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FOREWORD

First, this document is designed to inform direct participants in
the construction phase (owners, engineers, design offices,
contractors...). It is also divected at informing private and public
decision makers, or even local residents, to darily the current
misconceptions on the so-called "zero settflermnent promise” by
giving a well-documented presentation on the admissible setiie-
ment concept,

This docwmnent claims 1o be a first stage. In particular, it shall be
revised in due course to present assessment methods on selile-
ments understandable to anybody as well as experienced da-
mage criteria. We may assume that with the support of Owners,
who are directly interested in the consequences of their works,
there will be much experience feedback from the many work-
sites under way at the time of writing fhese recommendations.

1. PURPOSE OF THE RECOMMENDATION

The high density of land use of large building projects shall be
not avertooked when constructing new public and private facili-
ties. Neither shall be the wish of city dwellers [0 recencuer mii-
sance-free pedestrian areas, Both aspects increasingly lead fo
use the subscil, whether it be in terms of frequency or density.
Boring new underground facilities interferes with the overlying
buildings and, more and more, with the existing undergrouna fa-
cilities as there is no actual underground land use biueprints,

Of course, it is trivial to remind that the major characleristic of
underground works is to be bared in the subscll. But the main
doubts that designers and constructors shall face will be caused
by the ground conditions encountered. These conditions will
give local residenis a clear insight into the existing underground
building, whether it be when it is under construction or throu-
ghout ifs lifespan.

As the foundations set the building to the soil, the building's be-
haviour to the movements imposed by tunnelling works under-
neath or nearby its axis depends on its geomelry, method of
construction and structure condition. There lies also another big
source of dubiousness as there are few property owners who
know about the deformations previousty suffered by their buil-
ding, not to mention in what conditions the foundations were dig-
ged.

It then appeared interesting to provide a document to clarify the
soli/structure interaction phencmena during underground (not
opencast) excavation as well as the means to evaluale, measure,
avert and cure them without forgeiling the induced contractual
problems.

This is the purpose of these recornmendations on sefiements in-
duced by unnelling.

Conversely, this document does not provide calculation recipes
on foreseeable settlements for the two following reasons:

- evaluating seflements is greatly based on appraisal and expe-
rience and remnains a matter of specialisis,

- to date, research has been developing quickly, both in France
and abroad.

Thus, it is convenient o study every specific case by referring at
the very best to the own experience of participanis and to the
many publications available.

2. TUNNELLING-INDUCED GROUND DISPLA-
CEMENTS

First and foremost, it seems necessary to specify that the rela-
tionship between the surface setttements and the work depth is

neither simple nor linear. Actually, setilernents depend on geolo-
gical, hydrogeclogical and geotechnical conditions, on the work
geometry and underground position as well as on methods of
excavation. However, it is clear that a shalow project is often
more harmiul and requires special menitoring.

Turmelling disrupts the initial stress field as well as the hydre-
geological conditions. Generally, this stress modification is ac-
companied by instantaneous displacement of the face towards
excavation as well as convergence of the turmel walls g, 1.). In
the specific case of sofi grounds, the pore pressure field modifi-
cation may incuce long term displacements.
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Fig. 1. Displacements of the excavation profiles: basic cross-seclions

The magnitude, orientation and location of the soil mass points
around the tunna! depend on the goil mechanicat characteristics,
geostalic stress, surface overloads, hydraulic conditions as well
as methods of excavation and support. When the soil mass me-
chanicat capabilities are locally exceeded, there occur many
displacements (imporiant magnitude and speed). They often
pave the way to vielded zones. This situation is harmful, whether
it be for support (dead gravity load) or displacement limnitation.

Thus, if the walls are poorly confined, the displacements around

the excavation profiles may lead to a fracture zone rear of the
face {Fig. 2a). If the face is not adequately confined, this zone
can spread ahead of the face (Fig. 2b.).
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Fig. 2a Fig. 2b

Fig. 2a.Yielded zone rear of the face
Fig. 2b.Yielded zone ahead of the face

Knowledge of frachire risks at the working face provides useiul
data to assess fhe setllement likelihood as well as an estimate of
irimediate safaty conditions during tunnelling insofar as ground
collapses at the face represent one of the main settlement
causes angd as they are most likely o take place in poor stable
conditions.

2,1. FACE STABILITY

The study of the face stability provides indications on the most
probable fracture mechanisms and on the parameters to take
into account in the study of the soil mass behaviour. Two types of
patterns were evidenced according to ground nature.

In the case of clayish soils, the diagram (Fig. 3.) shows that an
important part of the soil mass ahead of the working face is af-
fecled by the displacements. At the surface, the fracture locks
like a crater wider than the tunnel diamster. In this case, expe-
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rience shows that considerable ground volumes are involved in
working face fiactures.

Fig. 8. Face collapse : basic diagram in clayish grounds

In the case of granular soils, the working face fracture creates a
chimney of a reduced width above the tunnel alignment (Fig. 4).
This second pattern type has been evidenced by centrifugal
tests carried out with dry sand.
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Fig. 4. Face collapse : basic diagram in dry granular soils
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Fig. 8. Secondary pattern. Basic fransverse cross-seclion

These different findings are in Ine with the results provided by
the theoretical studies [8, 6, 13, 83, 24, 25] as well as with obser-
vations made on worksites [8]. However, they are based on the
analysis of extreme cases and must, of comrse, be mitigated 10
take info account the conditions specific to each worksite : inho-
mogeneous ground layers or water intake. Especially in the case
of granular waterbearing grounds, the Irent face stabi-

the ground and illustrate the general tendency of scil mass de-
formations rather than the displacemenis to expect during tun-
nelling.

2,2, DISPLACEMENTS SPREADING TO THE
SURFACE

From the excavation periphery, the displacements spread to the
surface at magnitudes and time inteyvals depending on the pro-
ject's geotechnical, geometrical and technological conditions.

To compute the displacemenis spreading from the tunnel to the
swriace, the in-situ tests and cbservations lead to distinguish two
patterns shown in transverse cross-sections: the primary patiern
and the secondary paitern [36].

The primary pattern (Fig. 5.) cccurs when the face is under ex-
cavation. It features a deformed ground zone above the gallery
This zone is high about 1 to 1.5 time the unnel diameter and
about as wide as fhe diameter. Two compressed zones develop
laterally following the vertical. When the tunnel is deep enough
(C/D > 2.8), the spreading of digging effects iowards the surface
above the roof is generally reduced [10, 20, 38].

The secondary pattern (Fig. 6.) may occur after the previous
one when the tannel is pretty close io the surface (C/D < 2.5)
and confinement is insufficient. This results in the formation of a
'rigid’ ground block, bordered by two simple or muliivle shear
strips that join the tunnel at the surface. The crown displace-
ments and those at the surface, above the gallery axis, are about
the same.

This may lead to vertical and horizontal surface displacements
throughout the drive termed setttement trough (Fig. 7.).

To make things simple, the 3-dimensional computation is usually
obtained by breaking down a transverse frough and a longitudi-
nal frough.

2,3. MAIN PARAMETERS OF STABILITY
DURING EXCAVATION

Whatever the subsoil nature, the magnitude and distribution of
setflemnents caused at the surface by tannelling works depend
on the soil mass structure (for instance, alternated inhomoge-
neous levels), deformability {initial and long term), anisoliopy
(initial stress (Ko # 1), strength and deformability). Of course, the
soil mass behaviour is also influenced by the hydrogeologicat
conditicns of the worksite. Consequently, the stability time is lin-
ked 1o the ground permeability.

It is clear that a good geotechnical knowledge of the soil mass is
essential o estimate these fimdamental parameters. The absolu-

lity will be considerably influenced by hydraulic gra-
dients induced by seepage in the soil mass.

It is convenient to outiine that the patterns shown in
Figures 3 and 4 correspond to the fracture condition of

%4

(transverse
distance}

spreading of the setllement trough
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Fig. 6. Primary pattern: basic lransverse cross-seclion

Fig. 7. Three-dimensional settlement trough
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te necessity for a soil investigation campaign of good quality
shall be emphasized (see on this subject the AFTES recommen-
dation "The choice of parameters and trials useful o the design,
size and completion of underground works” {1]),

A few important parameters typical of the ground stability du-
ring excavation, not including water seepage, have been evi-
denced from theoretical and experimental work devoted to the
face stability. See Ficure 8 for the definition of the different data.

Fig. 8. Stability parameters : notalions

2.3.1. Purely cohesive soll (clay)
I the case of tunnelling in clayish ground, the load factor N, defi-
ned {3] in the following ratio,

I}-{I Egm\f'}c?x ulz%td @&ﬂ&ﬁle wetght,
¢, ‘undrained cohesion of the ground
before excavation

=g

appears as the fundamental parameter as regards the instability
risks at the face.
Ancther two parameters shall also be considered:

Cand yD C:coverburden thickness above the crown
D G D excavation diameter

The first ratio reflects the sensitivity of the stahility conditions to
the work depth whilst the second allows o integrate the likeli-
heod of located fractures on the face.

In the more general case whereby an overload is applied to the
surface and the face undergoes support pressure, the load fac-
tor N is written as follows:

N= YH + 0s- 01
C o face support pressure

os: overload applied to the surface

The observations [38] show that N values ranging from 5o 7
lead to tunnelling difficulties, or even to breaking of working
face. Although these resulls are to be mitigated in view of the fin-
dings of experimentat works (with centrifugers) and theoretical
works, we can remember that:

N<3 the overall stability of the work is generally en-
sured;

-when 3 <N<6 special attention must be paid to the evalua-
tion of setilement risks since important
ground collapse at the face is expected when
Nz5;

on average, the face may fail.

-when

-when 6 <N

For the other two parameters, the following ranges shall be
considered carefully:

G ., neediomake adefailled analysis of the

D] face stability

4 < Y2 outbrook of yielded paris on the face.
Cn

Moreover, speciat precauﬁoné shall be taken if the tunnel is only
supported at a certain distance P rear of the face, as the P/D ratio
interferes with the stability of the Iatter [48].

The above parameters, that reflect the soil mass stability condi-
tion at the working face, may influence the setlements induced
at the surface when fhe ground Is submitted to a siress of nearly
the strength limit. Correlations were made between the load fac-
tor N and the surface setlements {9],

2.3.2. Cohesionless solls (sand)

In cohesionless soils, the face cannot be stable. However, in
these grounds, we often observe the presence of a slight cohe-
sion that may be temporary {capillary tension, for instance).

