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INTRODUCTION

In the world, the increasing need of the improvement of the transportation
infrastructures led to a raise of the excavation in the subsurface, especially urban
for tunnelling. Assessing the tunnel-induced settlements is the main issue for the
prediction of the ground movements and associated risk to the surrounding
buildings. The problem become more complex in presence of the twin tunnel
excavation. For this reason, the aim of this thesis is to analyse the in term of
induced settlements and building damage risk the excavation of two overlapped

tunnels varying the construction sequence.

The thesis focuses on the project of the metro M5 of Bucharest, realised in order
to improve the underground network with the aim to reduce the congestion on
the surface. This new metro line is characterised by two twin tunnels, which
change their relative position along the alignment. Most of the arrangement is
in horizontal configuration, however approaching the stations, it becomes offset
and then piggyback. The excavation of the tunnels is realised with an Earth

Pressure Balance machine.

The study evaluates the induced ground surface settlement changing the
construction process and the layout of the two tunnels. This aim is fulfilled by
numerical FEM analysis in three and two dimensions. The 3D numerical model is
realised with the software MIDAS FEA NX, which is able to simulate the three-
dimensional effects of the excavation. Moreover, the 2D numerical model is
developed with the software PLAXIS 2D due to its simplicity in order to cross-

check the three-dimensional outputs.

In addition, a sensitivity analysis to detect the induced damage to the building is

designed.



As first in the chapter 2, the problem of the ground surface settlement induced
by the tunnelling excavation is presented, highlighting some theories to describe
it. Moreover, an equation to calculate the settlement related to the excavation

of twin tunnels, taking into account the mutual effect between them, is defined.

In the chapter 3, the sensitivity analysis is described focusing on the two main
steps: the Building Condition Survey (BCS) and the Building Risk Assessment
(BRA).

The 3D numerical simulations are treated in the chapter 4, in which the main
steps able to correct design a 3D model is presented. The 3D model allows the
most accurate representation of the reality; in particular the excavation process,
taking into account the passage of the shield, the installation of the segmental

lining and the injection of the grout.

Furthermore, in the chapter 5 there is the description of the 2D model. Two main
analyses are conducted: the assessment of the worst tunnels arrangement and

the evaluation of the induced settlements under a building foundation.

Finally, the chapter 6 presents the results of the analysis and their interpretation.



1. GENERAL DESCRIPTION OF THE PROJECT

The development of Bucharest city in the recent years is caused by huge
concentration of population and the economic activities together with the
importance of the city being the capital of Romania. For these reasons, the city
requires an extensive infrastructures fulfilment to response appropriately to

territory mobility.

The underground existing network, as shown in the Figure 1, is composed by four
main lines with a total covered length of 69.25 km, which transports over 650000
passengers per day. The stations are 51 with an average distance between them

of 1.5 km.
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Figure 1 Existing underground network
The line 5 of Bucharest connects West to East sides of the city, in particular from
Drumul-Taberei district to Pantelimon area. These two zones are served by
surface transport, as buses, trolleybuses and tram and this led to high traffic

congestions: a technical report on surface transport made in 2015, it showed an
3



average value of the commercial speed of about 13 km/h, therefore the travel
time exceeded 60 minutes. Regarding the private traffic, the vehicles per day
recorded are 30000 and the average velocity is 32 km/h. Hence, the need to
improve the public transport network occupies a key role for the future of the

city, in order to address to the phenomenon of urban congestion.
The scopes of the work are:

e Accessibility;

e Minimum time on the origin-destination route;

e Safety and comfort of the passengers;

e Minimize environmental impacts (noise, pollution, land use...);
e Improve the transport capacity;

e Modernize public transport infrastructures.

The pathway of line 5 crosses the city of Bucharest in a West to East direction
joining three major areas: Drumul Taberei district, Bucharest Centre and

Pantelimon district.

The line 5 Drumul Taberei - Pantelimon includes 22 stations: Valea lalomitei, Raul
Doamnei, Brancusi, Romancierilor, Parc Drumul Taberei, Drumul Taberei 34,
Favorit, Orizont, Academia Militara, Eroilor, Hasdeu, Cismigiu, Universitate,
Calea Mosilor, Traian, Piata lancului, Victor Manu, National Arena, Chisinau,

Morarilor, Sfantul Pantelimon, Vergului.

The line 5, Figure 2, allowed the interconnections with the others metro lines in

correspondence of the stations Eroilor, Universitate and Piata lancului.
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Figure 2 M5 metro line

The project is subdivided in the construction of three main structures:

e Tunnel, which is constructed with mechanised shield method or with cut

and cover open excavation;

e Station: open excavation supported by temporary and permanent

structures;

e Gallery: it is an extension of the station structures used for manoeuvring

and is built in open excavation.

The stations and galleries are constructed by top-down procedure because of

not enough space on the surface and time restriction. The overburden of the

station is at least 2 meters. The selected construction method involves the

execution of diaphragm walls and slabs from top to bottom in order to ensure

the stability and sealing of the excavation enclosure.



The tunnel is excavated with Earth Pressure Balance EPB machine, which is able

to adjust the excavation pressure based on the characteristic of the soil. The

operational mode of the machine is Fully Closed mode. The general design

aspects are:

The overburden is from 10 to 14 meters, also reaching 28 meters. In order
to guarantee the stability condition, a minimum overburden is considered,
as 1.5 times the diameter of the machine;

The internal diameter of the segmental lining is 5.7 meters;

The thickness of the segmental lining varies between 25-35 centimetres;

The width of the segmental lining ranges between 1 — 2 meters.

1.1. Geological and hydrogeological data

From the geological point of view, the Bucharest area can be classified in seven

main layers, starting from surface as shown in following Figure 3 (in bracket, the

thicknesses are highlighted):

1.
2.

N o v &~ W

Anthropogenic filling and top soil (3 —10 m);

Upper clay sandy complex which is subdivided in three sub-complexes:
Dambovita-Colentina interfluvial domain (2 — 5 m), Baneasa-Antelimon
(10— 16 m) and Cotroceni-Vacaresti (3 — 6m);

Colentina gravel complex (1 —20 m);

Intermediate clay layer (0 — 25 m);

Sands of Mostistea (1-25 m);

Lake complex (20-50 m);

Fraternal complex.



From the hydrogeological point of view, the Dambovita River crosses the route
of the future metro in the left side. In addition, there is the presence of three

main aquifers in a depth range between 4 and 50 meters (Figure 3):

e The aquifer of Colentina gravel is made up of coarse sediments and it is
located at a depth of 15-20 meters. The hydraulic conductivity is about 20
m/day.

e The sands of Moististea aquifer is located at 20 — 42 meters depth. Its
hydraulic conductivity has a value, which ranges between 3-15 m/day.

e Fratesti aquifer system is a confined aquifer.
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Figure 3 Stratigraphy of the project area

1.2. Earth Pressure Balance:

The Earth Pressure Balance Shield Machine, Figure 4, provides support on the
face front and on the cavity. The support of the cavity is guaranteed thanks to
the presence of the steel shield. On the other hand, the face stability is provided

with the treated excavated soil.
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Figure 4 Earth Pressure Balance machine (EPB)

The EPB machine has different advantages with respect to slurry shield or
compressed air machines: it is able to better control the surface settlement, and
it does not require a separation plant for the re-use of the bentonite, leading to

the reduction of the needed space on the surface and of costs.

The excavation of the soil is provided by the rotation of the cutter head, which
has particular cutting tools based on the type of ground. The advancement of
the machine is allowed by the thrust jacks that push against the face front. This
produces an excavated material, which is suddenly treated with conditioning

agents to better transfer the advancement pressure.

The excavated material, after it is modified or conditioned, comes out from the

excavation chamber through a screw conveyor. It has two main gaols:

e Transport the excavated material from the excavation chamber to the

conveyor belt;

e Regulate the pressure inside the chamber to counterbalance the

groundwater and ground pressures.

By adjusting the speed of the cochlea, the applied support pressure changes

because the amount of conditioned soil inside the chamber changes. At the end
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of the screw conveyor, there is the conveyor belt. An important point to make is
that at the end of the cochlea, the pressure must be nil in order to better lie
down on the conveyor belt. So the length and the inclination of the screw help
to reduce the pressure, usually 0.2 bar per helix. Once the muck is on the
conveyor belt, it arrives outside the tunnel and then is transported to the
surface. The conveyor belt is able to storage and incorporate the belt by
advancing in order to cover the entire length of the excavation from the screw
up to the outside. It is called extendible conveyor belt and it is possible to

incorporate about 400-500 meters.

The advancement is mainly guaranteed by the thrust, while the excavation by

the torque transmitted at the cutter head.

The thrust force (Zw) is applied by the hydraulic thrust cylinders, which are
located all around the circumference of the machine. The thrust is transferred
from these elements to the conditioned soil through the bulkhead in order to
avoid uncontrolled penetration. It depends predominantly on the friction of the
shield coat during the passage inside the soil, on the maximum applicable thrust
force of the single tool and on the requested support pressure. A limit is the
resistance of the single segment: since the cylinders are able to apply a force
only by pressing against the lining, if the stress overpasses its strength, the

breakage of the segments occurs. The thrust is computed as follows:
ZW == WM +WSCh +WBA + FS + FNL + Fsp
Where:

o W, is the friction of the shield coat;
o W, is the thrust resistance of the cutting edge;
o Wy, is the maximum tool thrust force;

e F; is the drag force tailskin seal;
9



e F,, isthe drag force back-up system;

e Fgp is the support pressure.

However, the torque (T) is provided by several hydraulic motors, which transmit
the rotation to the cutter-head via a gear rim. The torque is empirically evaluated
by taking into account the diameter of the machine (D) and a coefficient (a),
which has been evaluated studying a huge amount of case histories. A significant
variation of this last parameter during the excavation can be an evidence of

problems, which are occurring in the excavation chamber.
T =ax*D3

The a coefficient has a high value compared to that one for the slurry machines
because of the greater density of the conditioned material: in fact, it ranges

between 2 — 3 for the EPB and 0.75 — 2 for the slurry.

The EPB machine is equipped with a system for the final lining installation. After
completing a cycle of advancement, a ring of lining is installed. There are three

existing types of rings:

e Rectangular ring which has all the sides equal;
e Tapered ring that has one side perpendicular and the other inclined with
respect to the longitudinal direction;

e Universal ring with both the sides inclined.
Nowadays the most used is the universal one and so the difference of the two

sides, called tapering (AL), must be evaluated with the following formulation:

L
~ 0.8 %R,

This formula depends on:

e R, is the radius of the ring at the extrados;
10



e L isthe length of the smallest side;

® R, is the radius of the alignment.

Every ring is composed by pre-casted elements called segments divided in three
families: normal, counter-key and key one. Typically, the number of the segment
for each ring is six. The thickness of the lining ranges normally from 30 to 70 cm

and it can vary depending on soil and water pressures.

Segments are assembled starting from the bottom element up to the key: their
installation is made by an erector that works with vacuum. Since they are
installed below the shield where the confining pressure is not acting, the stability
is guaranteed by elements like connectors, bolts and dowels. Moreover, the
water tightness is ensured by the gasket which is a rubber element glued all

around the segment.

The segments are produced in a plant close to the construction site in a quantity

that guarantees the continuous feeding of the machine.

The main problem with the use of a tunnel boring machine is the formation of
an annular void due to the overcut of the cutter head, the conicity of the shield,
the thickness of the shield and the thickness of the steel brushes as shown in the
Figure 5. If this gap is not filled just after its formation, a ground surface
settlement can arise. The dimension of the annular gap ranges between 10 and

20 centimetres.

11
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Figure 5 Dimension of the annular gap (Loganathan, et al., 1998)
The solution of this problem is the backfilling. Nowadays, the most used grout
for this purpose is the two-component grout. This material is characterised by
two parts: the component A and the component B. Water, cement, bentonite
and retarding/fluidifying agent compose the first one, while the second one is

only an accelerator. This innovative solution led to a series of advantages:

e it reduces the vertical displacement whatever the soil is;

e it is able to enter in the gap with small energy reducing the load on the
coatings due to the small viscosity;

e the storage capacity is high due to the presence of the retardant;

e the mechanical performances are developed in a few seconds after the
injection;

e the permeability is very low due to the presence of the bentonite;

e the resistance to the water washout is very high due to the almost
immediate gelification;

e Jlow risk of blockage of the injection pipes thanks to the absence of
aggregates and the use of bentonite;

e very easy transport and pumpability because the low viscosity and great
volumetric stability;

e the practicability in the use of this material in relation to the reduction of

the operative action to install it.

12



The implementation of this grout is in continuous during the advancement with
an injection from some grouting ports on the tailskin at a pressure greater than

that of the excavation in order to minimise the immediate displacements.

