:-===¢¢¢/¢¢//
l|\\||1§'\|,;\\.t;;i;E\:;§u‘=s.i,-;‘;:i::~l.-QIII:-' =22SsS§§:I~;:2;;::,;:.;::.;::,;.:»;5;¢g5:ggg¢¢§;/§{|

wr;\'|.\;;'-il'=:;\.§1l=f;:n»:s,%;=E:~-::'|I =:=EsSS\s;7::,¢¢s;:--ge--gr.-:z-gg:-:-,figg»»¢;¢;§f
\|tl‘-ri,‘H1*-»az-mi.1\t=;.~;;:a§;;§.\ :-:~~§S%§f;f¢~w¢,»:;-:=;: -;: ,-: -:-=:~55/¢¢;;

“lu|i\lll;§§=z;5;g;=;;;=:i§;l;¢!;=r;@Q fgiigigiggéégsgf\\ -'--=:a==" EES: "-'=a'§.¢=' :'= :: ':‘=i' 'lltlliliiiiiiiwiiliiilii'\‘ lu‘II=§E§§%\.1-'%%5*tl»'1Il'¢5iI7fi5=Ii'|l'|l |
u ull' | ni"|'l§§S§§;§:§fI§:5§t11§I¢"lI|'H|l'||| |l

Z 'i|i1\|"lii~=§S§@;a€=si==::=-‘5:IiF"{I||1'I||l'
'\|||l~~§§=-;;:--;:.»»;,,|u|¢',,|||I

Y 1 X '|§~§:1;;:lI.|;;{I||||1l"| ||\|/ ig' null|I

Figure 5. 3-D Numerical model.

The numerical model (Figure 5) of dimensions
(X=ll5m, Y = 90m, Z = 35m) consists of 123 000
elementsand allows an excavation length of 90 m
long, to reach a stationary state. For reasons of sym
metry, only a half of the geometry is represented.

3.4 Building construction

During construction, due to the weak soil character
istics under the building foundations, an improved
material (presumed elastic in the calculations) was
prepared at a distance of 5 meters all around the
building foundations and of a 3 meters' thickness.

The numerical representation of an actual building
is simplified. The buildings are introduced in only
one phase and, only a column-floor system is taken
into account.
Columns are taken into account in Flac3D as beams
with elastic behaviour. Each node has six degrees of
freedom (three translations and three rotations). The
floors are represented by triangular shells, each node
having six degrees of freedom.

The structures are made up of three floors. Figure
6 presents the number of spans in the transverse and
longitudinal directions to the ttmnel. According to
the longitudinal direction, the buildings are com
posed of three spans with a column every 3,75 me
ters. In the transverse direction, because of the same
symmetry conditions imposed for the soil mass mod
elling, only one half of the' building made up of nine
spans in total with a column every `4 meters are
represented.

The floors are placed at every 4 m height as shown
on Figures 7 and 8. Two types of foundations are
studied: pad foundations and a raft foundation. In the
two cases, in the numerical simulations the founda
tions are modeled using shell elements:
- for the raft foundation, the dimensions are 1 meter
larger in each direction than the floors;
- for the p ad foundations, each foundation has two
meters length on the transversal direction (X) and
1,75 meters length on the longitudinal direction (Y)
and is centred below the columns.
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Figure 6. Position of the colmnns and the floors.
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foundation.

The three dimensional model for the building is
composed of about 5000 structural elements(

The properties of the various structural _V elements
of this idealized building are presented in.Table 2.
The connection between the ground and the structure
is assumed to be fully frictional.

Table 2. Mechanical and geometrical characteristics of the
square columns and floors. A

Parameters Columns Floors
Behaviour -_ Elastic Elastic
Elastic Modulus (GPa) 19. 19.
P6isson’s ratio lg 0.4 0.2
Thiclcness (m) _ 0.3
side length (m) 0.35 9
Density (kN/ms) 25. 25.

3. 5 Parametric study

Various calculations were carried out making it pos
sible to highlight the influence of the tunnel excava
tion by a pressurized shield on the building.

Initially an analysis without a building was carried
out to visualize the influence of the ttmnel excava
tion on the soil mass. Then two other simulations
were made by first installing the building, and after,
digging the ttmnel, the structure being founded on
pad foundations or on a raft foundation.

4 RESULTS

4_1 Numerical calculations without building

Figtue 9 presents surface settlements along the tim
nel axis in the longitudinal direction. Maximum set
tlement is about 2,75 cm and is observed 15 m be
hind the face. The influence of the excavation begins
about 15 min front of the tunnel face.
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Figure 9. Longitudinal surface settlement.