For these grounds, it is more difficul to draw conclusions on the
instability factors insofar as works in this type of ground ave only
recent, It is clear that the deformability and anisofropy parame-
ters also interfere in the expansion of settlements to the surface
{261

The theoretical studies and tests, conducted without water, seam
to indicate that influence of the work depth (C/D) on the face sta-
hility conditions is not so important while, on the conirary, the
work diarneter exercises a strong influence so that the parame-
ters JéQ and ¢' appear determinative in the face stability,

T

2.3.3. Cohesive frictional soils

If we make a more general analysis of the stability conditions for
a frictional, cohesive soil mass (i.e. with a strength characterized
by a cohesion, ¢' and a fiction angle,¢’, four fimdamental para-
meters are identified:

W .Sangy  where o,=2cc0¢
G, 0, O, 1 - gingy
2.3.4. Rock type soils

In rock type soils with a slight overburden, the mechanical
strength of the rock mass is scarcely exceeded by the siresses
induced by excavation. Stability is linked, above all, o the rock
mass guality {stratification, orientation and continuous fractura-
tion, etc.).

2.4. CONVERGENCE OF THE EXCAVATION

In addition to the stability of the excavation face, the convergen-
ce of its walls influences the deformations of the soil mass.

It shall be remembered that the essential factor to reduce the ex-
cavation wall convergences, which may generate possible sett-
lements, is the immediate installation of an adequatly stiff sup-
port the nearest possible to the face, or even ahead of it. On a
mere Convergence-Conflnement diagram (Fig. 8.), it is obvious
that a stiffer support (X: > Kz) installed closer to the face (Un <
Ur=) will contribute to limiting convergencs, while being more
loaded.

3. SETTLEMENT INDUCED BY EXECUTION
WORKS

Before proposing ways lo estimate the displacements due to un-
derground excavation, it proved desirable to identify, from what
is currently known, the different settiement sources linked to
construction works. Prevention and remedies will be addressed
later in this document (§ 6).

Generally speaking, the movements along the excavation ali-
gnement start some distance ahead of the face and continue
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until the support is installed on the ground, or even afier.
Therefore, we will consider the setflements linked to the me-
thods of excavation at the face, then rear of the face.

%

Ky

vry U, ur

Fig. 8. Influence of the support (stiffiiess, installation time frame)
on conrvergence

In view of the fundamental evolutions gained through shield tun-
nelling and the development of such techniques, it seemed ne-
cesgary lo differenciate continuous  shield-driven works from
that using sequential tunnelling method. The term ‘sequential’
has been preferred to "traditional” or “conventional” because
the latter refers fo methods pootly adapted to the control of sett-
lements (arches and wood) and rorecver, it doss not reflect at
all the richness of the recent technical evolutions,

The end of the chapter will roughly deal with settlermnents indu-
ced by water inflow in the subsoil as welt as with those induced
by the worksite conditions. Finally, it is convenient to underiine
that the findings below deal with the case of a generic work that
we assume is isolated. Indeed, so as {o give simple landmarks,
we preferred not to complicate this document further, by adding
views on the influence of several neightouring excavations,
whether they are simultaneous or not. That may be an additional
worsening factor.

3.1. CASE OF SEQUENTIAL METHOD

For works of this type, four major settlement sonrces can be
identified:

- setilements induced by the face behaviour;

- settlements induced by the temporary support nature and
conditions of installation;

- setflements induced by the work sequencing of the cross sec-
tion (phases);

- getilements induced by the permanent lining.

3.1.1. Influence of the face behaviour

Controlling the face behaviour is esseniial.

The findings regarding the face behaviour clearly show the di-
rect link that exists between the face behaviour control degree
and the cutbreak of setilements ahead of the excavation face.

3.1.2. Influence of the temporary support

One important result of the project's feasibility study is the choi”
ce of a temporary support type. A compromise between the
theoretical requirements 1elated to the size and those imposed
by the study of excavation meftiods needs to be found. Twe pa-
rameters shall be determined:

- the nominal stiffness of the support which must take into ac-
count its mechanical capability and instaliation method, espe-

cially wedging;

- the time frame to install the suppert which depends on the ins-
tallation distance behind the face.

The combination of these two parameters defines the overall
support capability to resist to ground convergence {Fig. 9.} and,
accordingly, to imit induced seltlements at the surface. Once this
theoretical capability is defined, it is still necessary to make sure
that it can be achieved thiough the actual conditions of installa-
tion of the support at the worksite.

3.1.3. Influence of the work phases

The work phases may strongly infitence the soil mass deforma-
tions:
- at the face, according to its area surface;

- in the typical cross section according to the speed at which the
support is closed depending on a split fransverse cross section
and the distance between the face and the support installation;

- in the typical cross section according fo the distance at which
the lining is installed since it is ofien, indeed, much stiffer than
the support and subject to lesser deformations; its quick installa-
tion may contribute to a better longiiudinal distribution of the
loads thereby limiting ground deformnations.

3.1.4. Influence of the lining

The deflection incidence of the lining and, possibly, its wedging
on the exirados shall be taken into account, especially in the
case of shalow, large spans,

3.2. CASE OF SHIELD-DRIVEN TUNNELLING

Settlements induced by shield tmnelling may be classified into
four categories (Fg. 10):

- setflements ahead and above the face ;

- settlements along the shield ;

- setflements indaced by post shield/grout loss ;
- setflements due to deflexion the lining.

A AR

: setilements caused by the face |
: setilements caused by the overcut ]
: setlements induced by post shicld/grout loss ;

: sefilements causied by the deflection of ipe lining and lengterm setllemenis

]
SHIELD L_J ¢t {.ENfN(Jl! I |
T 1T 17T 11

o T+ I e 1]

Fig. 10. Evolution of settlements along a shield

3.8.1, Settlements ahcad and above the face

Settlements at the face are due to ground displacements forward
(face logs) and above the shield towards the excavation cham-
ber, They depend on the chamber confinement, the ground na-
ture and the hydraulic conditions,

3.2.2. Setilernenis along the shield

‘When the shield tailskin runs through a sitreich where measure-
ments are made, we notice that the ground movements are scar-
cely stabilised. There is a response lime of the surrounding
ground that decreases as the roof is thicker. The few observa-
tions made seem to show that the spreading of displacements
from the tunne! to the surface follows a constant speed for a
given ground [36].
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Settlements along the shield may be caused by the main follo-
wing causes:

- overcut due to the tools at the periphery of the cuting wheel
that ofien features an excavation diameter shightly wider than
that of the bead so as to reduce friction and facilitate guidanes,
especially in low radius planimetrical curves;

- shield piloting difficulties, especially their tendency to plough.
Thus, to maintain the machine on its pathway, it is generally
convenient to constantly maintain a certain leading angle up o
avoid it to nosedive (pitch loss). Sitnilatly, the pathway may lead
to an horizontal zigzagging. The result is the cuiting of a wans-
verse cross section wider than the upright cross section of the
shield thereby causing a void (yaw loss) ;

- possible cone-shaped shields;

- bead roughness that may induce, in case of friction and shear
in the subseil, settiements at the crown and ground displace-
ments shead of the shield.

3.2.3. Setflernents induced by post shieldigrout loss

At the end of the shield tail, a void may appear between the
ground and the segment exirados affected by following pheno-
mena:

- voids along the shield;

- {ailskin thickness that varies according to its type {single or
double) and the tunnel diameter;

- clearance between the tailskin intrados and the segment extra-
dos to house the tail seal,

The magnitude of surface setttements widely depends on whe-
ther the void is properly growted.

The previous remarks implicitty refer 1o the case of segment ins-
tallation within the taiiskin. It is very scarcely resorted to expan-
ded segments divectly installed on the ground to conirol seffle-
ments as the ground results not confined.

3.2.4. Setllemenis due to lining deflexion

In the case of a concrete precast segmental lining installed wi-
thin the tailskin and undergoing the advance thrust of the shisld
jacks, the necessary thickness is such that the radial deforma-
tions of the ring are Iimited provided the installation to the vauit is
of good quality.

In the case of more flexible linings (cast-iron segments, for ins-
tance), significant deformations may occur due to egg-shaping
of the ring thereby inducing additionat setlements,

3.3. WATER TABLE INCIDENCES

The experience of underground works is rich with many Jiffi-
culiies or even accidents mainly caused by water inflow. We
must insist that the control of hydraulic conditions is a
prerequisite for tunnelling to be performed in good
conditions.

Seflements induced by a waterbearing subsoil can be roughly
classified into two categories which, in faci, are not independent.

The first category includes settiements which appear almost im-
mediately with excavation.

Cround water lowering, prior to boring (draing) or as a conse-
quence of boring, may cause imimediate setflements not only in
harizens or lenses of compressible soils but also in some fissu-
red soil mass. The incidence of lowsring varies according to
depth and range:

- when localised, they often generate high differential settle-
ments harmful to surrounding buildings;

- when spread, they are generally not very severe {(Auber sta-
tion, lne A of Réseau Express Régional (RER) - the Paris expross
railway network -, St Lazare railway station, Est-Ouest Lien
Express (EOLE) - the Parisian Fast-West underground iink).

Water inflow at the face may induce settlements caused by:

- a hydraulic gradient effect inducing ground mechanical defe-
rioration at the face and on the tunnel walls thereby increasing
deformations;

- preexisting mechanical instabilities making a worsening factor
(washed out karsts, etc.);

- worsened mechanical qualities of the sub-plates inducing, es-
pecially when the sequential method is used, sagging of the
support and ground confinement losses at the invert.

The second category includes long term setflements, with spe-
cial sensitivity in soft, compressible grounds. As a resuli of exca-
vation, some areas of the ground undergo increased deviatory
siress and locally, it results in the outbreak of pore overpressures.
Ifthe face is completely sealed off, it may cause an identical phe-
nomenon at a wider scale. In view of unavoidable drainage to be
conducted throughout funneling and/or the work lifespan, either
through more permeable soil beds or through the work itself, a
consolidation phencmenon will concern the whole drained soil
mass, with higher extent in the arcas where pore pressures are
strongly reduced.

3.4. INCIBENCE OF THE WORKSITE CONDITIONS

This chapter includes the setftements induced by the general
worksite conditions, especially vibrations induced by boring
and muck removal machines, whether the sequential method or
a shield is used. Setlements of this type have been observed
during boring works in leose grounds of different types, or in
sound grounds but with a poor quality il layer above.