The Earth Pressure Balance machines nowadays are the most used machines in
the world for the projects in shallow tunnel in urban area. When the soil has stiff
consistency (lc>1), high cohesion and low permeability it is possible to work

without support pressure.

If a support pressure is needed, it is applied mainly thanks to the excavated
material. However, it is difficult to obtain a uniform pressure distribution only
with soil. Hence, it is necessary to condition the material. This procedure can be
done using different substances based on the grain size distribution of the soil
and the percentage of passing through the sieves, as shown the Figure 6 (DAUB,
2016). The conditioning can be obtained only with water for soils falling in Area
1. If the material is coarser and it falls in Area 2, foam is added. When the soil
becomes coarser and more grained like in Area 3, the soil is conditioned with
foam, water and, if necessary, with bentonite, filler and different types of
additives like polymers and anti-clogging. The permeability and the groundwater
pressure determine the limits of application: in fact, the permeability should not

exceed the 107> m/s.

Moreover, the diameter of the chips should be limited since EPB machines not
provided of a crusher: the consequence could be the damage of the screw

conveyor.

13
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Figure 6 Selection of the conditioning agent based on the grain size distribution (DAUB, 2016)
The cutterhead of the machine has large percentage of aperture: higher is the
opening, lower is the amount of cutting tools. The selection of the cutting tools
is based on the type of encountered soil, the resistance and the abrasiveness of
it, the content of clay or quartz. On the periphery of the circular head, there are
also the overcutting tools, which permit an over-excavation in order to help the
shield to pass easily and to not block inside the above and bottom soil. Always
on the face there are different nozzles to spray the conditioning agents, so this

allows to mix the soil ahead of the face and then to enter in the chamber.

To support and provide the rotary movement to the cutting head, there is the
main drive. It is composed by several hydraulic motors, which works in parallel
in order to transfer the motion to the head. This part is always filled with grease
because it avoids the entrance of particles inside the gear, which can be seriously

damaged.

On the upper part of the EPB, the air lock is fundamental when it is necessary to

enter in the working chamber by the personnel. This part allows the

14



acclimatization to the pressure in the chamber, in entrance, or to the
atmospheric pressure at the return. The presence of the air lock is fundamental
for avoiding health problems during the permanence of the personnel, because

inside it they are exposed to a gradually increase of pressure.
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2. SETTLEMENT INDUCED BY SINGLE AND TWIN TUNNELS

The excavation in the ground subsurface inevitably led to settlements.

The TBM tunnelling produces a ground movement towards the excavation
centre line. This phenomenon is triggered by a ground loss that is caused by the
stress relaxation because of the creation of the void. The settlement can depend
on both the tunnelling process itself and the boundary conditions of the nearby

of the excavation zone.

It is possible to distinguish four contributions, which compose the overall ground

settlement caused by the TBM excavation procedure (Figure 7):

e Settlement above and ahead the excavation face (face loss);
e Settlement along the shield (shield loss);
e Settlement in correspondence of the tail skin (tail loss);

e Settlement related to the shrinkage of the grout at long term.
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Figure 7 Contribution of the overall ground settlement
The face loss occurs due to the decompression of the tunnel face depending on

the difference in pressure between the one applied by the machine to stabilize
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the front and the geostatic stress. For this reason, during the advancement, the
soil surrounding the face, above and ahead, moves towards it. It is possible to

estimate in percentage this value by the following formulas (Lee, et al., 1992):

_kxQxRx*P,
9r = 2xFE

Py=ky*P,+ P, —P;
Where:

® gy isthe equivalent gap at the crown of the face loss;

e R isthe tunnel radius;

e k represent the resistance between the intruding soil and the TBM
chamber skin;

o ()isthe dimensionless axial displacement ahead of the tunnel face;

e P, is the total stress removal at the tunnel face due to the excavation;

e Eisthe elastic modulus at the tunnel spring line;

e [k, isthe earth pressure coefficient at rest;

e P, is the effective ground pressure at the spring line;

e P, isthe water pressure;

e P, is the TBM face pressure.

The shield loss takes place because of the radial movement of the ground. This
component is induced by the designed overcutting of the rotating wheel, the
guidance issue of the shield (its tendency to pitch and yaw can produce an
increase of the size of the created radial void) and the conicity of the shield. This

contribution is computed thanks to the equation below:
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g
VS=ES*100%

(y*H+FR, - P)

U =R(1+v)=x E

Is=1 ifu,<t,+t,>g,=05xU;

Where:

e (g, isthe equivalent gap at the shield;

e U; isthe ground movement into the shield gap;

e v isthe Poisson’s ratio;

e v isthe unit weight of the soil;

e ¢, isthe portion of the shield gap related to the taper;

e t{,is the portion of the shield gap related to the overcut.

The amount of the tail loss is composed by two contributions: the thickness of
the tail skin (t) and the clearance for the erection of the segmental lining (8). The
main reason of the last input is the presence of the steel brushes. These devices,
coupled with grease, are able to seal completely the inner part of the machine
from the grout and groundwater. However, the entity of this gap, that could
result in ground settlements, depends on the backfilling technique, on the

correctness of installation and on the ability to completely fill the gap.

The backfilling grout, at long term, can undergo to shrinkage phenomenon,
expressed as a volume loss due to the loss of water, especially in dry
environment. The ground loss component due to the shrinkage of the grout is

calculated as shown:

Yshr
Vshr =

* 100%
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Isnr = 0.1 % (t +6)

Moreover, another source of settlement is related to the groundwater. In
particular, it is possible to subdivide this contribution in two classes based on the

condition in which the project falls:

e Thefirst class regards the lowering of the water table before the beginning
of the excavation: this drawdown induces a sudden displacement
especially in the compressible layers.

e The second class is about the changes in volume at the end of the
consolidation process in cohesive saturated soils. Due to the excavation,
an excess pore pressure develops and, at short term, because of the low
permeability of the soil, any change in volume occurs. During the
consolidation process a change in volume arises because of the dissipation

of the excess pore water pressure.

Finally, the induced vibration must be taken into account as cause of
displacement. Obviously, this aspect has to be coupled with the type of soil

about the propagation of the seismic waves.

Once the overall volume loss at the tunnel level is determined, its propagation
at the surface needs to be evaluated. The simplest mechanism of transmission
of this displacement is to assume the soil as incompressible and so the recorded
settlement at surface is equal to the volume loss at the opening section. In good
approximation, this assumption is valid only for shallow overburden made of

cohesive soils.

In reality, the surface settlement is lower, in particular by considering the

following conditions:

e A wide cover produces up to 80% of the deformation damping;
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e The presence of a stiffer layer over the tunnel reduces the transmission of
the displacement by bridging effect;
e The existence of dilating material layer in the overburden decreases the

settlement because of its tendency to deform.

However, each case is different by the others and so it not possible to define a
law, which put in relation the volume of the surface settlement and the volume
loss at the tunnel. In addition, the required time employed by the displacement

to reach the surface must be studied case by case

2.1. Shape of the zone of influence

After these considerations, the next step is the identification of the shape of the

settlement trough and the size of the zone of geotechnical influence.

The first author, who has examined this aspect, is Martos (1958). He stated that
the trough could be represented by a Gaussian curve. Other authors, Schmidt

(1969) and Peck (1969) after some years, confirm this conclusion.

The settlement curve, Figure 8 is characterised by two zones: the sagging and
the hogging areas. The first one is the concave zone, while the other is the convex
one. The separation of the two zones is the so-called inflection point. In addition,
it is possible to define other two points: the maximum curvature of sagging and

the maximum curvature of hogging.
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Figure 8 Shape of the settlement trough (Mair, et al., 1997)

The influence zone, and so the width of the subsidence trough, is considered,
empirically, ranging from 2.5 to 3 times the horizontal distance between the
centre line and the position of the inflection point. This limit value does not
always represent the point in which the displacements are equal to zero, but it
is a threshold after which the settlement no longer creates problems to the pre-

existing buildings.

2.2. Evaluation of the surface settlement

The possible ways in which it is possible to compute the settlement induced by

the tunnelling excavation can be classified in three categories:

e Empirical methods;
e Semi-empirical methods;
e Analytical methods;

e Numerical methods.

In this chapter, a global overview of these methods will be presented highlighting

their main aspects.
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2.2.1. Empirical method

This is the simplest method that allows the calculation of the surface settlement.
It takes into account several features as the dimension of the excavation, the

height of the overburden, the ground condition and the induced volume loss.

The method is based on a pseudo-elastic analysis and it gives as output the

maximum surface settlement.

Yy * R?

Smax = K *x A %

Where:

e Kis an empirical constant related to the condition of the ground;
e Ais the stress release coefficient;

e YV isthe average unit weight of the ground;

e R isthe radius of the tunnel;

e Fisthe Young’s modulus of the ground.

This empirical formula allows an easy evaluation of all the unknowns for the
calculation of the surface settlement through a parametric analysis and, in the
common practice, it is coupled with the analytical or numerical methods in order

to calibrate them.

Nevertheless, it is considered a very simplistic approach because it does not take
into account the tunnel depth and it is not applicable for shallow tunnels due to
the non-uniformity of the stress field when the depth is lower than three

diameters.

For these reason, the empirical method is widely used nowadays to perform the

preliminary study stage.
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2.2.2. Semi-empirical method

The most popular semi-empirical method is the one proposed by Peck (1969). It
represents the transversal settlement trough (S,) like a Gaussian distribution
considering a green field condition at coordinate y=0. For the width of the

subsidence trough (i) O’Reilly, et al. (1982) provide a formula below.

x? v x?
Sy = Smax * €xXp _2i2 :imexp _2_i2

i=KZO

Where:

® S,ax is the maximum settlement at the surface centre line;

e X is the lateral distance from the tunnel centre line;

e iisthe horizontal distance between centre line and the inflection point;

e Kisthe trough width parameter (it ranges from 0.4 to 0.7 for cohesive soils
and from 0.2 to 0.3 for granular soils);

e 1, is the volume loss that is commonly lower that 0.5% (it expresses the
ratio between the ground loss volume and the tunnel volume per meter
length);

e 7z, is the depth of the tunnel from the tunnel axis.

The longitudinal settlement in green field condition, instead, is evaluated thanks
to the equation derived by Attewell, et al. (1982). The main assumption is that
the subsidence trough increases in size during the advancement following a

cumulative frequency function.

X — Xj x—xf
Sy = Simax |G - -G ;
Ly ly

23

Where:



e G is the cumulative distribution function;
e x; is the initial position of the tunnel face;

® Xy is the final position of the tunnel face.

The trough width parameter in longitudinal direction is taken equal to the

transversal one for practical estimation purposes.

By combining the equations for the transversal and longitudinal settlement, the
following equation by Attewell, et al. (1982) allows to evaluate the three-

dimensional induced settlement:

Sey =S o () g (A
xy — max*exp<_2i(z)2>*[ (iy(Z)>_ (iy(z) )]

2.2.3. Analytical method

An analytical method is based on the resolution of equations and on hypothesis

to simplify the reality:

One of the few analytical solution is the closed-form solution by Loganathan, et
al. (1998) which derives from the Verruijt, et al. (1996) formulation. The latter
one estimates the settlement and the deformation considering different values
of the compressibility of the soil, including the ovalisation of the lining. The

innovations provided by the Loganathan and Poulos are:

a. Introducing realistic ground loss boundary conditions;
b. Considering an oval shape of the annular void generated by the effect of

the gravity.

They assess that the 75% of the vertical displacement come from the upper part
of the annulus. The zone in which the displacements occur is characterised by a

limit angle 3 from the horizontal and the magnitude of the horizontal movement
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at the spring line is equal to the half of the vertical displacement of the crown of

the tunnel. The closed-form solution is reported below:

4H(1 —v) 1.38x2
H? + x? (H * cotB + R)?

Uy—o = &9 * R? *

¢
= 45° 4+ —
B +3
L - V
71—y

Where:

e U,_,isthe ground surface settlement;

e R isthe tunnel radius;

e His the depth of the tunnel axis level

e [k, isthe earth pressure coefficient at rest;

e visthe Poisson’s ratio of the soil that is computed from the formula of the
ko;

® &, isthe average ground loss ratio;

e x is the lateral distance from the tunnel centre line;

e [ isthe limit angle;

e ¢ is the friction angle of the soil.

The width of the settlement trough (i), useful to compute the zone of influence

of the tunnel, can be computed by the proposed formula:

0.9
[ 1.15 ( H )(tan[)’)o-23

R~ (tanp)0-35 “\2r

This equation provides a correlation between the normalised trough width and

the normalised depth.
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2.2.4. Numerical method

The numerical methods are nowadays more popular than the empirical and
analytical one because allow to simulate a detailed construction process, to
include the ground behaviour through defined constitutive laws, to take into
account complex hydraulic conditions and treatments to which the ground

undergoes.