The transverse troughs presented on -Figure 10
have a width of about 3,5 diameters. The three
curves taken at various tunnel face excavation posi
tions are identical, showing that the model length is
sufficient.
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Figure 10. Settlement trough.

Figure ll presents horizontal strains at- the sur
faces induced by excavation. The classical compres
sion zone near the tunnel axis, followed by an exten
sion zone are clearly evident.
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Figure 11. Horizontal surface strain (length bored = 45 meters).



These reference analyseswill allows the influence of
the two structures on the induced movements to be
highlighted.

4.2 Influence ofthe building

4.2.1 Displacements

Figure 12 presents the settlement increases under the
building foundations; For an excavation length of
about 45 meters (middle .of the structure) we can
note very little influence. On the other hand as soon
as the gallery passes beneath the structure, we can
observe a settlement increase of 0,3 cm. This influ
ence is visible for ten meters on each side of the
building position.
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Figure 12. Longitudinal surface settlement

Figure 13 'shows the vertical displacement field
tmder the building for the case of the pad founda
tions: the settlements under the foundations and on
the dotted line situated on the central axis of the
building are almost the same. Thus for further com
parisons, the value 'tof the settlements calculated on
the central axis will be adopted.
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Figure 13. Surface settlements under the building with pad
foundations.
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Figure 15. Horizontal surface displacements.

Concerning the transverse settlement troughs
(Figure 14), it appears that the building slightly stiff
ens the soil-structure system, resulting in less hog
ging curvature. Furthermore, there is no noticeable
difference between the case of the building with a
fotmdation raft or with pad foundations.

With respect to the horizontal displacements (Fig
ure`15), it is evident that the presence of the structure
reduces these displacements and so also induces
loWer_horizontal strains than without the structure.
For the raft fotmdations, the horizontal displace
ments are almost eliminated but the pad foundations
reduce the horizontal displacements by an_half com
pared to the case without a structure.

4.2.2 Forces in the beams

Figure 16 presents the maximum loads obtained in
the columns for each of the X, Y, Z directions (lon
gitudinal, transversal and axial). The loads obtained
in the columns at the end of the structure’s installa
tion are taken as reference, thus it is the ratio be
tween the loads of the reference phase (known as ini
tial) and those noted for various excavation lengths
that are shown.

The axial load is very few affected by the excava
tion (w 3%) for either of the two types of foundations
(Figures 16 and 17).

On the other hand there is a very clear influence
of the ttmnel excavation on the transverse and on the

longitudinal shear force. For the transverse shear
force, there is an increase of about 750 % for the
case of a raft foundation and of about 250% in the



case of the pad foundations. These values corre
spond- to the excavationphase under the building and
the passage of the 'shield which are the most critical.
When the Ttmnel Boring Machine moves away, the
shear force remains high, decreasing to only 600 %
of the initial- transversal shear force for the raft
foundation.

The behaviour in terms of longitudinal shear force
is very different for the two foundations types. In the
case of the raft foundation, it decreases to a value
representing 20 % of .its initial value at the time of
the TBM passage then after the value goes to 180%
of its initial value. For the case of the pad founda
tions, the longitudinal shear force increases to 170%
of the initial value and decreases to 70%.
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Figure 16. Raft foundation structure.
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Figure 17. Pad foundations sl1uct1u'e.

It can be noted that the relative increase on shear

forces are lower on the structure with pad founda
tions than on that with raft folmdation. This can be

explained by the fact that the initial forces in the
structure with pad foundations are much higher. ln
deed the initial shear forces for the structure with

pad foundations are twenty times greater in absolute
values than the case with raft foundation (in terms of
longitudinal shear force: l4kN against 0,7kN).
Thus these two c ases c annot b e d irectly c ompared,
The marked difference is probably due to the fact
that the simulations do not take into account the con

struction process of the building.

5 CONCLUSIONS
With a relatively rigid building, a very clear redu¢_
tion in the strain of the foundation is observed when
compared ith those obtained in greenfield. This fact
shows that traditional approaches considerably over.
predict building strains and consequently damage
Nevertheless, the increase in transverse shear force
appears to be extremely significant in certain str-uc
tural elements.

The case with a pad foundation seems to bethe
case which generate greater loads in the structure,
Therefore it-is important to respect in a numerical
modelling the real interaction between the soil mass
and the structure.

A more detailed analysis of these results is now
needed to pennit a comparison with a calculation
based on usual asstunptions. We also plan to sim
plify the excavation procedure by using the concept
of ground loss, which would make reducing the
calculation times possible.
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