4. EVALUATION OF SOIL MASS DISPLACE-
MENTS

4.1. DISPLACEMENT COMPUTATION METHODS
AROUND THE UNDERGROUND WORK

To date, the theoretical determination of the displacement field
around the underground work remains a delicate issue. It is par-
ticularly difficult to give a math representation of the phenomena
cbserved during tunnelling as many factors must be taken into
accourt as well as the three-dimensional patiern of the displace-
ments spreading in the soil mass.

The solution to such a mechanical preblem recuires, in particu-
lar, to determine at the very best the equations representing the
infrinsic behaviour of materials (rheological law of the soil
condifion, Ining and possibly grouting products), Actually, seve-
ral theoretical studies have shown the influence of the behaviour
law on the displacement determination around the gallery and
within the soil mass.

In France, the convergence study of the excavation profile is
dealt with by the Convergence-Confinement method {35]. Let's
rerming that this methed gives a plane deformation-based ap-
proach to the three-dimensional issue in turmetling using a fich-
tious support pressure dependent on fhe deconfingment ratio, A.
This ratic integrates the face behaviour, the support position in
relation to the face, the method and the work completion quality.
The recent Iindings also allow to integrate the influence of the
support stifiness.
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The batance of a soil mass disrupted by excavation works (assi-
milated to a continuous environment subject 1o external efforts)
can be described using two classical families of resolution me-
thods according to how complex is the case under study:

- analytical methods ;
- finite elements methods (FEMs).

Analytical methods are based on simplifying assumptions, both
for gecmetry, lithology (uniqueness of the homogenecus-assu-
med layer), behaviour laws and the definition of boundary and
initial conditions. The scientific literature provides many analyti-
cal formulations [9, 12, 40, 44, 52]. Most of the time, the authors
were interested in the definition of the new stress field caused by
excavation. Because of the computation complexity, few of them
showed interest in determining the distribution of the displace-
ment field and the time effects.

On the othe hand, digital FEMs allow to 1ake inte account hetere-
geneous layers, more sophisticated behaviour laws and initial
and boundary conditions more similar to the actual conditions or
even to the time effect, They are particularly very effective in the
study of continuous environments, especially for non-linear pro-
blems and complex phasing and geometry However, three-di-
mensichal computations are still complicated and resorting to
too simplifying bidimensional displays may prove less efficient.

4.2, EVALUATION METHODS OF SURFACE SETT-
LEMENTS

Ifwe leave apart the reduced mode! approaches reserved fo re-
search, there is a distinction between two major method families.

4.2, 1. Empirical and semi-empirical methods

These supposediy light methods consist in estimating the surfa-
ce settlements from a small number of parameters taking into
account:

- the excavation dimension and depth;

- & coarse definition of the ground nature;

- the volume loss or the convergence generated by tunneliing
work.

The simplest of them consists in making a pseudo-elastic com-
putation and expresses the maximum surface setflement 5., as
follows

k: factor dependent on the siress in
the soil mass, on its nature and
configuration as well as on expe-

rience:
s =k A.yR wih A : deconfinement ratio ;
E R: excavation radius ;

Y :average volume weight of the
ground ;

E: average elastic modute of the soil
mass .

It is clear that this overall ground modeliing is often tco simpk-
fyingas |

- it cannot be rigorously appited to a shallow work (stress unifor-
mity around excavation, admitted if H 2 3D);

- the depth has no explicit influence ; actually, increased defor-
mations in the soil mass, associated with increased siress as
depth i#tself increases, are compensated for by reduced defor-
mations due to the distance from the surface ;

- it expresses a direct proportionality between setflements and
deconfinement due to excavation which is often far from reality
§4.3.3.).

However, this modelling is useful to underline the essential para-
meters recuired for determining settlements :

- humel cross section (R%);

- soil mass deformability {E);

- methods of excavation and tunnelling quality (A);
- feedback fiom experience gained (k).

In practice, it is most of the time resorted to empirical methods
based on analytical approaches or finite element computations
arxd designad from experience feedback. In general, these me-
thods are light and allow to conduct many parametric studies on
the construction influence along te whole stretch. They are thus
very useful during the preliminary studies and may even be suf-
ficient fo the whole study when the boring site is already well
¥nown and the parameters correctly designed accordingly:

This pragenatic approach designed by Peck [38] has developed
in Britain above all fom fhe high number of studies on tmnelling
works in the London Clay homogenecus horizon {2, 18, 28, 32,
34].

4.2.2. numerical methods

These methods aim at achieving displacements on every point
of the soil mass around the excavation and allow to take accura-
tely into account the characteristics of both the consiruction and
the subsoil (geometry, initial stress, behaviour laws, excavation
phases, etc.). Within these, FEMs place the emphasis on bidi-
mensionat computations in a plane perpendicular to the work
axis, in ine with analytical approaches and the utilization of the
Convergence-Confinement concept.

These methods are very powerful but more complex. It should
he wnderlined that this type of computation also aims at provi-
ditg strain in the support and the lining. In so doing, even though
they are developing quickly, beyond simplified and therefore
preliminary models, modelling taking into account all geotechni-
cal, geometric and excavation method dala can only be reser-
ved io cross sections carefully chosen.

For shallow works, these methods sometimes show improper
spreading of the excavation effects to the surface. Actually, they
are naturally not very appropriate for assessing the fracture pro-
cesses. In cohesionless grounds especially, FEMs for bidimen-
sional medels tend to subdivise deformations into a too wide set
of elements and this may result in a toc wide spreading of the
deformations leading to overevaluate the width of the setlement
trough and underevaluate iis vertical magnitude. Research
under way (soil behaviour laws, initial stress condition, true
threa-dimensional computations, fine meshing) will make it pos-
sible to further improve modelling in the future.

It must be remembered that there is always a wide dis-
crepancy between the apparent accuracy of the resulis
obtained with high computation capacity systems and
the poor accuracy of the working hypotheses, especially
in terms of deformability or work phases. Hence, it is ab-
solutely necessary to test the model sensitivity to the different
working hypotheses to aveid misestimations, sometimes se-
rious, and not get lost in unproductive discussions.

Thusg, the introduction of secondary parameters in the analysis of
soil mechanics behaviour, such as dilatancy for instance, must
be envisaged very cauticusty Actually, in the absence of a com-
mon determination mode, accepted by everybody, and in view
of a variable effect infroduction according te the different com-
putation codes, the use of such parameters may result in adverse
effects as they may be given excessive importance when their
use is too closely connected with the apparent accuracy resul-
ting from the powerfit computation used.

It is noticeable that these methods allow, when necessary, to
make an interaction modelling of the subsoil, underground work
and overlying building. Finally, it must be underlined that the pa-
rametric use of these theoretical models as a basis for a refroac-
five analysis of real cases is very rich whether it is for determi-
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nings the geoméchamical paramefers and empirical approaches
or for clarifying the interpretations made from in-situ measure-
ments.

4.3. BASIC METHODOLOGY FOR ESTIMATING
SURFACE SETTLEMENTS

Taking the outhreak chronology of the phenomena, the propo-
sed procedure consist of three main stages:

(1) evaluating volume losses generated by tunnelling around the
excavation face {V.};

{7) evaluating in what proportion these losses will develep to the
swface (Vs);

{3) choosing the setilement trough shape,
determining its width {2B),

deducting the trough depth i.e. the maximum setttement
{Sm&(}.

4.3.1. Evaluation of volume losses arcund the face

The Convergence-Confinement method reduces the determina-
tion of volurne losses around the excavation face {(Ve) lo the
convergence of the tunnel walls, it the case of a tunnel tube dri-
ven in a homogeneous and isctropie soil, there is a certain num-
ber of analytical resclutions to the problem, that also provide a
fairly good preliminary approach to non-circitar funnels using
the eguivalent radius notion.

Withir: the approach, the essential parameter is the deconfine-
ment tatio, A that mtegrates the volume loss developing at the
face and nearby fhe face.

In the case of sequential method the deconfinement rafio value
is generally fixed for each excavation phase in conjunction with
the relevant support phase.

In the case of a shield-driven excavation, if an overall value of
the ratio is sufficient for the lining size, the determination of par-
tial ratios is necessary to give an account on the effect of the dif-
ferent setflement sources (§ 3.2.). This is awkward and recuires
good experience feedback to determine the spreading of volu-
me losses according to the observations made on the spreading
of setlermnenis. As an example, until a recent date, the following
distribution of setflernents to the strface was observed:

- 10to 20 % caused by the face ;
- 40 to 50 % caused by the void along the shield ;
-30 to B0 % caused at the end of the tail seal.

In view of the current technological and methodological evolu-
tions and at the light of the chservations made on recent work-
sites in difficult geometric and geotechnical conditions {exten-
sion to Vaise of the Lyon metro's line I, Cairo metro's line 2), it is
clear that :

- the absolute value of the observed setlements clearly tends to
be reduced (10 to 20 mimy) ;

- these percentages are changing and setilemenis at the tail seal
exit may only stand for a small part of the total settlements consi-
dering the technological improvements that have been introdu-
ced (§6.5.3).

4.3.2. Spreading of displacements to the surface

This second stage consists in determining the setiternent trough
volume (Vs) that will spread io the surface or to a given depih.

The simplest hypothesis consists in considering the soil as in-
compressible. In this case, the setflement tough volume equals
the volume tost around the excavation profile. Actually, this hypo-

thesis highly depends on the ground natre and the overburden
above the turmel. The hypothesis will be checked especially if
the ground is clayish and the overburden is thin.

While there are few increases of setflement volume, there are
many volume reductions between the tunnel and the surface. As
an example, they may be caused by:

- an important overburden above the funnel softening deforma-
tions up to 80 %;

- a stiffer layer over the boring horizon (slab effect);
- an ovetlying dilating horizon (dense sand).

It is clear that there are as many specific cases as completed
works. Therefore, it is difficult to give general relationships et
ween the settlement trough volume and the ground volume lost
around the tunnel. Refer to the abundant biblicgraphy and, as an
example, to Fig. 11. computed from measurements made on a
few French sites excavated with closed-face shields.

et

c/D
]
3

0z 04 0.6 03
Softening coefficient, S,.fUmwn

Fig. 11. Softening coefficient according fo the geomelry
of the tunne! bored with a shield

The time frame for settlements to appear at the surface and be
stabilised varies very much according to the project configura-
tion. In the absence of a synthesis still not available in France to
date, we advise, in this first stage of our recommendations, that
the reader refer 1o the existing literature on feedback gained
from experience.