The use of the Finite Element Model (FEM) requires high competence, modelling

and interpretation skills to obtain accurate results. They allows to simulate:

e The real stress path that the ground (soil-structure interaction
mechanism) undergoes during the tunnel excavation changing the
excavation method;

e The three-dimensional effect of different volume losses (face loss and
radial loss);

e The stress-strain behaviour in the surrounding zone of the tunnel.

Even if one of the main characteristic of the tunnelling process is the three-
dimensional nature, the numerical analysis are usually done in two-dimension in
the transversal direction respect to the advancement, by assuming plain strain
condition. The two-dimensional analysis are faster and requires less

computational efforts.

However, some limits exist as the complexity in its implementation and the
tendency to overestimate the zone of influence for shallow depth tunnel. Hence,

a validation of the model must be done in order to correctly calibrate it.

The 2D FEM analysis is based on eight steps:
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. Domain definition: identification of the boundaries of the model with a
sufficient distance from the analysed zone in order to do not influence the
results;

. Discretization of the model: subdivision of the domain in small
subdomains, which constitute the so-called mesh;

. Definition of the primary variable: the displacement is computed by a
polynomial expression of order equal to the number of the node of the
element and it is valid only within itself.

. Single element equations: the polynomial expression can be written in
form of a vector through a product of the matrix [¢] and the vector of the

generalised coordinates {a}.

{u} = [¢]"{a}

It possible to compute the displacement on the nodes of the element
multiplying the matrix of the coordinates of the nodes and the vector{a}.
{u}e = [Al{a}

Now, the initial equation can be re-written finding the shape function

matrix[H].

{u} = [¢]"[AI"H{u} = [H]"{ule

The deformation equation can be computed deriving the displacement
one. Hence, the strain equation depends on the element strain matrix
[B]and the vector of the nodal displacement{u},.

{e} = [Bl{u}.
The stresses are retrieved by assuming the linear elastic model and

depends on the strain and the elasticity matrix[C].

{0} = [Bl{e}
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At this point, the relationship between the nodal forces {X}, and the
nodal displacements {u}, are introduced thanks to the stiffness
matrix[K],.

{X}e = [Klelue
. Global equations: the single element equations can be assembled in order
to set a global equation extended to the entire mesh by using a global
stiffness matrix.

{X} = [K]e{u}
. Application of the boundary conditions: there are two families of them, in
particular, the load conditions (punctual or distributed) and the boundary
displacement condition of the domain (imposed through hinges or rollers).
. Solution of the global equations: the outputs are the displacements, the
stress and strain on each node.
. Interpretation of the results: this last step has a crucial importance
because it allows the validation of the results by the comparison the

monitoring data.

The three-dimensional FEM analysis allows to obtain the main feature of the

tunnelling process linked to the advancement process of the face front and to

study complex construction schemes.

In order to build a 3D FEM model seven steps must be followed:

1. Discretization of the problem creating the finite element mesh;

2. Definition of the boundary conditions: they are fixed in term of

displacements by applying rollers and hinges at the boundaries;

3. Assignment of material properties to the elements;
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4. Initial stress state definition: there are two ways of assigning it: to perform
a stress analysis by applying gravity loading or to assign directly in-situ
stresses in each node;

5. Computational stage to simulate the construction sequence;

6. Computation;

7. Interpretation to analyse and validate the results.

2.3. Twin tunnels

Nowadays, because of the rapid expansion of the cities, a sudden increase of the
construction in underground is registered especially for the subway-
transportation system. Consequently, the design of closed-spaced tunnels
becomes a standard owing to a lack of underground space. There are three main
layouts used to the disposition of the twin tunnel in the underground, as shown

in the Figure 9:

e Side-by-side tunnels;
e Piggyback tunnels;

e Offset tunnels.
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Figure 9 Twin tunnels layouts (Hunt, 2005)

The ground-surface settlement prediction is obtained by the superimposition of

the single subsidence troughs.

Exclusively, for the side-by-side configuration it is possible to identify a semi-

empirical formula proposed by (New, et al., 1991):

Sy = Smax * {exp [—;—; } + {exp[ (x — d) ]}
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where d is the spacing of the two tunnels and the other parameters are already

explained before.

The problem with the using of this equation is that it does not take into account
the fact that the twin tunnels do not are built simultaneously, but with a certain
delay between them. It can cause, in the subsidence trough of the tunnel
excavated as second, an asymmetry of the settlement distribution, an
eccentricity of the maximum vertical displacement and an increase of the

volume loss.

For a more realistic computation of the subsidence induced by twin side-by-side
tunnels, Hunt (2005) has postulated a modification factor M, able to fulfil to the
abovementioned deficiencies, except for the volume loss issue. The new

formulation related only to the second tunnel is:

S 1+ |M=(1 |4 + %] S. x
= * — * -

where A is the coefficient, which is multiplied for the trough width in order to

obtain the full size of it, normally ranges from 2.5 to 3. After the analysis of

several cases, Hunt recommends a value of 0.6 for the modification factor.

Conversely, for the other two types of layouts, empirical or analytical formulas
for the surface settlement computation do not exist yet and so the only way is a

numerical method analysis.

Naturally, the first tunnel affects the second one in every different layout
proposed. The main parameters, which must take into account, are the spacing
between them, the effect of the pre-failure soil stiffness, the change in volume
loss, the changes in the settlement trough and the size of the excavation. In

particular, the pre-failure soil stiffness is the condition of the soil subjected to
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induced deformation by the passage of the first tunnel. After this passage, the
stress-strain condition of the soil could reach the yielding point and so with the
application of another load (the second tunnel) the stiffness is lower, hence the

deformation is greater.

Hunt performed an analysis for each twin tunnel arrangement with the aim to
investigate how the change of these parameters affects the shape of the trough

and the position and magnitude of the maximum settlement.

In relation to the side-by-side tunnel, it is possible to state that the settlement
related to the second tunnel is greater than that of the single tunnel. In
particular, it increases of 60% for a spacing of 20 m and this increment is
registered for the limb of the trough closer to the first tunnel, especially just over
the first tunnel. In fact, the trough results asymmetric and can be subdivided in

the near limb (limb close to the first tunnel) and remote limb (Figure 10).

11

13

Symbaols: Gresnbeld displacement ——— Pmedicted displacemwsnt ————--

Figure 10 Limbs of the settlement trough (Hunt, 2005)
This behaviour is independent from the size of the excavation and the volume

loss and it is caused by the change of the soil stiffness due to the passage of the
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first tunnel. In addition, the amount of eccentricity of the maximum
displacement is inversely proportional to the spacing, while decreases going

deeper.

The piggyback tunnels record a different behaviour. The analysis is conducted
for both the possible design choices: the upper tunnel first and the bottom first.
For both the scenarios, the settlement trough of the second tunnel is symmetric
and if the volume loss remains constant, any increase of the displacement is
registered over the first tunnel. Regarding the outer part of the curve of the
second tunnel a rise with respect to the single construction can be pointed out.

Anyway, some difference can be highlighted:

e |n the case of the upper constructed first, the settlement related to the
second tunnel is lower compared to the single excavation: the stiffness of
the lining of the above tunnel in fact improves the quality of the soil;
hence, a reduction of the displacement occurs.

e On the other hand, for bottom first, the maximum displacement of the
second tunnel is lower compared to the single one. This is much more
evident increasing the excavation diameter because with large value of it,
a heave of the soil happens. The heaving phenomenon is caused by the
large amount of soil, which has been removed generating a relief of the

overburden stress.

It is appropriate to specify that this behaviour is not a rule because several
studies have proved that this displacement can reach the double of the single
configuration due to the heavily damaged zone through which the second tunnel

is built.

Finally, the offset arrangement is analysed following the same scheme of the
piggyback tunnels.
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The upper tunnel excavated first represents the first situation. In this case, there
is a reduction of settlement generated by the second tunnel just over the first
one, but the maximum displacement increases with respect to the single
arrangement and its eccentricity is very low. This attitude has the same
explanation of the piggyback tunnels: the stiffness of the lining helps the soil to
counteract the displacements. By expanding the distance between them, the

Smax decreases progressively, while the eccentricity remains at small values.

If the bottom tunnel is driven first, the behaviour is a middle way between the
abovementioned configurations. In fact, as the piggyback tunnels, a lowering of
the maximum settlement is highlighted with respect to the single tunnel.
Otherwise, the larger settlement over the lower tunnel, the eccentricity of the
Smax and the asymmetry of the trough are similar to the side-by-side layout, but

occurs in a different magnitude.
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3. BUILDING INDUCED DAMAGE

In general, the tunnelling process induces settlement in the subsurface that
propagates in a certain magnitude at the surface level. These displacements
could induce damage to the structures placed in the geotechnical influence zone

generated by the tunnel.

Obviously, the stiffness of the building affects its response to the displacements,
however, in this analysis it is not considered in favour of safety: the building and

the settlement trough deform in the same way.

The analysis, nowadays, can be focused on two types of structures: the
reinforced concrete and the masonry buildings. The first category tends to follow
the ground deformations, being less stiff and placed on isolated foundation like
the footings. The masonry structure, instead, is stiffer; hence, the distortions are

reduced, in particular when its foundation is continuous as mat or grid of beam

types.

The damage control parameters that led to a damage for a building are the

followings, as shown in the Figure 11 (Guglielmetti, et al., 2007):
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Figure 11 Damage control parameters (Guglielmetti, et al., 2007)

Smax is the maximum vertical settlement: the vertical displacement that a
point express after the passage of the excavation;

ASmax is the maximum differential or relative settlement: the difference
between the settlements of two reference point;

Omax IS the maximum angular strain (positive for sagging, negative for
hogging);

w is the tilt defined as a rigid rotation of the entire structure;

Bmax is the maximum angular distortion: in a first attempt, Skempton, et
al. (1956) it is defined as the ratio between the differential settlements

and the horizontal distance (L) between two analysed point;
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e Amaxis the maximum relative deflection: it represent the maximum vertical
differential distance between the deformed foundation line and the
straight connection line of the two considered points;

e Ama/L is maximum deflection ratio obtained by dividing the maximum

relative deflection by the span length (L).

The other parameter that affects the induced damage is the position of the
building respect to the settlement trough. In fact, if it is placed in the hogging
zone, the damage is caused by traction, while if it is on the sagging zone the

structure undergoes to compression.

The damage risk assessment of the buildings induced by the ground surface

settlement caused by the tunnel excavation is based on two analysis campaign:

1. The Building Condition Survey (BCS) with which the real condition of the
structure are detected before, during and after the excavation;

2. Building Risk Assessment (BRA) in order to estimate the potential damages
related to the expected surface settlement and the vulnerability of the

structure.

3.1. Building Condition Survey (BCS)

The identification of the building condition is fulfilled by the building condition
survey (BCS), which must be evaluated in three-time steps: prior, during and post
construction. It is characterised by the retrieving of the information about the
history of the buildings, which are placed in the geotechnical influence zone of
the excavation. To every structure, a unique reference number is assigned,
useful to the control and the communication of the information related to each

building.
The survey is based on two aspects:
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e Archival research to gather information on: the age of the building, the
design drawings, the type and depth of the foundations, the number of
floors, the type of supporting structure, the history of previous repair work
and the addition of extra floors. Research will also determine whether the
building is inscribed in lists of historical or architectural assets that will
make it a particularly sensitive building;

e Visual inspection of the condition of the building: all visible parts of a
building will be inspected by collecting information on: usage, crack

observation, verticality, list of defects and photographic records.

The output is the Vulnerability Index (lv) proposed by Chiriotti, et al. (2000) which
expresses the vulnerability of examined building. The vulnerability index ranges
from 1 to 100 (Table 1) and it can fall in five families as shown in the table below
where negligible stands for a building in good condition that will undergo to any

damage or extremely low value of it.

Table 1 Vulnerability index

[ Velnerabifyindexly " Tweechwinerabilty

0-20 Negligible
20-40 Low
40 - 60 Slight
60 - 80 Moderate
80 - 100 High

3.2. Building Risk Assessment (BRA)

In order to classify the entity of the induced damage of a structure in a damage
category, it is necessary the building risk assessment (BRA). The different types

of damage that could affect a building are so divided:
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1. The aesthetic damage is related to little cracking of the internal wall and
finishes, which are easy reparable.

2. The functional damage represents the decreasing in functionality of at
least a part of the structure, but without affecting its integrity.

3. The structural damage corresponds to the heave cracking and

deformation that lead to partial or total collapse of the building.