4.3.3 Transverse seftlement trough and maximum settlement

The abundant research conducted in the United States and in the
UK [Z, 16, 467 have shown that the shape of transverse setflement
trough is generally fairly well represented by a Gauss curve
(Fig. 12.).

B : half rough width

i : distance of the inflection point of the setilement trough
to the plane

Vs : trongh volume

Sae : maximum seflement at the surface

R : excavation radius

H :depth of the tunnel axis

In this case, the settlement 5; at the distance y is given by :
8, = S EXP (-~ "zy;g (in particular fory =1 8,=0,61 S...)
Bl
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This allows to express the trough volume in relation to its width
and 1o the maximum settement at the middle:

S

maximum /

o
|
3 - '
* Inflection
S

HaE
4 point 122 50wy
\-‘?361 Sr) i

A seliements 5 /
depih \ r ;

{Peck, Schmidt, 1969}

Fig, 12, Idealized {ransverse seftiement trough

hence : §

t)
L
mix —,

251

Vs=BS,_ = Veris =25iS_

The maximum setflement is determined from two parameters:

- the trough volume, itself related to the volume loss around the
excavation;

- the distance of the point of inflection of the trough fo its cenfre
{or its hall width).

Within this framework, several researchers tried to empirically
relate ¥R or BR to HR and 1o the ground natwe {2, 38). Here
again, see the bibliography.

In the light of observations on sites and digital studies, it appears
that the trough width widely depends on the ground characteris-
fics and the project geometry (C/D) and much less on deconfi-
nement which, on the contrary, strongly influences Sqas,

4.3.4. Relationship between crown displacement and surface sett-
lement

The use of the procedure that has just been described as well as
computations of displacement fields around the excavation or an
empirical approach may lead to a direct relationship between
the displacement in the tunnel crown (U, ) and the middle sur-
face setlement (S...).

Several researchers have proposed formulas to calculate
Sl U e TOOf @CCOIAING to F/R and a parameter varying with the
ground nature [43]. Each formula has been designed in a specific
environment that should be in mind in case of use. In particular,
the choice of the parameter associated with the ground deserves
attention because it can integrate many other factors.

It should be remembered that another direct evaluation type of
surface settlement can be carried out from a typical pseudo-
elastic computation (§4.2.1.).

4.3.5. Opposite precedure

It may be interesting to start frorm what is admissible at the suwrfa-
ce (cf. § 5.) to go back to the volume loss that can be tolerated
above the tunnel alignment. This opposite procedure considers
different setflement troughs mesting the requirements of surface
buildings. In this case, a method similar to that applied for &
feedback analysis shall be adopted.

4.3.6. Longitudinal setffernent trough

The text above deals with the setflernent determination after ex-
cavation. It is also convenient to pay attention to setttements

ahead of the face as if their magnitude is less than 5,.., the longi-
tudinat trough is perpendicuiar to the transverse trough. During
excavation, this resulls in the building undergoing strains in the
direction of advance.

4.4, HORIZONTAL DISPLACEMENTS LINKED TO
SETTLEMENTS

Setttements are accompanied by horizontal displacements that
also damage the existing bulldings (Fig. 13.).

£y of trough Fetf trotsgh witth, B
whers verteal and hark ..

zontal dispacements are S )
Zor of fangie strain
appracratcly el
e H T d ot S BN
et —
= H Tl e
el Vig i ' zora oF carpresslia stran
T | AN S
& 301 ] e 3l . P
5 . ] / e -
& 7o A maxmnsiesrainal iy point et L
5 § maxiram thoggng” cumrahrs of , i
o jememens h £ typieat pormal distinson form of
" L rontal gyain profT £ ppial st snn furm
po o sl bodontal sxan pictia \ . (araverss suacs settemant prodia
Iited tertmid sk e B y Bzt 2w Bt St
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Fig. 13. Vertical and horizontal deformations and displacemenls

Still speaking from the hypothesis of a normatl distribution of
ground settlements, the main following values will be retained:

- horizontal displacement at the distance v : &, = k ¥,
Haz)
- horizontale deformation at the distance v . g, = L(H( 3)[2 15,
-7} 1

5. INCIDENCES OF SOIL MASS
DISPLACEMENTS ON EXISTING STRUCTURES

Whatever the method of excavation used, displacements around
the excavation develop in the soil mass and may spread to the
surface, These displacements, according to their magnitude, ex-
pansion, direction and spreading speed may cause disorders in
the buildding located in the vicinity of the urmel (buildings, en-
gineering structures, carriageways, underground networks, sub-
ways, etc.).

1t should be remembered that there is an interaction betwaen
the building and grouvnd movements and that the construciion
stiffness tends to recduce the structure displacements compared
with the ground displacements alone.

5.1. MOVEMENTS AFFECTING THE
CONSTRUCTIONS

Experience shows that old masonry structres defori such as
the foundation ground. So is the case for most of the construc-
fions foundead on footings or isclated shafts.

On the contrary, the more recent structures, in reinforced
concrete for instance, that are laterally supported by peripheral
tie beams deform laterally less than the foundation stratum. The
stiffness to bending of these beams induces a distortion of these
structires more reduced than that of the soil, all the more as the
foundation supports are continuous (long sirip footings, invert).

Stiff constructions show good shear strength and tend to be sub-
ject to inclination rather than distortion. This capability depends
on their height (number of floors), the number of openings and
the structure type (concrete shells, beams and poles, etc.).

Tunnels et ouvrages souterrains - Octobre 1999

Recommandations de I'AFTES » 137




The position of the consiruction on the settlement trough stron-

gly mfluences the movements to which it is subject (extension GROUND MOVEWENTS
and hogging on the convex surface of the trough; compression .
and sagging on the concave surface), As an example, Fig. 14 ga- stort Buding
thers some idealized diagrams on the behaviour of buildings, ei- DM_D
ther narrow or long, according to their configuration in relation to 7 ] RN /.-/
the sefitement trough. / shat budding . yd
Thus, it is likely that a structure nearby the tunnel under El/ \'\O/
construction will undergo the various following movements: :
. Narcow bullding rides the forwaord Nurrow buliding experience Lt as o rigid :
- tniform setlement {or heave); ketllament wove with litlle significant body, bub [ltle sigmificent sogaing or i
- differential settlements {or heaves) between supports; oogha of hogaing deformation BBy omatien cxoss o lransverse
tong butding fong budding

- overall or differential rotation;
- overall horizontal displacement;

riglnal surloce

_______j_ I hogging

- differential horizontal displacemeni in compression or exten- AR hoggng / ®
sion. . i /

. . . . s
The main parameters of the vertical movement in & construction Toonel 1/ Tunnel [/

are defined in Fig. 15. tong bulding

with:
(o}, {b).{c)—progressiva
X R . i ;:{oﬂm(l: ofgiong bullding 309¢ing hogging
-L s construction (or element) lengih in the divection of the n forward settlement trough

s
frough /l
" Pua :absolute setlement at point A Sunad ]
- Pumsx - Maxumum absolute setlement
-0pun :differential setflement between A and B _long buldng
- OPymae  + Maximum differential settlerent _
-@ : construction #lt
- O : BC segment rotation
-Bec s relative rotation (or angular distorsion) of the BC seg- \', Tunnel
ment (B = ¢y @) ; {sagging of tong bullding sagging ond hogging of long
- Ug :déformation angulajre en( tronsversa saktlement irough bugding in maog?a lrqugh
- Ay, :relative deflection = maximum displacement relative

to the line joining points Aand D : S =
A 1 o Deflaction ratio Fig. 14, Several idealized behaviours of buildings from [2]

Note: the relative rotation is a measurernent of the shear distor-

tion of the structure; the relative deflection and bending distor-
tions are ofien correlated. | Lo g
The main parameters of the horizontal movernent of a construc- 4 A B C D
tion are defined in Fig. 16 ?i -
Py : horizontal displacement in A S \
Py - horizontal displacement in B l
- B
g ' horizontal deformation between AB ; (g, — P~ Pea) 8 ARy R b (
AR
B
6.2. QUALIFICATION OF ¢

DAMAGES STRUCTURES

Fig. 18 Verlical movements undergone by the construction

Usually, damage to consfructions is classified into three catego-

ries: Los
- architectural damage that damages the visual appearance; I i

- functional damage that disrupts utilization; :
- structural damage that damages stability. }
Darnage to constructions is caused by cracking of materials with :
|
|
[
1

poor tensile strength such as concrete, mortar and, a fortiori,
plaster and different coats (materials making underground ducts
are analysed inl & case dealt with separately). The failure of sup-
porting structures may occur divectly as a result of excessive
cracking or excessive load fransfer onto the reinforcements, To a

lesser degree, cracking is harmiful to the structure durability by A B
favouring, for exarnple, steel corrosion. = R
The crack width is then the important parameter to assess the Ph, Phg

& . To do so, we will refer, in the absence of a French sour-
amage To e Fig. 16. Horizontal movements suffered by a conslruction
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ce 1o date, the classification shown in Table 1 which is the trans-
cription of the rules adopted by the British [54].

Dama Da Crock widh -
Wpege m desm"?;gn in men {1}
0 Negligible domage Microcracks <0.]
1 Very slight domages Esthoetical <]
2 Stight domoge Esthastical, to be freoted <5
3 Moderste domege Functional 510 15, or several
cracks > 3 mm
4 Sereous damage Struchural 151251
5 Very serious domage Structurok >25)
Nota (1) the crack widlh is only one aspect of the damage and cannot

be used as a direct measurement;
(2} the nurnber of cracks is also to he considered.

Table 1. Classification of visible damage that may affect
a common construclion

This classification is first designed for practical use and in this
purpose, it is pariially based on the repair easiness:

Type 1. nternal cracks can be easily ireated during a normal
refreshing of the decoration; the rare external cracks only are vi-
sible by conducting an indepth inspection;

Type d: Internal cracks can be easily filled up but they require
internal roughcasting ; cracks may be visible cutside and requi-
re repoiniing of the mascnry to enswre tighiness;

Doors and windows can slightly ruks;

Type 3: Internal cracks must be open before filling them up,
external cracks may be harmiul to the tightness lifespan and
quality as well as thermal isolation;

Cracks may cause irnportant inconvenience to residents
{Serviceable Limit Condition) reflected as deformations of door
frames, possible pipe break, eic.

Type 4: Cracking may threaten the residents’ safety (Ultimate
Limit Condition) and the structure stability;

Imporiant repairs are necessary and they may even involve the
replacement of wall seclions, especially above the openings |
doors and windows are twisted, the floors are no longer horizon-
tal, supporting beams may be damaged, utilities are broken;

Type 5: The construction may become unstable ; it should be
partially or totally rebuilt.