For the masonry buildings or continuous foundations, Burland, et al. (1974)
define a building risk assessment methodology based on the Limiting Tensile
Strain Method (LTSM). They calculate the limit strain value (€1im) thanks to a deep
beam analogy (Figure 12), which consider an elastic, isotropic and simply

supported beam as representative of real structure.

Delarrad faundatian,

lime

(rmeasured buading
Fasanmse|

Fictive deep heam
madal

Shesar critical

Figure 12 Deep beam model (Burland, et al., 1974)
This analysis is based on the deflection ratio index (Amax/L), which is connected

with the maximum tensile strain €max, Nnamely the maximum between bending
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tensile strain (&, ;mqx) and diagonal tensile strain (g4 4x). These two quantities

are related by the following equations:

A ( L 4 3EI )

—_—— E3

L~ \12¢ " 2TLHG) * Er-max
A 1+HBG
_= *x
L 18] ) © fd-max

Once the maximum strain is obtained, it must be compared with predefined

limiting tensile strain boundaries proposed by Burland, et al. (1977).

An improvement of the aforementioned method is provided by Boscardin, et al.
(1989).They include the contribution of the horizontal strain (€n) to the bending
and diagonal tensile one, reporting that this new component can decrease the
resistance of the building to the settlement coupled with the others. The
horizontal strain €, can be calculated by the ratio between the differential
horizontal displacement between two control point and the initial distance

between them, as expressed in the equation below.

XA XB

ASp = Spa = Shp = - *Spa ———*Syp
0 Zy
L _As,
L}

The sign of the horizontal displacement depends on the relative position of the
building with respect to the inflection points of the settlements trough. The
Figure 13 below highlights all the possible conditions. Particularly, in the hogging
zone the deformations induced by the vertical displacements (extension) are
added to that caused by the horizontal displacements (extension). On the
contrary, in the sagging zone the deformations produced by the horizontal

displacements (compression) are subtracted by the one due to the vertical
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displacement (extension). This behaviour leads to not consider the deformations

induced by the horizontal displacements in the sagging zone in favour of safety.
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Figure 13 Sign of the horizontal displacement
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Once calculated the horizontal strain, it is possible to compute the two overall

tensile strains (&) by the next equations:

&t = €p max +é&p

2

€h Ep\2
=+ (_) + gd_maxz

The final step is to compare the maximum overall tensile strain with the

threshold tensile strain proposed by Burland (1977) in the table below (Table 2).

Table 2 Damage classification (Burland, et al., 1977)

Category of risk ~ Degree of  Description of typical damage Crack width Control parameter
of damage severity [mim] (tensile strain)
€, [%]
0 aesthetic MNegligible  Hairline cracks <0.1 0-0.05
| aesthetic Very Fine cracks which are easily <|.0 0.05-0.075
slight treated during normal decora-
tion. Damage generally re-
stricted to internal wall finishes.
Close inspection may reveal
some cracks in external brick-
work or masonry.
2 aesthetic Slight Cracks easily filled. Redecora- <5.0 0.075-0.15
tion probably required. Recur-
rent cracks can be masked by
suitable linings. Cracks can be
visible externally and some
repointing may be required to
ensure watertightness. Doors
and windows may stick slightly.
3 aesthetic/ Moderate  The cracks require some opening  5-15 0.15-03
functional up and can be patched by a ma- (many crack
son. Repointing of external brick-  with width
work and possibly a small amount >3 mm)
of brickwork to be replaced.
Doors and windows sticking.
Service pipes may fracture.
Watertightness often impaired.
4 functional/ Severe Extensive repair work involv- 15-25 =0.3
serviceability ing breaking-out and replacing (but depend
sections of walls, especially over  on the
doors and windows. Windows number of
and door frames distorted, floor  cracks)
sloping noticeably. Walls leaning
or bulging noticeably, some lose
of bearing in beams. Service
pipes disrupted.
5 structural Very Major repair job involving partial =25
severe or complete rebuilding. Beams (but depend
lose bearing, walls lean badly on the
and require shoring. VWindows number of
broken with distortion. Danger cracks)

of instability.
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For the reinforced concrete buildings or isolated foundations, Rankin (1988)

proposes a classification focusing on the maximum angular distortion Bmax

coupled with the maximum settlement Smax. The maximum angular distortion is

in function of the vertical settlement of every single footing (Si) and their spacing

(Li), as shown in the Figure 14.

(S; — Si—1)
Binax = %
l

- -

Si-r

Figure 14 Settlement under a reinforced concrete building

Threshold values of the maximum angular distortion Bmax and the maximum

settlement Smax are reported in the Table 3 below.

Table 3 Damage classification (Rankin, 1988)

Category of risk  Degree of

Description of typical damage

Control parameters

of damage severity B S__[mm]
| Aesthetic MNegligible  Superficial damage unlikely. <|1/500 <|0
2 Aesthetic Slight Possible superficial damage which is un- 1/500-1/200 10-50
likely to have structural significance.
3 Functional Moderate  Expected superficial damage to buildings 1/200-1/50 50-75
and expected damage to rigid pipelines.
4 Service- High Expected structural damage to buildings =|/50 >75
ability and and damage to rigid pipelines; possible
structural damage to other pipelines.
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It is important to highlight that both the classifications are valid for good-

condition buildings, however, if a construction is already damaged, some

correction factors are introduced.

Chiriotti et al. adjusted Rankin and Burland thresholds considering the

vulnerability

index. These new values are more stringent and more

precautionary from the point of view of safety. The Table 4 and Table 5 shows

the new thresholds for Burland and Rankin, respectively.

Table 4 New Burland damage classification (Chiriotti, et al., 2000)

Category of ~ Vulnerability index |, of the building

damage

Negligible Low Slight Medium High

0<1,<20 20<1,<40 40<1,<60 60<1,<80 80 <1,< 100

Reduction factor F,

F,.= 1.0 F.=1.25 F.=1.50 F.= 175 F,=20

Control parameter

€, [%] g, [%] €, [7%] € [%] €, [%]

min.  max. min.  max. min.  max. min.  max. min max
0 0,000 0,050 0,000 0,040 0,000 0,033 0,000 0,029 0,000 0,025
| 0,050 0,075 0,040 0,060 0,033 0,050 0,029 0,043 0,025 0,038
2 0,075 0,150 0,060 0,120 0,050 0,100 0,043 0,860 0,038 0,075
3 0,150 0,300 0,120 0,240 0,100 0,200 0,860 0,171 0,075 0,150
405 >0,300 >0,240 >0,200 >0,171 >0,150
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Table 5 New Rankin damage classification (Chiriotti, et al., 2000)

Vulnerability index I, of the building

o Negligible Low Slight Medium High

?g 0<I[, <20 20<1/,<40 40 <[, <60 60 <1, <80 80<1,<100

g Reduction factor F,

%: Fo=1.0 F,=1.25 F,= 1.50 F.= 1.75 F.=20

O

8§  Control parameter

wax  Proas s . P max  Pray S Do Soax  Proay
[mm] [mm] [mm] [mm] [mm]

I <10 <I/500 <8 <I1/625 <6,7 <I1/750 <57  <I1/875 <5 <1/1000

2 10-50 1/500- 840 1/625- 6,7-33 1/750- 5,7-28,5 1/875— 5-25 1/1000-
1/200 1/250 1/300 1/350 17400

3  50-75 1/200- 40-601/250— 33-50 1/300- 28,5-43 1/350- 25-37,51/400-
1/50 1/63 1/75 1/88 17100

4 =75 >1I50 >60 >1/63 >50 >1/75 >43 >1/88 >37,5 =>1/100

Once the vulnerability index and the damage category are defined, a risk matrix

can be built, as shown in the Figure 15. It has on the y-axis the vulnerability index

and on the x-axis the damage category. Hence, by combining this two

information it is possible to define the risk related to each building expressed by

a colour:

Green: the potential damage is negligible or slight and the building is in

good condition;

Yellow: the induced damage on the building are negligible or slight, but

due to its condition a standard monitoring is needed during the

excavation;

Orange: the effects of the excavation on the building could induce damage

and so a detailed monitoring program must be selected;

Red: the risk is high because of the amount of the induced deformation,

hence

improvement treatments, as countermeasures, are designed.
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Vulnerability index

Negligible Low Slight Medium High
O0<ly<20 21 <ly<40 41 < ly< 60 61 <Ily<80 81 <ly< 100
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Figure 15 Risk matrix

Consequently, it is possible to identify a flowchart composed by several steps in

order to define the risk of tunnelling-induced damages:

1. Identification of the control parameters;

2. Determination of the threshold limit value for the selected control
parameters;

3. Evaluation of the ground movement and of the influence zone;

4. Realization of the settlement sensitivity analysis for all the building within
the influence zone through the abovementioned BCS and BRA;

5. Comparison between the computed surface displacement and the results
of the sensitivity analysis and identification of the category of risk;

6. Drafting of a Ground Movement Analysis Report;

7. Individuation of the buildings at risk

8. Definition of the risk management strategy.
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4. THREE-DIMENSIONAL FEM ANALYSIS WITH MIDAS FEA NX

The aim of this chapter is to analyse all the steps, which characterize the 3D
numerical modelling, from the selection of the input data to the creation of the
3D model. The numerical simulations are done with the software 3D Midas FEA

NX with the aim to evaluate the surface settlements induced by the excavation.

4.1. Geological and geotechnical characterization of the site

The studied sections of the tunnel alighnment go from the chainage 6694 m to
7040 m in order to analyse the passage from an offset arrangement of the twin
tunnels with an angle of 30° to the piggyback one where they are perfectly

overlapped, as shown in the Figure 16.

Figure 16 Longitudinal section of the studied area
In the studied zone of about 346 m in length, it is possible to define seven
geological units of soil thanks to several core-drilling surveys already realised in

this area. The geological units are defined below, as reported in the Figure 17:
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Figure 17 Stratigraphy of the studied area

. Anthropogenic filling and vegetal soil (1U);

Upper clay-sandy complex characterised by Holocene deposit of loess,
clay and sand (2A);

. Colentina gravel complex is the carrier complex of the Colentina aquifer
and contains gravel and sand with a variable granulometric distribution
(2Nap);

Intermediate clay layer containing up to 80% consolidated hard clay and
limestone concretions with thin sand lenses and interspersed dusty earths
(3NP);

. The sands of Mostistea, the carrier formation of the Mostistea aquifer, is
a layer of sand with medium and fine grain sands (4A);

. The lacquer complex, composed of a variation of marnous clay, limestone
and fine sands, the grain < 0,005 mm constituting approximately 86 %

(4Nap);
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7. Fratesti complex or lower complex of gravel, bearing the "Fratesti
aquifer", is discordant on layers of leachocene levantine clay. This complex
comprises three thick layers of sandy gravel, separated by two horizons of

marl or clay (5N).

The properties of the identified layers are listed in the Table 6.

Table 6 Geomechanical parameters of the layers

- 1.5 18 8000 1 20 0.53 1.0E-09
- 2.5 20 11000 40 17 050 1.0E-09
- 2 20 11000 5 20 0.49 1.0E-05
- 2 21 20000 0 28 049 1.0E-04
- 1.5 20 15000 55 16  0.43  1.0E-09
- 3 20 15000 5 25 049 1.0E-05
- 3 20 15000 55 16  0.43 1.0E-09
- 29.5 21 25000 0 30 0.49 1.0E-04

Under the point of view of the hydrological condition, the water table is shallow
due to the presence of the Dambovita River and in particular can be fixed at three
meters under the ground surface. Moreover, under the point of view of hydraulic
conditions, the layers 1U, 2A and 4A are undrained: this behaviour is highlighted
in the Table 6 looking at the hydraulic conductivity (k), which has a very low value

for these strata.

In this work, only the worst arrangement is considered due to huge size of the
model and so, the piggyback layout is analysed, which represents the zone of the
pathway of the metro line approaching and passes through the station (from
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6980m to 7040m). It is chosen as the worst condition because the tunnels are
very close (0.5*D) and this aspect produces an important mutual effect between

them and the maximum surface settlement.

4.2. Creation of 3D geometry

The first step of modelling is the creation of 3D geometry. The software FEM
“Midas FEA NX” allows to create very complex geometric objects thanks to the

presence of the latest generation of 3D geometric modelling tools.
The created elements are listed below:

e Three parallelepipeds that represent the layered soil;

e Two cylindrical elements depict the twin tunnels, which are
subsequentially subdivided in 1.5 m-long units thanks to surfaces in order
to define the different construction steps;

e Six circular crown shaped solids to figure out the annular voids, which will
become the grout, the linings and the shield also divided as before;

e Two cylindrical lateral surfaces that identify a fictitious element, placed

inside the lining.

Taking a closer look to the layered soil, the stratigraphy is characterized by eight
strata, but in order to simplify the model, the layers 4A, 4Nap and again 4A are
melted together. The new element has the geomechanical properties of the
4Nap because it represents the worst situation due to its drained condition. The
same operation is done for the layers 1U, 2A, 2Nap and 3NP choosing a drained
hydraulic condition even if some of them are undrained, as shown in the Table

6.

About the structural elements, the following geomechanical parameters are

selected (Table 7):
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Table 7 Mechanical parameters of the structural elements

Isotropic —

24 209 0.15
Elastic
Isotropic —
23.53 35000 0.2
Elastic
Isotropic —
24 2000 0.3
Elastic

Moreover, about the position in the space of the twin tunnels, six sections of the
project are investigated. From them, a series of coordinates, changing the

chainage, for both the tunnels are extrapolated, as shown in the Table 8 below.

Table 8 Studied chainage and relative tunnels coordinates

6+980 0 23 40 0 33 40
7+000 0 23 60 0 33 60
7+020 0 23 80 0 33 80
7+040 0 23 100 0 33 100
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Once the coordinates are defined, the three dimensions of the model must be
established. The model must be enlarged in order to avoid boundary effects due
to the presence of the boundary conditions. In particular, the width is fixed at

120 m and the depth at 45 m, as reported in Figure 18.

Figure 18 Dimensions of the model

The last step for the setting up of the geometry is the function “Auto Connect”.
It automatically creates a shared face between objects (MIDAS, 2021). In
addition, in case of solids partially or totally included each other, as in the current
situation, this function is able to solve the inclusion by cutting the host object:

the parallelepiped is cut to host the cylinder.

4.3. Mesh generation

A mesh is defined as a structural build of a 2D or 3D model consisting of polygons.
In this specific case, the software Midas FEA NX gives to the user the opportunity
to select two different shapes of polygons, as the tetrahedral elements and the
hybrid one (combination between the hexahedral and pyramidal elements), in

order to manage better the model.
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The procedure to define completely the mesh is explained as follow:
1. Materials definition;
. Properties selection;
. Size control;

2
3
4. 2D and 3D Mesh generation;
5. Rename;

6

. Change property.

The first step is the definition of the materials in the Material menu (Figure 19)
of all the abovementioned geometrical elements. To do that, it is important to
select the right model, which best approximates the real behaviour of the
materials. These constitutive models are selected based on a laboratory tests
campaign and a data processing already done before the modelling activity by
the Systra SWS, the company at which the M5 project is entrusted. The
Hardening Soil model is chosen for the layered soil because it is more suitable
for the settlement calculation, while for the grout, the shield and the lining a
linear elastic model is more suitable. For both the isotropic models, all the main
parameters must be inserted in order to define the stiffness and the initial

condition of the material.
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Material X

j(s] |§ | Mame |Isoimpic ‘ Color e

Model Type Elastic hd Structure

General  Thermal Time Dependent Temperature Dependent

Elastic Modulus(E) kM/m?2

Inc. of Elastic Modulus 0 | kpjmz

Inc, of Elastic Modulus Ref, Height 0| m

Poisson's Ratio{v)

Basic Propertiss Direct Input Using Code HE!

Initial Stress Parameters
Ko Determination 1
Automatic
Manual Anisotropy HE
Thermal Parameter
Thermal Coeffident 1e-008 | 1/[T]
Molecular vapor diffusion coefficient 0| m2fsec

Thermal diffusion enhancement

Damping Ratio{For Dynamic)

0

Safety Result(Mohr-Coulomb)

Cohesion(C) 30 | klfm?
Frictional Angle(d) 36 | [deg]
Tensile Strength 0| k2

DB

cancel Apply

Figure 19 Material menu

The second step is to define the properties for ground and for structural
elements. It means that, based on the type of geometrical element, solid or shell
in this work, it is possible to assign 3D (only determination of the material) or
2Dproperties (determination of the material and the size) thanks the Property

menu in Figure 20.

Add/Modify Property >l Create/Modify 3D Property x

Mo Name Type Sub-Type Create | ™ Solid
1 1 3D Solid Modify...
2 2 30 Solid
3 3 o Solid Copy D [8 | Name [3DProperty | color »
4 lining2D prin] Shell
5 grout k'] Solid Delete .
6 lining3D 3D Solid — Material 1:1 ~| i€
7 shield e Salid Material CSys Global Rectangular ~

Renumber

Cancel Apply
Ck’se _

Figure 20 Property menu
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The third step is the specification of the size of the element mesh surrounding a
point. The Size Control command (Figure 21) is useful to thicken the mesh for
results that are more accurate and vice versa. The software does this

automatically.
Size Control >

Point Edoe  Custom

E' Select Ohject(s)
Method |Interval Length e
Mesh Size Qm

Mame Edge Size Control

B & oK Cancel Apply

Figure 21 Size Control menu

The fourth step is the generation of the mesh, task that the software does
automatically by the Auto-Face function for two-dimensional elements and the
Auto-Solid function for three-dimensional ones, as reported in the Figure 22. For
both of them, it is necessary to specify only the mesh size and the property of
the geometry on which the program creates the mesh. An additional option for

the 3D function is to select the shape of mesh.
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Generate mesh(Solid) x

Auto-Solid  Map-Solid  2D->3D

| E‘ Select Object(s) |
Size Method
®size <
() Division 10
O Automatic

More Less 5.66

Default Tetra Mesher w

Match Adjacent Faces

Property

7: shield «| [HE

Mesh Set | Auto-Mesh(30) " |

B | o 0]4 Cancel e

Figure 22 Mesh menu

The fifth step is the Rename (Figure 23). It means that every mesh set can be
renamed and so sorted based on the coordinate system. This operation is
extremely important because the Auto-Mesh functions do not respect the order

of the geometrical elements imposed by the coordinate system.

Mesh Set x

Rename  Copy  Create Divide

| El Select Object(s)
Sorting Order
Coordinate

C5ys | Global Rectangular ~
1st 2nd 3rd
X W ¥ oW Z o~

Base Point of Mesh Set (Bounding Box)

(®) Center () Min (O Max

Order
(®) Ascending () Descending
Maming Rule
Name | Mesh Set |
Starting Suffix Mumber
& ok || Cancel

Figure 23 Rename menu
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The last step is the addiction to the mesh set another property of material if the
original one change during the analysis (i.e. one geometrical element at the
beginning is ground and then becomes shield). The command used is Change
Property (Figure 24), where after the selection of the mesh set, simply a specific
property is chosen. This operation creates a new set of boundary condition for

the selected objects.

Change Property >

General Construction Stage

Mame Change Property-265
Cbject
| E' Select Object(s) |
Property 11 v | HE
Boundary Set v | =28
=7 Ok Cancel

Figure 24 Change Property menu

After this procedure, all mesh sets are ready for the next operations.

4.4, Static Analysis

In this phase of modelling, the initial condition, the boundary condition and the

load sets can be assigned.

4.4.1. Static conditions input

In order to simulate the real condition of the ground two fundament commands

must be used: the Constraint and the Self Weight.

The command Constrain automatically sets the constraint conditions all around
the model. The displacement along x direction is locked for the left and right

side. For the front and back sides, the displacement along y-direction is
57



constrained. Finally, the displacement along both x and y direction is prevented

for the bottom side.

The Self-Weight command automatically sets the self-weight of the whole model

simply by selecting the axis and the direction along which it must be applied.

4.4.2. Load condition and its calculation

The loads play a key role for a correct simulation of a model. In this study, the
inserted pressures are the face pressure, the radial one along the shield and the

radial one due to the grout injection.

The loads can be inserted in the model thanks to the command Pressure. The
pressures will be applied on the entire element face in uniform way. In addition,
the direction of the pressure can be set by selection of one of the available

possibilities offered in this menu.

However, before the pressures input in the software, the crucial point is their
evaluation. The main assumption is that all layers of the ground are in drained
condition, as mentioned before: this is not the real behaviour, but it represents

the worst condition for the excavation at short term.

Afterward, Anagnostou and Covari method is used to compute the face stability
pressure at the tunnel axis. This theory can be applied only in drained condition
and with homogeneous soil (Anagnostou, et al.,, 1996). Nevertheless, in the
present case, the soil is characterised by seven layers with completely different
geomechanical properties. Hence, the first step is to find the equivalent
parameters for the entire medium. With this purpose, the theory of Loganathan
and Poulos is used: the equivalent mechanical parameters are computed by the
weighted average based on the thickness of the layers (t) and the vicinity to the

excavation. This second condition is controlled by the “W” parameter that
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changes its value by changing the distance from the tunnel. The formula and the

calculation scheme are reported below (Figure 25):

n
i—1 ti * w; x Parameter;

Parameter,, =
“ it xwy
E 3
+d 1 ty param 4
1-,— =d 2 tz param ,
o : I
. I :
: -
: +
"l'd m tm pﬂmm m
+* k3
tmﬂ JLP!""“ m+1
i |
= i D
" . X m
tnl param ,

-

Figure 25 Scheme used for the equivalent parameter computation

The Table 9 figures out the equivalent parameters computed:

Table 9 Equivalent parameter for the pressure calculation
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Once all the equivalent parameters are calculated for all the depths, the

Anagnostou and Covari formula can be applied:

Ah
SA&K:FO*V,eq*D_Fl*Ceq+F2*y’eq*Ah_F3*ceq*F

where:

o F,, F,, F,, F; are the dimensionless coefficients reported in the Figure 26;

° y’eq is the equivalent submerged unit weight;

® (.4 is the equivalent cohesion;
e D is the diameter of the tunnel;
e Ah = (hy — hy) is taken equal to zero.
1.0 = 0.8 .
N —= HD, ith, hlw
2 f — {=HD.ith, >
. SN [ 1 =h,-DpD ith, < H+D
08 25 H 07 \ (he DD T,
2\ ho 0.5
06 -Ei\ o l ™~ SN
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Figure 26 Anagnostou & Covari nomograms
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Moreover, at this pressure, the water load must be added and in order to obtain

the design pressure some safety factors are included:

D
S, = SA&K * 15 + Ywater * (ho - 5) * 1.1

The result of this equation is the minimum pressure that the Tunnel Boring

Machine must apply in order to guarantee the face stability.

Another pressure has to be defined, the maximum pressure that must never be
exceeded to prevent the blow-up of the soil and the blow-out of the foaming
agent. This pressure can be calculated thanks to the following equation (DAUB,

2016):

D

O_v,axis = 0.9 * (Veq * H + Yconditioned soil * E)

In this formulation, the unit weight of the conditioned soil is taken equal to 14

kN/m3.

The maximum pressure has to be compared with maximum pressure that the

machine is able to apply.

Once the minimum and maximum pressures are computed for both tunnels, an
operational pressure value for the machine can be selected. The chosen values

are 135 kPa and 225 kPa for the tunnel 1 and tunnel 2, respectively.

4.5. Stage Wizard

The only way to simulate the excavation process is to set up a wizard thanks to
the Stage Wizard command. In this menu, it is possible to activate or deactivate
one or more elements, as meshes, loads and boundary conditions in a specific

order to build all the construction stages. The simulated excavation processes
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are two: the upper tunnel excavated as first and the bottom tunnel excavated as

first.

The first step is the design of the Initial Stage in which the initial hydraulic,

geotechnical and boundary conditions are specified.
Moreover, the rules of the construction stage must be assigned based on:

e Mesh set type: it possible to choose the type of set to add between
meshes, loads and boundary conditions;

e Set Name Prefix, in which there are the set names that must be inserted;

e A/R means that elements can be activated or removed;

e Start Postfix is the numerical code from which a set must be added;

e End Postfix specifies if a set must be added up to a certain number;

e Postfix Increment: input the number increment used as the construction
stage progresses;

e Start Stage: fix the first stage number from where starting;

e Stage increment: select the increment in stage that must be used.

To better clarify the mesh sets added in the construction stage rules, in the

Figure 27 and Figure 28 below, the names of them are highlighted.
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Figure 27 Names of the mesh sets for the tunnel
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Figure 28 Names of the mesh set for the soils

In particular, the rules for the first excavation process applied in the model are

shown in Figure 29 and summarised as follow:

e Stage 1: deactivation of the first up_in, up_grout, and up_lining mesh sets,
activation of the first upper shield with its boundary condition and

activation the first face pressure FU related to the upper tunnel ;
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e Stage 9: activation of the first upper lining and grout and their change
property boundary conditions and deactivation of the pressure and the
first shield;

e Stage 42: deactivation of the first bot_in, bot_grout, and bot_lining mesh
sets, activation of the first bottom shield with its boundary condition and
activation the first face pressure FB related to the bottom tunnel;

e Stage 50: activation of the first bottom lining and grout and their change
property boundary conditions and deactivation of the pressure and the
first shield;

e The other stages are automatically fixed by the program as a combination

of the previous two stages.