T}n’s empirical classification may be deemed too simplifying
since:

- it undoubtedly refers to classical brick and rubblework buil-
dings, with or without supporting framework, rather than recent,
very rigid reinforced concrete buildings;

- works with very harmful cracking shall be considered separa-
tely Le. reservoirs or works in waterbearing grounds, etc. ;

- evolution of damage in types 4 and 8 widely depends on the
structure design {Jatticed steel structures are particularly resis-
fant};

- it does not take into account damage not induced by cracking
such as the consequences of deformed or fractured service
mains running through the structure.

On the confrary, i provides a good assessment for old city buil-
dings which prove the most sensitive and gecgraphically the
most likely concerned by an undergound metro or road route.

8.3. RELATIONSHIPS BETWEEN THE CONSTRUC-
TION MOVEMENTS AND CRACKING

The above classification is based on a posteriori observations
and is not linked to the causes of the disorders. A link has been
created by introducing the maximum internal extension or criti-
cal extension, &= {55} undergone by the construction (or one of
its cornponents) prior to the outbreak of visible cracks. This in-
ternal extension may either be due 1o bending (lateral exten-

sion, &) or shear (diagonal extension, ). Fig. 17. illustrates it by
assimilating construction to a thick beam.

i L g
T T 1
R
L‘ﬂ_iEIIA

a: Simply supporied beam

b:Deflected shape

Bending—related
Tenslon
Cracking

¢iBending mode

Diagonat
r——Tenslen
Cracking

d:Shearing mode

Fig. 17. Thick beam analogy

Work [63] based on the same modelling allowed to describe a
relationship between, first, the critical extension (g«) and, se-
condiy; distortion () and the horizontal extension ( &) imposed
by the ground movements. For cormmon constructions, the va-
lues of Table 2 represent this relationship.

Domage
type 0 1 2 3 4el5
) <030 J050< 075075« <150[150< <300 300«

Table 2. Relationship belween crilical exlension and cracking

This critical extension cammot be directly measwed. It thus would
have been interesting to give the corresponding ranges of the
other two parameters in the relationship. Considering the num-
ber of parameters influencing on the behaviowr of a construction
near of underground works, it was decided not to give such cor-
respondaing ranges, which would have generalised particular
values.. To get further information, it is recommended to read ca-
refilly reference [53].

5.4. RELATIONSHIP BETWEEN THE STRUCTURE
DEFORMATIONS AND THE GROUND MOVE-
MENTS

A construction undergoing the influence of a neighbowring ex-
cavation, either underground or open cast, show more sensitivity
o the oufbreak of differential setflements than if subject only to
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its own weight. This is due to additional deformations imposed
by movemenis in its foundation straturn. It is noticeable that deep
foundations too close to the tunnel alignment may make the risk
of structure deformation bigger.

Therefore, the behaviour of a consiruction strongly depends on
its position on the transverse seitlement trough (Fig. 14.) that
conditions the extension to which it is submitted, in particular:

- in the case of a building located above the tunnel alignment,
the diagonal extension, £a blank prevails on the longitudinal ex-
tension, & which generally Is a compression. In the particular
case of a low, stiff building on a nasrow frough , & blank may be
important at the base;

- in the case of & building located away from the unnel, & pre-
vails;

- if the building is in the vicinity of the peint of inflection of the
setllerment rough, the deformations are ofien complex and seve-
re (hogging).

In view of the difficulty to determine accurately in practice the
distribution of ground movements to the surface and to make a
medelling of the real mechanical characteristics of the structures
(see § 5.7.4.), we propose in ammexe 1, 50 as to link tunrelling ef-
fects to their consequences, a relationship between the damage
criterion to constructions { e«) and the average slope of the seti-
lement trough (B« under the foundation stratum of the
construction.

This approach is also based on the thick beam analogy: It leads
o retain, as a first approximation, the correspondences shown in
annexe, without bias on the deformation behaviowr or the real
cracking pattern.

5.8. LIMITS OF THE CONSTRUCTION MOVE-
MENTS VALID AS A FIRST ANALYSIS

Ii clearly appears that an absolute setflement criterion is insuffi-
cient to describe alone the sensitivity of the overlying building to
the displacements transmitted through the subsoil, unless we
want to impose a very low limit,

As g first analysis, refer 1o article 2.4.6. - par. 7 of EUROCODE 7 -
Part 1 (ENV. 1997-1:1984) [56], quoted hereafter in extenso, as
regard its novelty at time of writing this recommendation :

- it is unlikely thaf the maximum admissible relative rolations
for open frames, emply frames and bearing walls or continuous
masonry walls be the same buf they probably range from 0.5
%o to 3.33 %o to avoid a Himit condition of the structure. A 2 %o
maximum relaltive rofation Is acceplable for many structures.
The relative rotation for which an ultimate limit condition is Ii-
kely is about 6.67 %o0;

- for common constructions on isolated foundations, total seft-
lements of 50mm and differential settlements of 20mm bef-
ween adfacent columns are offen acceptable. Wider fotal and
differential settlements may be admilted if relative rolations re-
main within acceptable limits and if total settlernents do not
cause problems to utilities, or hogging, efc.;

- the above indications on Hmit seftlements apply to common
rouiine conslructions. It is convenient not to apply them {o unu-
sual structures or buildings or those for which the load infensi-
{y is extensively not uniform.

Many indications about less common constructions or structures
shall be found in the bibliography. | addition, tili (@} of a tall buil-
ding is visible from the 4 %o value. )

Caution : tilf effects of the building on the functionality shall be

inspected as well as even without cracking, a serviceable hmit
condifion may be exceeded (1iff, etc.).

The damage types defined above shall be related to the EURO-
CODE indications and the British practices [59} as shown in
Tabte 3.

Average slope Maoximum setilement
Damage of the setifement frough of the building
types under the building
{%q) {mm}
1 £2 =10
2 2< <4 10< <50

Table 3 - Range of serviceable limif condifion for common constructions

5.6. TENSILE DEFORMATIONS ADMISSIBLE BY
UNDERGROUND UTILITIES

The concept of underground utilities involves service mains
such as potable water, sewerage, energy (gas, power, oil, efc.)
and public or private underground transport infrastruchures. The
structures involved are very different as for their size, desigrn and
depth. However, their long length is the general geometric featu-
te in relation to their transverse cross section which is roughly
ring-shaped.

The behavicur of utilities undergoing movements of the soil
mass through which they run is a tough problem of soll/structure
interaction.

There are not many large diameter utiliies (> Zrn). They justily
case by case studies by means of sophisticated modelling fo as-
sess the impact of a nearby underground excavation. The value
of admissible movements shall then be determined.

This is different for a great munber of highly sensitive service
mains. Their sensitivity degree to ground movements (horizontal
and vertical) widely depends on the nature of their lining
{concrete, cast iron, steel, ductile cast ron, PVC, PE, ete) and
their gaskets. As a comparison with the values given in Table 2,
the expansion limits corresponding respectively o the
'Serviceable Limit Condition' and the Ultimate Limit Condition'
of the service mains equal 0.3 %o and | %o for cast iron ard lining
concrete, 0.5 %o and 1 %o for steel, 1 %0 and 2 %. for ductile cast
iron and 8.7 %e and 20 %o for plastic materials.

In fact, the relative long length of ducis, both associated with
their cross section and the settlement trough size, makes the
inner expansion induced by differential setllements refatively -
mited, about 1/10th the duct average slope. In addition, the
strong longitudinal stiffness of linings, generally precast rings
installed with or without flexible gaskets, causes horizontat
ground displacements 1o generate only slight additional defor-
mations. We can infer that, in most of the cases, ducts in 'fragile’
materials only {cast iron or concrete) shall be considered to de-
termine the admissible settlements.

In addition to the study of the cormnon part of a service main,
the consequences of the differential displacements of the duct
and structures to which it is cormected in the influsnce zone of
ihe planned underground wunnel shall be carefully examined.

Moreover, the study shall take into account that the cost to main-
tain or partially replace ducts may be relatively low especially i
it i3 scheduled according to turnelling.

Annexe ! - Coarse relationship befween the consfruction deformations
and the ground movements

Censtruction low high
felght < lenigth heigh > length
in the vicinity of the funnel alignment . - _
{compression zone) €= 113 Prer €™ 12 Poe
away from the funnel alignment _ - N
(extension zone) &= Pom €ar ™= 213 P

The results of this simplified approach may appear hardly realistic in view of
observations undertaken in similar cases. In all cases, anyone shall be critical at
the results obtained.
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8.1, STUDY STEPS

The proposed procedwe to study the incidence of an under-
ground structure project on existing constructions can be bro-
ken up into six phases. Cectechnical investigation shall be dealt
with separately.

5.7 1. Phase !, Investigation of the existing building

It is a data survey and collection phase on the nature, configura-
tion and condition of the building and utilities together with a to-
pographic measurernent and technical expertise campaign.

It is convenient to properly define the actual condition (zero
condition} of each consiruction pricr to work debut and, if pos-
sible, to review the previous history of the building and in parti-
cular, the movements already suffered. Although essential, it is
not the easiest task. Endorsement by everyone of this identical
classification based on cracking should allow to make many in-
ventories of fixtures less subjective.

It is recommended that this phase include a preventive emer-
gency proceeding to give records a shong judicial base.

5.7.4 Phase 2 : Information synthesis

This phase consists in adopting a typolegic classification of the
building and utilities dccording to the nature, purpose, value,
size, design, age and current condition of the elements making
up the whole thing. If possible, a division into homogeneous
zenes alse integrating the geotechnical data coliected during
the survey shall also be associated.

5.7.8. Phase 3: Damage criteria choice

The purpose is to clarify the objectives to be reached in terns of
damage limitation and to convert these objectives into accurate
criteria, usefitl to the designer.

If the previous inspection campaign provided data on the condi-
ticn of the building prior to work and led to cracking reports, itis
convenient to deem one of the proposed g-: limit values as the
inifial reference condition. In this case, the adnissible expansion
value throughout unneliing shall be reduced by the initial value,

When the criterion is chosen, the physical possibility to make
measurements at the worksite so as to check this criterion shall
be taken into account. Except for particular cases, it is often ea-
sier to take as a base an average slope for a similar trough, the
geometry of which will be determined on-site from the topogra-
phic readings on carriageways and buildings.

5.7.4. Phase 4: Modelling

Modelling must link the ground movements undergone by the
building to the related deformations.

The deformations of the building are assessed, most of the time,
by subjecting it, through the foundafions, o the ground move-
menis resuliing from excavation without taking into account the
reciprocal influence of the structure stiffness. This simplifying
and conservative approach reflects fairty well how quick setfle-
menits develop in the short term without structhure adaptation.

Satflement studies conducted during the design phase shall en-
able the engineer and the client {o assess nmnelling risks asso-
ciated with their project. They then shall widely resort to para-
metric studies, whether it be for geotechnical variables, building
variables or the incidence of modified boring methods.

So as to limit the number of detailied examinations, graduation
criteria shall be defined in modelling. As an example, one can
proceed as follows:

- in the first stage, the setilement values catculated in virgin
grounds will be applied to the building. All buildings situated in
the zone where the average trough slope is less than 2 %o and

setilements less than 10 mm will not be studied further except
those with an obviously critical zero condition;

- in the second stage, the shortlist of buildings will be classified
according to their predictable cracking condition under the ac-
tion of excavation; the buildings entering categories 1 and 2 will
not be studied further;

- in the third stage, the remaining buildings, classified into cate-
gory 3 and beyond, will be examined one by one according to
their condition and position in relation o the project; according
to the assessment made by the designer, a soll-struchure interac-
tive modelling shall be made.,

5.7.5. Phase 5: Determination of the allowable displacement limits

In this stage, the objective is to determine the conractual values
that will have to be respected during works.

The constraints not related to the project (human, cultural and
legal envircnment} and the eccnomic criteria both determine
the nature of the admissible damage and the further possible
work (prevention and remedies). The value of the proposed li-
mits shalt take it into account,

Itis not always possible to limit the prescriptions to the respect of
a single criterion of admissible movement, intess by proving too
restricting when fixing this criterion. The summary icluded in
phase 2 is particularly important to get contractual criteria well
adapted to the reality of the constructions needing protection.

Limit values must never be considered as invariants;
they are first of all monitoring indicators that need to he
continuously reconsidered according to the actual beha-
viour of the above building during tunnelling work (a to-
lerance range should be detexmined as it is not required
to validate solutions with a 0.1 %o accuracy !).

In this connection, a warning limit and a woxl halt limit shall
be defined for each project.

5.7.6. Phase 6: Feedback analysis and determination of modals ac-
cording to observations

It is clear that these setllemnent analyses are not a matter of exact
sciences, It is thus necessary to schedule follow-up measure-
ments of the work and related incidence (see § 7).

It is absclutely essential, in the smdy proceass, to check the a-
pricri forecasts by analysing the results of the on-site observa-
tions.

6. SETTLEMENT CONTROL

OChviously, it would be more satisfying to predict, prior to the
work start, all the precautiens to reduce tunnelling effects to a
mminimum. However, this optimal sifuation is not easy, whether it
be technically or economically, due to uncertainties, in the stady
phase, related both to the ground behaviour during excavation
and the above building condition.

The current experience feedback recommends to schedule,
throughout studies, the reasonable prevention measuremenis to
implement pricr or after work as well as the range of pessible
solutions to apply in case of difficulties throughout excavation.

Several methods to limit setflerments, or their cause, are descri-
Ped hereafter. The solution principles and their limitations are
reminded only. Refer to the specialized literahare for further in-
formation.

It is difficult to clearly classify the methods between prevention
and soluiion since the distinction is mest of the time subjective
and depends above all on the moment when the decision is
made.
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6.1. IMPROVEMENT OF THE GENERAL CONDI-
TIONS OF THE PROJECT

Buring the preliminary design of the project, one shall invesiiga-
te at the very best the geometrical setlement cenditions by loo-
king for:

- the thickest gverburden provided deep tunnelling does not
lead 1o cross worse geological horizons;

- tunnelling in good mechanical quality layers provided their
thickness is sufficient {one tunnel diameter at least above the
crowmn}; should this not be the case, itis better to excavate under
the stiff layer and benefit from a slab effect rather than disturbing
it by holing through it;

- the smallest transverse cross section. This recommendation
often leads, for a tummel, to choose between a single-tube or
twin-tube solution; the response varies according to the crossed
grounds, evolution of the face sealing technology and budget
changes (for instance, a secondhand shield becomes available).
If the twin-fube solution is often recommended, the distance bet-
ween both tubes must be sufficient to avoid cumulative gettle-
ments ;

- the least winding route for shield-driven tunnel.

When the method of excavation is chosen, we shall also keep in
ming that setlement magnitudes are often bound io the phases
of work o be halted or slowed down.

6.2. IMPROVEMENT OF GROUND BEHAVIOUR

Ground behaviowr improvement may be obtained by modifying
the soit mechanical and/or hydraulic characteristics. We shall
only remind hereafter the general data on fechniques supposed
well-known by engineers.

6.2.1. Grouling

Massive grouting of the ground may increase cohesion {conseoli-
dation grouting) and reduce permeability (watertighiness grou-
ting). Effectiveness depends on the grouting capability of the

ground and grouting conditions (see AFTES recommendation

[B1D.

It may be carried out from the surface, should the site allow it, or
from within the tunnel which reduces the number of cycles. In
the parficular case of a shield drive, necessary arrangemenis
must be scheduled when the machine is assembled.

This technicue may induce ground heave risks in case of uncon-
trolled failure, especially for shallow, inner-city routes where the
geosiatic stress does not allow high grouting pressures. Oddly
enough, actors are much less sensitive to heaves than setile-
ments whilst the damage caused are of the same nature as
heaves come In addition to sefflements.

It shall be convenient to watch for the mid-term behaviour of
grouting. Actually, in the case of gel grouting undertaken several
months before work start, the product degradation {synaeresis)
may make the mechanical treatrnent less efficient.

We shall remind that pollution risks of the water {able must be
examined according to the type of product used.

6.2.2. Compaction grouing

In the case of open grounds, such as fills, for which classical
grouting would lead to use big quantiies of grouting preducts
without ensuring effectiveness or, in some cases of litle compact
grounds, a neticeable improvernent of the overall siiiffness may
be obtained by grouting a dry mertar ffom boreholes.

This technicue improves as a whale the mechanical characteris-
tics of the grounds. It may be used from the surface and possibly
as a building underpinning process. Effectiveness shall be
contolled by a stringent, topographic follow-up that may be ad-
justable according to the outhreak of surface heaves.

When grouting is made during tunnelling simultaneously with
the drive, it will be termned compensation grouting [62, 67].

6.2.3. Jet grouting

The method principle consists of the very high-speed spraying
of a grout iet from a set of drill pipes previously drilled in the
ground. The ¢rowt jet, more or less thin and rapid depending on
the techniques (simple, double or triple jet with or without pre-
wash), destructures the ground in-place at a variable distance
acoording to the compaciness of the latter. The grout mixes with
the desiructured ground to create a stabilised soil column in
place. The column diameter varies from 0.30m to 1.20m accor-
ding to the technigue used as wall as the ground nature and
contents,

The treatment may be carried out from verfical, inclined or sub-
horizontal rial borings. In the latter case (simple jet), the reat-
ment may be applied from the tunnel face but it is converient, in
fine grounds, to pay attention to the adverse effects of unwanted
pressurization of the cavity being cut {viclent failure and impor-
tant heave).

When ground improvement is desired, this technique may repla-
ce growing when the ground is too fine. The technicue proved
effective and accerding to the used lattice, it may lead to a total
substitution of the grounds in place. However, the constraints to
use it (energy consumption, processing of excavaied material
and muck removal, momentanecus bearing capacity loss before
grout setting) make necessary to thoroughly think abowt it befo-
e using it

6.2.4. Ground freezing

The principle is to build a shell or a frozen ground vault around
the tunnel extrados. According fo the power capaciiy of the free-
zing systemn, the entire tunnel cross section may be fozen. The
technique may be used in almost any grounds featuring per-
meabilities ofless than 107 m/s.

Whether freezing is carried out from the surface or the working
face, the main difficulty lies both in the control of tmnelling de-
viations o install feezing tubes (featuring a range limited to 50
m) and in the control of important groundwater inflow:,

i ground has improved tremendously as far as stability to tunnel-
ling is concerned, vigilance is required because this technique
may cause, in view of the migration of pore water to the freezing
source, heaves during freezing as well as long term seiflements
once freezing is completed and alteration of the characteristics
of the infrozen grounds.

6.2.5. Drainage

Control of destabilising gradients towards the face may be obtai-
ned by undertaking a general groundwater lowering from the
surface or drainage operations from the face. Arrangements
made shall make control possible as far ahead of the face as
possible,

In the case in which the ground is likely 1o undergo consolidation
settlements or in which dewatering would be a factor for desta-
bilisation (karstic filling}, the resort {o drainage shall be prece-
ded by an assessment of the possible consequences, with or wi-
thout drainage.
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6.3. STIFFENING OF BUILDINGS

In order to reduce the overlying building sensitivity to move-
ments induced by excavation, it may be interesting to reinforce,
prior to wnnelling, the existing siructures. As an example, we
suggest:

- chainages at the foundations to reduce sensitivity to lateral ex-
pansions;

- front wall stiffeners, elevation belts and floor tie bars to reduce
overall distortions;

- frames above openings {deors and windows) o resist to local
distortions;

- gteel arches in main sewers and tunnels.

To reduce the setiement effect, foundation underpinning can
also be envisaged under some buildings, prior to funnelling, 1o
bring down loads under the excavation level of the future turnel.

6.4. TUNNELLING IMPROVEMENTS USING THE
SEQUENTIAL METHOD

Cenerally, a reduced number of work phases is likely to reduce
setttements. Actually, splitting the cross section reduces the ove-
rall advance speed, Increases the duration of the temporary
bearing phases, requires underpinning and causes delay in the
cross section closure. In ali, that may hamper tunnelfing work
instead of benefitting from the splitting of the working face. It is
thus convenient to reconsider fhe following old idea: cross sec-
tion horizontally split = reduced setlerment.

Modern excavation: and support installation means allow 1o re-
duce the number of phases and contribute to improving the ove-
rall speed and safety throughout the drive. This horizontal split-
{ing, however, remain useful in particular when manual means
are used (small cross section). Actually, it is thus convenient to
install a very light support and to secure it as fast as possible.

When instability is feared, the soil mass balance may be impro-
ved by acting on the cross section shape. If necessary, the face
may also be reinforced at the surface, in the vicinity and/or in the
soll mass. In case of excavation in waterbearing grounds, the ar-
rangements made shall be accompanied by the measures ne-
cessary lo the control of hydraulic gradients.