7 Stage Definition Wizard X

Element, Boundary, Load

Apply Assignment Rules 3 Cancel

18 | s1| s2]| s3|sa|ss| s6| 7| s8] sofst0]s11|sr2]s13fs1a]sis|sie]|si7|sie| stof s20| s21| s22| s23 | s24| s25| 26| s27 [ 28| s20 | 30| 831 832 8"

Boundary Set | bot_shield_groute—

LoadSet  |FB
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5 |6 |R7 |R8 |Re [R10 [R11 |R12 |R13 [R14 |R15 [R16 [R17 |Re18 [R:19 |R20 [R21 [R22 [R:23 |R:24
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Ao33|R1 |R2 |R3 R4 RS |RE |RT |R:8 13 [R14 |R15 (R 16 |R17 [Ro18 |R19 |R:20 |Ri21 [R:22 |Ri23 [R2¢ [R25 |R:26 [R:27 |R28 [R29 [R30 [R:31 |R:32
5 [A6 [A7 [AB A [A10 [A1l [A12 A3 [A 14 [AT5 [A16 [ATT [A18 [A 19 [AD0 A2l [AD2 [A23 [A2d
13 [R14 [R15 [R16 [R 17 [R16 [R 19 [R20 [R21 [R22 |R23 [R2¢ [R25 |[R26 [R:27 R 28 [R29 [R30 [R31 [R32
5 [A6 [A7 [AB A9 [A10 [A11 [A12 A3 [A14 [AT5 [A16 [ATT [A18 A1 [A20 [A21 [A22 [A23 [A2e
A6 A7 [AB [AQ [A10 (Al [AT2 A3 (A1l [A 15 [A16 AT [A18 |A19 [A20 A2 A2 [A23 A28
5 (A6 |A7 |AB A9 [A10 [A1 [A1Z A3 A4 A5 A6 AT A8 A1 [A20 A2l [A22 A2 A2
A033|R1 |R2 |R3 R4 |RS |R6 [R7 |R8 [RS |R10 [R1 |R12 [R13 [R14 |R15 [R16 [R17 R 16 [R19 [R20 |R21 [R:22 |R23 [R2¢ |R25 |R26 [R:27 |R28 [R29 |R30 [Ri31 |R:32
A o33 [A1 [A2 [A3 [Ad4 A5 [A6 [A7 [ABS [A9 [A10 Al [Aif2 [A13 [A14 [A15 [A16 [A17 [A18 [A10 [A20 [A21 [A22 (A2 [A2d [A25 [A26 [A27 [A26 [A20 [A30 [Ai31 (A%
A0 [A10 AN [A12 [A13 (A8 [A1S [A16 [A17 [A18 A 19 [A20 |A21 [Ai22 |A23 |A24 |A25 [Ai26 |A27 [A28 |A29 |A:30 [A:31 |A32
A1 a2 |A3 |as |as A6 (A7 |As [RM [R2 |R3 (R4 |RS [RE |R7 |RB [R9 R0 |R11 [R12 [R13 [R:14 [R5 |R16 [R17 [R18 |R:19 |R:20 |R21 R22 [Re23 |Ri24
A1 A2 [A3 A4 [AS |AB AT |AB |AS [A10 ATl [AT2 [A13 [A14 [ATS A 16 [ATT [A1B A9 [A 20 A 21 |A22 [AZ3 |A24

A 033 |[R1_|R2 [R3 [R& RS [R6 [R7 |RE [RO |R10 [R11 [R12

BEEEEEEREEERER

==
A

Figure 29 Stage Wizard definition

These rules simulate the excavation of the soil by the EPB machine, the
application of the pressure able to stabilise the face front, the advancement of
the machine, the installation of the lining and the injection of the grout to fill the

annular gap for both the tunnels.

The rules applied for the excavation of the bottom tunnel as first are the same

but inverted.
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5. TWO-DIMENSIONAL FEM ANALYSIS WITH PLAXIS 2D

PLAXIS2D is a two-dimensional FEM software. The first difference with the 3D is
that it possible to draw, analyse and study planar sections. Even if the
longitudinal component is not considered, it is possible to simulate the three
dimensionality of the problem, analysing different transversal sections or
applying an internal radial pressure, e.g. at the face front of the tunnel or when
the lining is installed. The advantages of 2D FEM analysis are the easier creation
of the model and the faster velocity on the calculations. This allows, if necessary,

the change of some parameters in a short time.

Initially three different arrangements of the tunnels are analysed, resuming the
initial project of the Bucharest metro line: horizontal, offset and vertical layouts.
After that, a second different analysis is performed considering only the

piggyback configuration, which is the most particular and unusual one.

5.1. Geometry of the model and mesh generation

The stratigraphy is considered with its different soil layers, as reported in Figure
30; hence, no simplification is made, differently to the 3D model. The sizes of the
2D model are taken as those of the 3D one, in particular 120 meters in length
and 45 meters in height. In PLAXIS2D, it is possible to define the stratigraphy
describing the layers of a virtual borehole. In practice, the characteristics like
thickness, physical and geo-mechanical parameters are inserted and
automatically assigned to the previous defined dimensions of the model. At this

step, the water-head is inserted.

The Figure 30 shows the screen of PLAXIS2D for the definition of soil properties.
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Figure 30 Borehole definition
The tunnel linings are modelled as plate, with the parameters of the segment
reinforced concrete reported in the Table 7. An important step is the creation of
interfaces, which allow the interaction between the tunnel lining and the soil. In
this way, two nodes are created (Figure 31), one regards the soil and the other

the structure: the interaction is like elastic-perfectly plastic springs.
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Figure 31 Interfaces
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In this model, the external diameter of the lining is equal to 6.6 meters, equal
to the excavation diameter, since the shield and the grout are not simulated in

2D models.

The studied configurations are below summarised showing the geometrical

parameters and the figures of 2D models.
Horizontal configuration (Figure 32):

e Axis depth: 13 meters;

e Horizontal inter-axis distance : 13.6 meters;

-I~.
%

Figure 32 Horizontal configuration

Offset configuration (Figure 33):

e Axis depth tunnel right: 12 meters;
e Axis depth tunnel left: 19.5 meters;
e Vertical inter-axis: 7.5 meters;

e Horizontal inter-axis: 13.1 meters.
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Figure 33 Offset configuration

Piggyback configuration (Figure 34):

e Axis depth upper tunnel: 12 meters;
e Axis depth bottom tunnel: 22 meters;

e Vertical inter-axis: 10 meters;

Figure 34 Piggyback configuration
After the definition of the geometry, it is necessary to generate the mesh. On

PLAXIS 2D it is possible to set a very fine pattern for better results.

In order to not overweight the time calculations, the model is subdivided in three

different zones: from far away from the tunnels up to reach the plate of the
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lining, the mesh appears denser close the tunnels and coarser on the boundary,

as shown in Figure 35.
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Figure 35 Mesh generation

5.2. Staged construction

Two different types of analysis are performed on PLAXIS 2D: the first regards the
comparison among the three arrangements of the tunnels and the second goes
in detail with the vertical layout. In PLAXIS the excavation simulation can be done

in two different ways:

e Application of the deconfinement;

e Application of an internal radial pressure.
The construction stages are the same for each analysis, in particular:

1. Excavation of the first tunnel with the application of one of the two
abovementioned methods;
2. Installation of the lining;

3. Excavation of the second tunnel as before.
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5.2.1. Construction Stages with the three different alignments

The analysis of the three alignments is performed with the application of the
deconfinement on the excavated zone. The idea is to simulate the progressive
advancement of the machine towards the studied section by the application of

a coefficient (B) to the initial stress before the tunnel is constructed.
pr = (1-p)*0
This coefficient of deconfinement is introduced by (Panet, et al., 1974).

In practice, when the soil cluster is deactivated, this deconfinement value is
applied in order to simulate the reduction of the initial stress due to the creation
of the void. When the studied section is equal to the face-front, typical value of
the deconfinement is about 28%. It means that only the 72% of the initial stress
field acts as support around the tunnel. In the subsequent phases, the pressure
has to be reduced up to the section in which the lining is installed. At this point,
the deconfinement is maximum (100%), which means that the support pressure

does not act anymore, and all the loads are transferred to the lining.

In order to select which is the value to insert in the deconfinement, a preliminary
analysis is performed by imposing a percentage of volume loss on the surface; in
this thesis the two volumes losses are equal to 0.5% and 1%. The volume loss is
correlated to the deconfinement in the void: if the wanted volume loss is lower,
the deconfinement will be lower and, consequently, the applied pressure ps

higher.

5.2.2. Construction Stages with vertical alignment

This analysis is carried out by simulating the excavation process thanks to the

application of an internal radial pressure. This pressure varies increasing the
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depth, taking into account the presence of the conditioned soil, which has a unit

weight equal to 14 kN/m?3.

Four different values are selected in order to conduct a parametric analysis:
these values are chosen between the minimum support pressure required to
stabilize the excavation and the maximum applicable one, as mentioned in the
Chapter 4.4. The pressures values used in the analysis are listed in Table 10

below:

Table 10 Support pressures for twin tunnels

100 225
115 265
135 300
150 325

The parametric analysis is designed by fixing the pressure of the tunnel
constructed first and varying the pressures related to the other one. In this way,
it is possible to obtain sixteen pressure combination for each excavation

sequence.

In the Figure 36, there is an example of this type of analysis. In particular, the
upper tunnel is excavated with 1 bar (1_P1), then the lining is installed
(1_P1_Lining), and the last four steps are related to the excavation of the bottom
tunnel, varying the bottom pressure from 2.25 bar up to 3.25 bar (e.g. 1_P1-
2.25 _P2). After that the pressure of excavation of the upper tunnel is fixed to

1.15 bar (1.15_P1) and again the bottom is excavated with the four pressures.
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Figure 36 Stage Construction
All this procedure is repeated when the bottom tunnel is constructed first,
starting with the application of 2.25 bar and varying the upper from one bar to

1.5 bar.
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6. RESULTS AND INTERPRETATIONS

In this chapter, the results of all the different analysis are presented. At the
beginning, the outputs of the 3D numerical FEM analysis changing the
construction sequence are reported. Then, the results of the two 2D numerical

FEM analysis are discussed:

e The worst arrangement analysis from the point of view of volume loss and
maximum vertical settlement on ground surface;

e The parametric analysis changing the pressure combination with the aim
to discover which is the worst construction sequence for piggyback
tunnels under the point of view of induced settlements, volume loss and

building damage.

6.1. Three-dimensional numerical analysis

The aim of the analysis is to define the worst construction sequence in terms of
vertical settlement on the surface. After having set up the two construction
processes, the upper tunnel excavated as first (U->B) and the bottom one
excavated as first (B->U) (Chapter 4), the program Midas FEA NX automatically
gives the outputs.

The displacement can be upwards, so their sign is positive, or downwards, hence
the sign is negative. However, since the model is placed below the coordinate z
equal to zero, the displacements will be all negative.

The results are displayed thanks to an automatic colour scale, which goes from
the red colour that represents the smallest value to the blue one, which
identifies the greatest value.

The outputs reporting vertical displacements (T,) for both the construction

sequences are shown in the Figure 37 and Figure 38 below.
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Figure 37 Vertical displacements upper first construction sequence
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Figure 38 Vertical displacements bottom first construction sequence

It is possible to appreciate that the maximum vertical displacement recorded at
the surface level is 4.4 cm for the U->B excavation sequence and 6.5 cm for the

B->U one (Figure 39).
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Figure 39 Comparison of the construction sequences: vertical settlement

At this point, it possible to state that the construction sequence upper first U->B
induces lower settlements than the other one because, when the bottom tunnel
starts to be excavated, the lining of the upper one absorbs part of displacements
locally improving the soil quality.

At the end, it is necessary to specify that the three-dimensional numerical
analysis requires a lot of time for the definition of all the step to reach an
accurate result. For this reason, the other analysis will be performed with the
software PLAXIS 2D, with which it is possible to carry out different types of
investigation spending less time due to its simplicity in order to cross-check the
general results and tunnel behaviour. However, the 3D modelling is the most

powerful tool to represent the reality of the problems.

6.2. Two-dimensional analysis: worst arrangement

The aim of this two-dimensional modelling activity is to discover which are the
worst arrangement of the twin tunnel and its worst excavation sequence. The

examined layouts of the twin tunnels, as in the Figure 40, are:
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e Horizontal;
o Offset;

e Vertical or piggyback.

HORIZONTAL \ 4 OFFSET \ 4 VERTICAL 4

©

Figure 40 Layouts of the twin tunnels

The control parameters useful for the analysis are the maximum vertical surface
settlement and the volume loss, both induced after the excavation of the second

tunnel.

This study is conducting by simulating the advancement of the EPB machine

thanks to the deconfinement method, already explained in the Chapter 5.

In order to correctly compare the different layouts, it is necessary to homogenise
the volume losses induced by the excavation of the single tunnels. In particular,
the work is conducted fixing two possible volume losses (VLsingie) related to the

single excavation:

° VLsingIe = 0.5%
° VLsingIe = 1.0%

Some preliminary analyses are required to retrieve the right value of the
deconfinement related to the single tunnel to obtain these volume losses. The
Table 11 reports the deconfinement values for the different positions of the

tunnels following the denomination proposed in the Figure 40:
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Table 11 Deconfinement values for single tunnels

DECONFINEMENT [%] DECONFINEMENT [%]

Once the deconfinements for the single tunnels are deducted, the analysis can

start. Five numerical analyses are performed for each volume loss:

Horizontal arrangement;
Offset arrangement and the right tunnel is excavated as first;
Offset arrangement and the left tunnel is excavated as first;

Vertical arrangement and the upper tunnel is excavated as first;

A N

Vertical arrangement and the bottom tunnel is excavated as first.

The results of these analysis are collected and then plotted in two graphs as the
Figure 41 and the Figure 42 show. The graphs figure out the five subsidence
troughs, hence, on the x-axis there is the x coordinate of the model, while on the

y-axis the vertical settlement expressed in millimetres is represented.
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COMPARISON OF THE POSSIBLE LAYOUTS AND THE CONTRUCTION PROCESSES [VLg;yg :=0.5%]
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Figure 42 Results worst arrangement VL=1.0%
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In conclusion, it is possible to state that the worst arrangement from the point
of view of the vertical settlement and the volume loss is the vertical or piggyback
layout when the bottom tunnel is constructed first. On the other hand, the best
configuration is always the piggyback, but when the upper tunnel goes as first.
This is explainable thanks to the fact that when the upper tunnel is excavated
and the lining is installed, at the passage of the second tunnel, the lining
produces a damping effect on the induced settlement of the bottom tunnel. This
phenomenon does not occur or occurs in a less amount in the other
configurations. Particularly for the worst arrangement, the settlement related to
the single excavations are perfectly summed. The Figure 43 and Figure 44
highlight an example of the outputs on PLAXIS 2D related to the best

configuration at the surface level and on the entire model.

[*10-3m]

]

Figure 43 Piggyback upper first: surface displacements
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Figure 44 Piggyback upper first: vertical displacements

6.3. Two-dimensional analysis: piggyback tunnels

After having discovered that the worst configuration is the piggyback one, a
series of analysis are conducted to look for the best pressure combination for
the excavation of the twin tunnels and under the point of view of the induced
damage on the buildings. To do that, two plates are designed in the model to
collect the results , as shown with blue lines in Figure 45: one on the ground
surface and the other at a depth of four meter from the surface (the depth of
the foundation level). The latter plate is smaller than the ground surface one

because its extent represents only the length of the studied building.

Figure 45 Plaxis 2D model for piggyback layout
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This modelling activity is conducted, as previously said in the Chapter 5, by
simulating the advancement of the EPB machine thanks to a radial and internal
support pressure for both the tunnels. Once the machine is advanced and the
lining must be installed, this pressure is turned off. The pressure values used in

the tests are listed in the below:
The pressures for the upper tunnel are:

e 1.0bar;
e 1.15 bar;
e 1.35bar;
e 1.5bar.

The pressures for the bottom tunnel are:

e 2.25bar;
e 2.65 bar;
e 3.0bar;

e 3.25bar.

6.3.1. Best construction sequence and pressure combination

A preliminary analysis is needed to check how the various pressure combinations
affect the two excavation sequences. For these reason four control parameters

are selected:

e The volume loss (VL);
e The maximum vertical settlement (Umax);
e The maximum angular distortion (Bmax);

e The position of the inflection point (i).

This test is performed by fixing the pressure of the tunnel excavated first (P1)

and varying the pressure of the other one (P2). The outputs of this test campaign
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are reported in the Table 12 below normalizing the support pressure P2 with the

geostatic one c..

Table 12 Outputs for the two different construction sequence
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The volume loss reduces either increasing the pressure P1 or fixing the P1 and

increasing only P2.
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The maximum vertical displacement reduces either increasing the

pressure P1 or fixing the P1 and increasing only P2.
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The inflection point position does not show a defined trend

Once all the results for both the tunnel are plotted and analysed, a comparison
must be done. Obviously, the inflection point outputs are discarded because it is

not possible to define a precise behaviour.

In order to make the two cases comparable, a mean normalised pressure is
computed and a filtering operation on the couples of results, which have almost
the same normalised pressure, is carried out. This activity led to the construction
of a trend line. The Figure 46, Figure 47 and Figure 48 display the comparison

between the two examined construction sequences.
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Figure 46 Comparison of the construction sequences: volume loss
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Figure 47 Comparison of the construction sequences: maximum vertical displacement
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Figure 48 Comparison of the construction sequences: maximum angular distortion

As it is possible to appreciate, the volume loss and maximum vertical settlement
are lower for the upper first construction sequence T1->T2. The smallest values
are obtained for the pressure combination P1 equal to 150 kPa and P2 equal to
325 kPa. This couple of pressures induces a volume loss of about 0.42% and a
maximum vertical displacement of about 14 mm. Moreover, about the
maximum angular distortion, it is possible to state that the construction
sequence does not affect it; it means that regardless of tunnels excavation order,
the shape of the settlement trough remains the same. However, the only effect
is given by the increase of the support pressure, which led to a reduction in the

maximum value of f3.

6.3.2. Induced damage on the buildings

The second step of this analysis is to conduct a Building Risk Assessment (BRA)
on a selected structure and to obtain a risk category for each construction

sequence and for each pressure combination.
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The first phase is the identification of buildings located in the area interested by
the tunnels excavation. It is imagined having a building placed at a distance of 10
m from the tunnel axis, as illustrated in Figure 49, and with the characteristics
listed in the Table 13. A Building Condition Survey (BCS) is performed on the
studied building: the vulnerability index (lv) results equal to 90, which

corresponds to a high vulnerability class, as shown in the Table 1.

Table 13 Building characteristics

Length (L) [m] 30

Height (H) [m] 20
Inertia moment (1) [m*/m] 2267

Tangential and longitudinal
[-] 2.6
elasticity modulus ratio (E/G)

Left vertex position (x.) [m] -40
Right vertex position (xg) [m] -10
Vulnerability index (Iv) [-] 90

’< L=30m »(

BUILDING

\

H=20m
<

r FOUNDATION LEVEL |

O

Figure 49 Position and geometrical characteristics of the building
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Once the building parameters are defined and the data related to the vertical
settlement are collected from the software, as an example reported in the Figure
50, the first aspect that is verified is the position of the building with respect to
the settlement trough. The way in which the total deformations are computed
changes if the building is placed in the sagging zone, in the hogging zone or in

both of them (Figure 13).

[*10-3m]
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Figure 50 Building foundation settlement
This verification is conducted both for the settlement trough induced after the
passage of the second tunnel and for the excavation the first one in order to also

investigate the transient construction stage.

It is possible to state that the position of the inflection point at the surface level
never reach the coordinate of the right vertex of the building, apart from the
case of the single excavation of the bottom tunnel. It means that because of the
theory that the inflection point approaches the position of the tunnel axis going
deeper, as reported in the Figure 51, the building foundation falls always in the
hogging zone. However, for the bottom tunnel construction, the building is

divided in a portion in the hogging zone and another in the sagging one.
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Figure 51 Subsurface settlement

The next step is to compute the control parameters, highlighted in the Chapter
3: the maximum vertical settlement (Umax), the maximum angular distortion
(Bmax) and the total deformation (&t). Then, it is possible to compare each of these
parameters with the thresholds reported in the Table 4 and Table 5 to obtain the
damage category. An example of this procedure performed for each pressure

combination is reported in the Table 14 below.

Table 14 Example of damage class evaluation procedure

0.0243 0 0.025 1
15.17 5 25 2 3
0.00295 0.0025 0.01 3
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The maximum category represents the damage class of the building. The Figure
52 and Figure 53 show the category of damage for each construction sequence

and for every pressure combination.

As it is possible to appreciate almost a great part of the pressure combinations
for both the construction sequences produce a damage category 2. Moreover,
when the upper tunnel is excavated as first, the excavation of the second tunnel
does not affect the damage category, but only the increase of the pressure of
the upper tunnel induces a damage category reduction because of the damping
effect of the installed lining. On the other hand, when the bottom tunnel is
excavated as first, the increase of the excavation pressure of second tunnel plays

a role in the reduction of the damage class.
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Figure 52 Category of damage - upper first
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CATEGORY OF DAMAGE - BOTTOM FIRST
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Figure 53 Category of damage - bottom first
Furthermore, a risk matrix can be defined by combining the vulnerability index
and the category of damage, as displayed in the Figure 54 below. The risk can

be:

e Low (green): no further actions are needed, but only standard monitoring
system during the excavation of tunnels;

e Medium (yellow): 2D numerical models are probably needed and also a
detailed monitoring system;

e High (red): 2D and 3D numerical models are required. In addition to the
detailed monitoring system, the ground improvement treatments are

designed based on the position of buildings respect to the tunnels.

Entering with the high vulnerability class and with the damage class of the
building, the risk class can be Medium or High based on the pressure

combination and the construction sequence.
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Vulnerability class/
Damage class Negligible Low Slight Moderate High
1 1 1 1 1 5
2 1 1 2 2 5
3 1 7 2 3 3
4 2 3) 3 3 3

The final step is to collect all the abovementioned information in three graphs

related to the damage category parameters in order to perform a comparison.

The

deformation in the upper tunnel as first construction sequence and the

maximum vertical displacement in the other configuration dictate the category

Figure 54 Risk matrix related to the studied project

Figure 55, Figure 56 and Figure 57 report how the maximum angular

of damage for each pressure combination.
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Figure 55 Risk related to the maximum vertical deformation
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Figure 56 Risk related to the maximum angular distortion
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Figure 57 Risk related to the total deformation
Moreover, it is noticeable that almost all the pressure combinations for both the
construction sequences fall in the risk class 2, eight in class 3 and three

combinations give a risk class equal to 1.
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At the end, it is possible to conclude that, under the point of view of the induced
damage on the building, the best construction sequence is the upper excavated

as first and the best pressure combinations are:

e P1=150kPaand P2 =265 kPa;
e P1=150kPaand P2 =300 kPa;
e P1=150kPaandP2=325kPa.
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7. CONCLUSIONS

The aim of this work is to analyse the excavation of twin tunnels in urban area
under the point of view of the induced settlements and of the damage triggered
on the buildings changing the construction sequence thanks to the numerical
modelling activity.

To do that the project of M5 metro line in Bucharest, designed by the company
Systra SWS, is taken as reference. This project is characterised by 22 stations and
2 tunnels, which change their relative position along the pathway that runs from
Drumul-Taberei district to Pantelimon area. The tunnels are excavated with the
Earth Pressure Balance (EPB) machine able to create the void and install the
lining at the same time.

The study is developed using the three-dimensional FEM numerical software
Midas FEA NX and the two-dimensional FEM numerical software PLAXIS 2D. In
the models, the stratigraphy is obtained by the already preformed borehole
surveys, which allow the definition of seven geological units. In addiction, for the
soil, a Hardening Soil constitutive model is selected, while for the structural
elements a Linear Elastic constitutive model is more suitable. The piggyback
tunnels arrangement is selected for the 3D numerical analysis due to its
peculiarity with the aim to compare the two construction sequences based on
vertical displacements. On the other hand, a study for the three possible layouts
(horizontal, offset and piggyback) and then a focus on the vertical configuration
are investigated with a 2D modelling activity. The scope is to evaluate which is
the worst (under the point of view of induced settlements) twin tunnels
arrangement varying the construction sequences and the best (based on the
induced building damage) piggyback excavation sequence varying the pressure

combination.
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In the 3D model, the excavation is simulated considering all the construction

stages: the advancement of the machine, the application of the support pressure

at the face front, the passage of the shield, the lining installation and the grout

injection to fill the annular gap.

Looking at the 2D models, the advancement of the machine is simulated thanks

to two methods: the deconfinement and the internal radial support pressure. In

particular, the first one is applied for the worst layout analysis and the second

one for the building induced damage investigation.