These measures shall be scheduled right from the design phase
or implemented during tunnelling if unexpected instability oe-
curs. It is clear that, in the second case, the worksite advance will
be slowed down thereby causing budget overruns. Managing an
emergency sphtting of the tunnel cross section will be more diffi-
cult and may lead to a cormplete upheaval of the project budget.

6.4.1. Face support

Usually, in case of instability appeared throughout works, the first
measure consists in leaving in the middle of the face an unexca-
vated stabilising counterfort called ceniral core. The face may
be inclined at the same time, however this is scarcely done be-
cause it induces important geomelrical constraints for installing
the support rings on the crown.

The additional spray of a shoterete layer which may be reinfor-
ced is however recommended because it allows to confine
minor instability likely to develop towards the face core.

In some cases moke critical, a face consolidation by means of in-
clusions shall give the wide strength required to ensure stability:
It is desirable that the system be designed to rely permanently
on a constant sealing off (combination of variable length inclu-
stons defined according to the excavation pitch) Fig. 18).
Inclusions will preferably be destroyable by the boring machine
(fiber glass bolis or subhorizontal jet grouting columns for
exampie).

6.4.2. Pre-support
When the project studies or the cbservations made during ex-

cavalion expect serious instability ie. involving widely the
grounds situated above the crown, stif measures shall be taken.

Fig. 18. Basic face supporf.

If ground improvement from the sinface is not a good solution
(techmically or economically), it is required fo install a pre-sup-
port on one part of the stretch that shall be installed from the face
10 be effective shead of it. Several methods are used for this pur-
pose according to ground quality, excavation geometry {cross
section height) and the means available on the worksite,

Torepoling

This technigue aims at limiting the decompressions at the crown
immediately ahead of the siretch being excavated. It consisis in
installing longitudinal bars or steel plates at the periphary of the
face, most of the time on the upper thivd or quarter part of the
circumference. These bais or plates, often associated with steal
arches, make up a short length hood that leans on the last arch
installed immediately against the face (Fig. 19).

stes] arch

Figy. 19. Basic forepeling

The effectiveness of the hood depends on its length and wide-
ning. The hood length is dependent on the penstration of inclu-
sions in the ground and, in general, the successive hood overlap
is about twice or three fimes the distance between the arches,
This distance conditions the installation angle of the elements as
a low angle (15°) shiall only be obtained if special arrangements
are made such as core steel arches or latiice girders,

Forepoling also called forepiling is convenient for coarse alluvial
deposits, ships or very fractured rocks. In some cases, the bars
are replaced by perforated tubes in which mortar is injecied
after installation to improve arching between the bars.

In the case of grounds for which it is not possible to rely on ar-
ching or lattice work, steel plates may be used. However, due to
poor inertia, their peneiration length hardly exceads one and a
half the distance between the arches.

In the case of a simple shicld, forepoling may be mproved by
installing high inertia, mobite subhorizontally-jacked rods. This
technique is hardly used nowadays. The cantilever hood that
often moves on the upper part of compressed air shields plays a
very similar role.

Umbrella vault

This system is an extension of the previous one. It is designed to
attain a penetration length ahead of the: face roughly similer to its
height, to limit decompressions and to protect personnel from
the potential fractures undergone by the entire excavated cross
section.
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The classical wmbrella vault, sometimes associated with a face
reinforcement, is made up of either bars (@ 32 or 40 mm) or
grouted tbes (@ 90 to 250 mm) or jet grouting colurmmns (@ 30
te 60 cm). In view of the deviations during pipe roofing, the vault
length will not exceed 12 to 15 m. In practice, these vaulis are
conical to be drilled on the face without overexcavation and they
overlap (Fig. 20). This overlap depends on the cross section
height and the ground natwe; it is recommended that it be not
less than 3 m,
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Fig. 20, Basic classical umbrelia vaull

Ground decompression during a stretch excavation is limited
owing to the creation of a longitudinal canopy between the face
and the last installed arch of the previcusly excavated stretch.
Obviousty, whilst the effectiveness of the device depends on its
lengitudinal stiffness, the installation quality of the longitudinal
elements is absolutely essential.

In the case of very shallow crossing under buildings, the solz-
tions shall be reinforced and cumningly adapted to the project
and worksite parameters, As an example, we can quote the follo-
wings technicues:

- parallet steel tubes with high inertia force (& 300 to 600 mim),
most of the time filled with concrete and sometimes joining or
even connected. These tubes are often horizontally pipejacked
along a length not exceeding 30 to 40 m, from a pipejacking
frame featuring a very stiff reaction to lirnit deviations, They are
sometimes mstalled using directional drilling which allows to
avert the reaction of the soil mass and to admét longer lengths;

- tangential or secant galleries driven using microtunnellers (@ <
1,20 m) or by traditional means and filled with concrete.

Forevault

The forevault method derives from the umbrella vault concept
[63, 69]. Prior to each earthwork cycle, a 15 to 30 cm thick shell
subparallet to the tunnel generators is cast from the face. The
support is then made up of successive 'forevaults', the overlap of
which depends on the ground conditions (Fig. 21). These pre-
vauits may be instalted in half upper cross section or full cross
section tunnelling.

working face

forevault
oot rockbolting

temporary invert

TS e
excavation
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Fig. 21. Basic forevaull
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The method consists in excavating a slit by means of a longitudi-
nal pre-cutiing saw mounted on an arched support structure that
moves along the extremities of the tunnel profile. As excavation

advances, the slit is filled with shotcrete, The maximum depth of
the slit depends on the stiffness of the device (for the time being,
it does not exceed 5 m), as well as on the ground quality that
conditions stabiiity prior to shotereting.

‘The pre-cuiting solution cannot be used at a moment's notice. It
must have been envisaged right frorn the project design phase.

6.4.3. Crown support

Whether the ground required improvernents or consolidation
prior to underground excavation or not, experience shows that,
when using secquential methoed, setflements may mostly come
from the poor conditions of installation of the support. Without in-
tending to be exhanstive nor reverting to alveady developed to-
pics {see § 3.1.), we shall insist hereafter on a few cases requi-
ring moritoring.

Support with steel arches

This support mode is stll very Feguent in French projects, un-
doubtedly as a continuation fo hakits adopted after World War 2
inherited from mining, Partially for the reasons developed above
and in view of evolutions under way {shoicrete, latiice girders
and rockbolts), this support type should loose its leadership in
the near future.

In the case of a steel arched support, the main settlement
sources are linked to wedging of arches on the face. Cbviously,
an arch installed on the face but improperly wedged
does not allow at all to seall off the ground. In thig case,
setilement control as well as personnel safety cannot be ensu-
red. Wedging must, moreover, be effective on the whole arch
profile as well as on its base.

The high density of wedges around the profile and their com-
pressibility make wood wedging of even better quality.
Improper wedging shall cause ground deformations since the
ground tends to fill the free space as well as unconirolled defor-
mations of arches featuring a very low bending strength if they
are not uniformly secured to the ground.

¥ the arch base is improperly wedged, either due to insufficient
bearing surface or wedge compressibility, the load transmitied
shall lead to punching of the foundation straturn. This results in an
ovarall seftlement which is tougher as profile wedging is ineffi-
cient and the magmitude of which is dependent on this load.

The performances of a steel arched support are atso linked to
the nature of filling between the arches. There is an important
distinction between simple sheeting, wooden or sheet metal,
and shotcrete shells.

Wooden board sheeting does not ensure specific sealing of the
excavation. In such a case, arching allows for the successive
arches to support the ground and sheeting is crly fhete to bear
the weight or thrust of the dead ground sitwated under the relie-
ving arch. The overall effectiveness is then directly linked to arch
wedging (see above) but local insealing prove very harmful to
control settlements.

Metal sheeting equally proves ineffective. To cast concrete bet-
ween the sheeting support and the ground is a practice that al-
lows to confine roughly the ground but experience proves its
lack of effectiveness to fill completely the void between the
sheets and the ground, especially in the roof as installation diffi-
culties occur, Therefore, there is no significant improvement as
compared with the previous case.

To solve these faulls, shelcrete is recommended as a shotcrete
shell improves steel arch wedging and provides specific sealing
due o its stiffness and contact conditions with the ground. To
take the best advantage from this effectiveness, it is recommen-
ded to install, immediately after excavation, a first shotcrete layer
on which the steel arches will be wedged.

Ancther trend tends to repldce steel arches and sheeting by latti-
ce girders associated with shotcrete.
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Rockbolting support

In the case of rockboliing support, the limitation of displace-
ments ayound the excavation profite, and therefore the limitation
of rock mass deformations, is narrowly linked both 1o the choice
of the bolt length (depending on the plastic radius) and to their
proper anchoring, thereby ensuring a proper sedling of the soil
mass.

For a better limitation of settlements, it is strongly recommended
{0 use rockbolting associated with the immediate instaitation of a
shotcrete shell.

Shotcrete

‘The current trend tends to resort more frequently to fibre reinfor-
ced shoterete. This is favourable o reduce sefilements as time is
saved to install a latticed, welded struciure.

“Active vault” (vault with major span width)

To reduce ground decompression, it may be interesting to install
the ultimafe vauit of the construction the nearest possible to the
face as:

- & longitudinal relieving arch may develop easily between the
face and the vaulf;

- in view of its stifness, the vault contributes to Hmit unsealing.

However, casting the vault the nearest possible io the face is
very difficult and the worksite constraints require a long distance
between the face and the nearest unmoulded resisting ring. A
solution may be the so-called ‘active vault method (also called
Jacobson method) featuring a vault with major span width made
up of a set of adjacent arches, each composed of precast reinfor-
ced concrete segments (Fig, 22.). These arches are assembled
at a distance from the face ranging from one to two times their
widih (2 x 0.8 to 1.2 ). Their nstallation is completed by pres-
tressing with flat jacks, most of the time situated at the crown.

:
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Fig. 22. Basic “active vault” (vault with major span width}

In view of the fact that the normal effort is recentered through
jacking, the ‘active arch’ featres a wider span, thus contributing
to & lower face, thicker overburden above the construction and
reduced earthworks. This technique has been used with suc-
cess in Paris (RERlines A and B, METEOR, RER line D, ECLE
{65

We shall keep in mind that installing the segment erector re-
Guires a classical assembly chamber, thus less performing in re-
lation to setllements.