The results of the numerical analyses highlight:

For the piggyback arrangement, the construction of the upper tunnels as
first leads to lower induced settlement than the sequence of the bottom
tunnel excavated first. This phenomenon is caused by the damping effect
due to the presence of the upper lining, which absorbs part of the
displacements triggered by the bottom tunnel excavation that never reach
the ground surface and stiffens the soil. Furthermore, when the bottom
tunnel is excavated first, a de-tensioning of the surrounding soil up is
induced. Therefore, the subsequent excavation of the tunnel above within
this de-tensioned soil (mostly yielded) implies further deformations and
settlements with a considerable increasing of settlements. This behaviour
is manifested in both 3D and 2D numerical models;

About the worst tunnels arrangement, the study demonstrates that the
piggyback configuration represents both the best and the worst case in
term of settlements and volume loss. In fact, the upper first sequence
induces the smallest values of them, while the bottom first sequence
shows the maximum vertical settlement and volume loss for the
abovementioned reasons. Ranking all the configuration and their

construction processes from the best to the worst one: piggyback upper
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first, horizontal, offset right first, offset left first and piggyback bottom
first. Furthermore, the damping effect of the lining installation explains
the lower settlement and volume loss recorded for the right first offset
layout with respect to the left first;

Under the point of view of the induced damage on the buildings caused
by the piggyback twin tunnels excavation, the damage category is the
lowest excavating the upper tunnel as first and increasing the support
pressures combination. In fact, the increase of the excavation pressure,
approaching the geostatic stress field, induces lower displacements
because the “ground feels less the excavation”. However, the lowest risk
class is always Medium for both the construction sequences hence, under

the point of risk, it is not possible to identify the best sequence.

96



ACKNOWLEDGEMENTS

| want to thank prof. Daniele Peila, who follows me in this work giving me the

possibility to improve my knowing and myself.

Moreover, | want to express my gratitude to Systra SWS Company, especially to
Eng. Michele Palomba and his team with whom | lived this adventure, called
thesis, helping me with their infinite availability and kindness showed in every

moment.

97



BIBLIOGRAPHY

Anagnostou G e Kovari K Face stability condition with Earth Pressure Balanced

Shields. - 1996.

Attewell P B e Woodman J P Predicting the dynamics of ground settlement and

its derivatives caused by tunnelling in soil // Ground Engineering. - 1982.

Attewell P B, Yeates Y e Selby A R Soil moviments induced by tunnelling and

their effects on pipelines and structures. - 1986.

Boscardin M Building response to excavation-induced ground movements. -

1980.

Boscardin M D e Cording E J Building response to excavation-induced

settlement. - 1989.
Burland J e Wroth C Settlement of buildings and associated damage. - 1974.

Burland J P, Broms B B e De Mello V F B Behaviour of Foundation and structure. -

1977.

Chiriotti E, Marchioni V e Grasso P Interpretation of the results of the building
condition survey and preliminary assessment of risk. Methodology for assessing

the tunnelling induced risks on buildings along the tunnel alignment.. - 2000.

DAUB Reccomandations for face support pressure calculations for shield

tunnelling in soft ground . - 2016.

DAUB Reccomendation for face support pressure calculations for shield

tunnelling in soft ground . - 2016.

Do Ngoc-Anh, Dias D e Oreste P Three-dimensional numerical simulation of

mechanised twin stacked tunnels in soft ground. - 2014.

98



Guglielmetti V [et al.] Mechanised tunnellling in urban area: design metodology

and construction control. - 2007.

Hunt D Predicting the ground movements above twin tunnels constructed in

London clay. - 2005.

Lee K M, Rowe R K and Lo K Y Subsidence owing to tunnelling. Estimating the

gap aprameter. - 1992. - pp. 929-940.
Loganathan N e Poulos H G Pile response caused by tunnelling. - 1998.
Mair R,J e Taylor R,N Bored tunnelling in the urban environment . - 1997.

Malvaso E 3D And 2D numerical models of mechanised excavation of overlapped
tunnels in urban areas: sensitivity analysis of the stresses and the strain in the

segmental tunnel lining varying the excavation sequence.. - 2022.

Martos F Concerning an approximate equation of the subsidence trough and its

time factors. // Int. Strata Control Congress . - 1958.
MIDAS User Manual FEA NX. - 2021.

New B M e O'Reilly M P Tunnelling induced ground movements: predicting their

magnitude and effects. - 1991.

O'Reilly M P e New B M Settlement above tunnells in the United Kingdom - their

magnitude and prediction. - 1982. - p. 173-181.

Panet M e Guellec P Contribution a I'étude du soutéenement d'un tunnel a

['arriere du front de taille. - 1974.

Panet M. e P. Guellec Contribution a L'étude du souténement d'un tunnel a

['arriere du front de taille. . - 1974.

Peck R B Deep excavations and tunnelling in soft ground. - 1969. - p. 225-290.

99



R J, Mair e R N Taylor Bored tunnelling in the urban environment . - 1997.

Rankin W J Ground movements resulting from urban tunnelling: prediction and

effects. - 1988.

Schmidt B Settlement and ground movements associated with tunnelling in soil

.- 1969.

Shah R [et al.] Influencing factors affecting the numerical simulation of the

mechanized tunnel ecavation using FEM and FDM techniques [Journal]. - 2017.
Skempton AW e MacDonald D H The allowable settlements of buildings. - 1956.

Verruijt A e Booker J R Surface settlements due to deformation of a tunnel inan

elestic half plane. - 1996. - Vol. 46.

100



FIGURE INDEX

Figure 1 Existing underground network ........cccooovviiiiiiiiiiii e, 3
FIgUre 2 M5 Metro liN€...uue e e e e 5
Figure 3 Stratigraphy of the project area.......cccccvveeveeiiiiiiiiiiiiiiiieccceeeeeeeeeee, 7
Figure 4 Earth Pressure Balance maching (EPB) .......cocvvvveeeieiiiiieiiiieeeeeeeeeeeeeeeee, 8
Figure 5 Dimension of the annular gap (Loganathan, et al., 1998) ................... 12

Figure 6 Selection of the conditioning agent based on the grain size distribution

(DAUB, 2016) veeeiieeieeiiiiiiiieieeee e e e e e sttt e e ee e e e e s s ssaabreeeeeeeeeeessssassssaneeeaeessssnnnnns 14
Figure 7 Contribution of the overall ground settlement...........cccccoeeeeeeiiiinnnnn, 16
Figure 8 Shape of the settlement trough (Mair, et al., 1997) ....cccovvvvvrvirirennnnn. 21
Figure 9 Twin tunnels layouts (Hunt, 2005) ........ccovvmiiiiiieiriiiieeeeeccee e 30
Figure 10 Limbs of the settlement trough (Hunt, 2005) ..........ccvvvviieeeeeeeennrnnnnn, 32
Figure 11 Damage control parameters (Guglielmetti, et al., 2007)................... 36
Figure 12 Deep beam model (Burland, et al., 1974) ....coovvvvevieviiiiiiiiiiiieieeeeeeeee, 39
Figure 13 Sign of the horizontal displacement ..........cccoeeeieiiiiiiiiiiiiiiieeeeeeeeee, 41
Figure 14 Settlement under a reinforced concrete building ..........cccceeeeeeeenns 43
Figure 15 RisK MatriX....couuuieiiiiiiiee e e e e e e e e 46
Figure 16 Longitudinal section of the studied area........cccceeeevvvvvieeeereiiiineeeennne, 47
Figure 17 Stratigraphy of the studied area.........ccccceeveevveiieeiiieiiieeeeeeee e, 48
Figure 18 Dimensions of the Model.........ccoooeiiiiiiiiiiiiiiii e, 52
Figure 19 Material MEeNU .......coeee e e e e e e e e e e e e e eeanens 54
Figure 20 Property MeNU ... ciiiiiiiii et e e s e e e e e e e 54
Figure 21 Size CoNtrol MeNU ... 55
Figure 22 MeSh MENU ....ouuviiiiii e e e e e e eaaans 56
FIgure 23 RENAME MENU ...civuiiiiieceii et ee e et e e e et e e et e e e e e e e aaaeaees 56
Figure 24 Change Property MeNU........cceeeeeiiiieeeeeiiie e evve e e e e e e e eanans 57
Figure 25 Scheme used for the equivalent parameter computation ................ 59

101



Figure 26 Anagnostou & Covari NOMOGIamS ......cceuuueeeeriuruieeeereiieeeeereeneeeeeennnns 60

Figure 27 Names of the mesh sets for the tunnel.........cccccoeeieivviiiiiieiiien e, 63
Figure 28 Names of the mesh set for the soils........ccoeevvvviiieiiiiiiiiiiicee e, 63
Figure 29 Stage Wizard definition .......cccooevvviiiiiiiieiiie e, 64
Figure 30 Borehole definition..........ccuevviiiiiiiiiiiiiiiiiiicccccccecccececeeeeeeeeeeeeeee e 66
TR ol J A 1) =T o = ol T 66
Figure 32 Horizontal configuration.........cccevvieiiiiiiiiiiiiiicicicccecccccceeeeeeeeeeeeeee e 67
Figure 33 Offset configuration ..........ccccoeeiiiiiiii e, 68
Figure 34 Piggyback configuration........c..coovvuioiiiiiiiiee e, 68
Figure 35 Mesh eNeration .........oooviiiiiiiiiiie e e eeeaens 69
Figure 36 Stage ConstruCtion ........ooovuiiiiiii i 72
Figure 37 Vertical displacements upper first construction sequence ............... 74
Figure 38 Vertical displacements bottom first construction sequence.............. 74
Figure 39 Comparison of the construction sequences: vertical settlement...... 75
Figure 40 Layouts of the twin tunnels ..........coveiieiiiie e, 76
Figure 41 Results worst arrangement VL=0.5% .........cceeeeeeeeiiiieiviiiiiieeeeeeeeeeeeenns 78
Figure 42 Results worst arrangement VL=1.0% ........ucceeeeeeeeeiieeieiiiiieeeeeeeeeeeenens 78
Figure 43 Piggyback upper first: surface displacements .........cccceeervrviviienennnnen. 79
Figure 44 Piggyback upper first: vertical displacements .........cccceeeevvvviiieneennnne. 80
Figure 45 Plaxis 2D model for piggyback layout .........cccevvveeeiriiiiieeiiieiieeeeeeeee, 80
Figure 46 Comparison of the construction sequences: volume loss.................. 84

Figure 47 Comparison of the construction sequences: maximum vertical
(o [ o1 = Lot =12 0 [=1 | RS 84

Figure 48 Comparison of the construction sequences: maximum angular

(o 1] ] o o] o SR 85
Figure 49 Position and geometrical characteristics of the building .................. 86
Figure 50 Building foundation settlement ...........ooouviiiieieeiiiiiieiecceeeee e, 87

102



Figure 51 Subsurface settlement..........ccoviiiiiiiiiiiiiiiiiiie e 88

Figure 52 Category of damage - upper first......cccccceeeeieeeeiiiee e, 89
Figure 53 Category of damage - bottom first.......ccccoevivvviiiieiiiiiiie e, 90
Figure 54 Risk matrix related to the studied project .......cccoevvvvvvieeiirviiiieneeennne. 91
Figure 55 Risk related to the maximum vertical deformation .......cccccceeveeeeeenn. 91
Figure 56 Risk related to the maximum angular distortion.............ccccccceernnnns 92
Figure 57 Risk related to the total deformation .........cccvvvvvvviiiiiiiiiiiiiiiiiciiennenn. 92
TABLE INDEX

Table 1 Vulnerability iNdeX.......cceeeeeiiiiieeeeccee e 38
Table 2 Damage classification (Burland, et al., 1977) ....cveeeeiiiiiiiiiiceeeee, 42
Table 3 Damage classification (Rankin, 1988)..........cccovviiiieeeeiiiieeeeceee e, 43
Table 4 New Burland damage classification (Chiriotti, et al., 2000)................... 44
Table 5 New Rankin damage classification (Chiriotti, et al., 2000).................... 45
Table 6 Geomechanical parameters of the [ayers .........ccceeeeeiiiiiiiiiiiiiiiceeeee, 49
Table 7 Mechanical parameters of the structural elements.........cccccvvveeeee..n. 51
Table 8 Studied chainage and relative tunnels coordinates.........cccccccceeeeeenn..n. 51
Table 9 Equivalent parameter for the pressure calculation............cccevveeeennnee. 59
Table 10 Support pressures for twin tunnels........cccceeeeveviieeeeeeiiieeeeeeereee e, 71
Table 11 Deconfinement values for single tunnels........ccccoeeevivviieeririiiiinneeennne. 77
Table 12 Outputs for the two different construction sequence............cc.......... 82
Table 13 Building characteristiCs ......cuuuueiiiiiiiiiie e, 86
Table 14 Example of damage class evaluation procedure ...........cooovvvviieenn..n. 88

103