6.4.4. Underpinning of the upper half cross section

In the case of soft ground excavation, in an horizontally divided
Cr0ss section, settlements induced by the lower mid cross seo-
tion excavaticn may be reduced by underpinning the loads in-
duced by supporting the upper parts of the excavation so as to
transfer them under the level of the future invert.

According to ground nature and the struchure to be underpin-
ned, underpinning may vse micropiles, jet grouting columns

Fig. 23. Basic underpinning of the upper half cross section

[70L, or shafis to alesser degree (Fig. 23.).

Whatever the chosen solution, it shall be convenient to take any
measures s0 that the implementation of preventive arrange-
ments does not itself generate setffernents; thus, in addition to
the necessary installation:

- micropiles shall sometimes be installed using jacking and their
elastic shortening under loads shall always be taken into ac-
count;

- jet grouting columns shall be grouted so that are not superim-
posed columns that still have not reached full maturity; on the
contrary, overall seftlemenis are to be feared under the load to
be underpinned.

6.4.8. Arch jnvert support

When grounds are of very poor quality in relation to siresses in-
duced by digging operations, it may prove very effective to
close the cross section after each major excavation cycle, This
may be obtained by a temporary arched inwvert that will be des-
troyed during the next excavation cycles, This invert ensures
three main functions:

- blockage of convergences at the footings;
- ground sealing at the invert;
-improvement of the bearing capacity at the focting base.

‘This inver! may be shotcreted with a latticed, welded structure,
Traffic of machines and trucks is then possible. When the vault
support comprises steel arches, steel section countervauits lin-
ked up to the arches may be installed, This solution often proves
less effective than shotcreting because the invert is then poorly
confined, or even not confined ai all, unless concrete is added
which fhus makes steel countervaults almost useless.

6.5. SHIELD IMPROVEMENT

The choice of a shield excavation mede depends on many tech-
nical and economical factors. We will here censider the cass in
which a closed-face shield with segment installation tnder the
tailskin is required in view of the Iow mechanical quality of the
grounds o be crossed. In this case, it shall be attempted to act
on the identified sefflement sources and therefore to fight against
the ground decompression:

- at the face and ahead of the face;
- above the shield;
- at the axit of the tail.

It is imnportant fo remind that the success will both come from the
technical choices and expetimented persomnel at the worksite
with all gkills invelved in the complex operation of a shield. Of
course, the cost is high but at time of selecting the company; it
shall be convenient not to forget ever that this is the price to pay
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to avoid budget overruns in case of serious incidents during tun-
relling.

8.5.1. Redluction of decompression ahead of the face

Beyond the type of sealing most adapted to such or such situa-
tion {(compressed air shield, slurry shield or EPB shield), which
is not the topic of this document, it is convenient to remind that
controlling the pressure in the culiing chamber is essential, This
objective is not easy to reach and requires, in particular, the fol-
lowing:

- haing aware of the best data on the ground ahead of the face (if
preliminary nvestigation did not provide complete knowledge
of the subsofl, in particular in the case of grounds with voids, the
shield will have to be equipped with an additional geophysical
investigation and trial boring system);

- ecuipping the machine with reliable gauges 1o measure all the
variations of the significant parametess in the cuiling chamber
and on the muck conveying systemn and slaving it to the indica-
tions given by these gauges.

6.5.2, Reduction of decornpression along the shield

This annular space may be reduced:

- by limiting the ovarcut at the very best or by adopting slaved
overcut tools {elliptical overcut);

- by reducing the total shield length or by nstalling one {or two)
articulation(s) which may create other quidance constraints ;

- by scheduling, during shield assembly, the possibility of back-
filling the void with bentonite through the tailskin (when necessa-
1y, bentenite will also altow to reduce friction).

However, there is not much room to manoceuvre since the machi-
ne design depends on the project constraints, on fechnology 1-
mits and must ensure compatibility between the different shietd
functions.

6.5.3. Decrease of immediate post shield loss

Avoiding this void is the key issue to control setflements {66] and
requires two measires:

- longgitudinal pressure grouting throught the ailskin while:
+ subjacting shield advance to the actual grouting undertaken,
» usirgy several simultanecus grouting lances on the profile ;

- reducing the tailskin and tail seal thickness as long as it is com-
patible with the other machine functions,

This systern offers the cbvicus and essential advantage (compa-
red with grouting through segments) to allow filting of the void
as it appears L., ag the shield advances. To get full effectiveness,
it is required that:

- the grouting parameters be perrnanently maintained at the de-
sired level, whatever the shield drive speed;

- the grouting product setiing risk in the tubes and seals be
centrolled; this may be obtained, for instance, by using grouting
products without cement but offering a cementation capability
{puzzolanic reaction for example).

7. INSPECTION

The detailled definition of the recuired inspection to follow sefi-
lemenis is not the topic of this document. Only the major prin-
ciples that must regulate the definition of such an instrumentation
are discussed hereafter.

7.1. INSPECTION PURPOSE

Inspection must allow to follow deformations and displacements
in the ground and in the neighbouring zones, including carria-
geways and slrips, before, during and after excavation works.

Prior to tunnelling work, it is essential to get a zero condition of
the zone neighbouring movements in the umnel to be dri-
ven. This condition supplements the preliminary studies on the
building and its earlier movemnents. This informafion is required
to confirm any measirements taken at the worksite. In addition,
in the case of a poor overlying bullding quality and/or foundation
strata of poor bearing capacity, instrumentation gives the client a
knowledge of the possible evolutions of the building dead load
without amy influence of the futwre work

Onee tunnelling is completed, the measurements taken allow to
check the likelihood of deferred movements or the return to the
previous situation.

During tunnelling work, instrumentaticn: allow to determine the
movements induced by umneiling in elation to the limits inclu-
ded inthe contract (§ 8.1).

7.2. INSTRUMENTATION CHOICE

The insirumentation device shall be designed in detail during
the study phase as it must meet accurate objectives resulting
from design studies and it must not prove impossible to imple-
ment [72].

The engineer shall not restrict its views to the most cost-saving
system in ferms of supply of materials but shall broaden its ana-
fysis to labour costs for tunnelting. Taking very frequently simple
measurements (topography for example) may add much more
to the cost of the project than the initial installation of an automa-
tic supply system.

The corresponding cuantity in tender dociunents must be ox-
plained so that bidding companies ¢an evaluate the risk.

In all cases, the engineer shall foresee a significant provision to
the investigation budget to deal with, when necessary, the speci-
fic monitoring not scheduled into the project that inevitably
oceur throughout innercity excavation works.

7.2.1. Monitoring of the existing structures

The measuring devices shall altow to determine at least three
types of movemenis in the neighbouring zones:

- absolute setflements;
- differential settlements;
- rotations.

Absolute surface setttements and on the overlying building are
measured using classical opography, with a required millimeter
accuracy The measurements are easy to make on points outsicde
buildings or facilities but prove much more difficult when the
measuring poinis are situated inside, espectally on cellar gable
walls or buried utility tunnels.

Differential setflements between two points are determined by
the difference between absolute measurements above the
cansidered peints, For the reasons above mentioned, determi-
ning differential setttements between the struciure supports
makes monitoring complex, difficult or even impossible abaove
all supports of each involved structure,

The effectiveness of the installed measuring system requires the
possibility to often repeat the measurements throughout the tric-
ky worksite phases. The representative measuring poinis requi-
re then careful selection. Should direct measurements on sup-
ports be impossible, it is at least required to design an adapted
device to monitor the settlement trough in the influence zene of
tunnelling work.
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Direct monitoring of tilt, or rotaiion, of some specific structures
or parts of structure {windows, lintels, etc.) shall be ensured by
installing on these structures  direct measuring devices such as
vertical mclinometers along the bearing elements or horizontal
bubble levelling instruments on the bearing elements. The use
of electronic clinometric gauges widely spreads in Great Britain
for taking local retation measurements,

7.8.2. Ground measurements

CGround deformations between excavation and the surface will
be moritored by means of multipoint borehole inclinometers
and exiensometers.

Correct interpretation of inclinometers requires a fixed referen-
ce point. The devices sifuated on either side of excavation wilt
be deeply anchored under the invert level (about one diameter)
whilst the devices situated upright of it shall reguire three-di-
mensional monitoring. Levelling measured at the readout heads
of deep exiensometers and setflement measuring devices shall
be monitored at least as often as the current lopographic points.

Such devices are expensive whether it be for supplying, instal-
Hing or monitoring and prove difficul: to adjust. Their location
shall then be carefully determined. But it is essential not to make
irrelevant savings on this instrumentation which remains cheap
as compared with the construction cost and even cheaper as
compared with cost i work is halted.

In addition to the specific measurament stretches related to exis-
ting sensttive siructures, knows: at the start of the project or ap-
peared during imnelling, it is absclutely necessary to equip cur-
rent stretches with such devices, especially in linear tumnels.

At least cne measurement stretch shall be equipped each fime a
significart ground configuration appears. These streiches shall
be placed, if possible, upstream of the route, beyond however
the running length of the work s0 as to collect as soon as pos-
sible data to process to improve methods on the remaining
route,

Each stretch shall include at least three pairs of devices (settle-
ment measuring davice + inclinometer), one in the alignment
and the other two on either side of the turmel. Experience shows
that this is the rainfrmum end that two lateral paivs of devices give
a more reliable inferpretation, especially to determine the posi-
tion of the inflection point of the setlement frough. A highly
equipped single streich is better than two partially equipped
anes.

7.2.3. Measurements in the construction

Only a part of volume losses around the mne! may be measu-
red, Apart from some specific cases, the volume loss ccowrring
ahead of the face only is accessible when it develops to the sur-
face.

These losses may be indirectly evaluated by means of conver-
gence measurernents at and rear of the face and borehole ex-
tensometer measwemnents Eom the gallery:

7.3. METHODS OF MEASUREMENT

The instrummentation plan shall specify the type, organization and
frequency of measurements as well as their purpose. These ar-
rangements shall be clearly detailled in the tender documents
and it is up to the company o adapt them to its own mefhods,
under the control of the engineer.

For each work phass, it shall be specified whether continuous
measurements are required. This aspect is very imporlant be-
cause it conditions the choice of the instrumentation system.

8. CONTRACTUAL ASPECTS

We saw above that tunmelling always induce ground movermnents
of variable magnitudes according to the cases. In inmer-city
arcas, the impact of these movements on existing constructions
shall be cne of the major worries of the several actors, from the
start of desigm studies to completion of tunnelling.

Beyond this precccupation, the client shall consider these phe-
nomena when draftiing the contractual rules and insert them into
a coherent strategy to avold, throughout tannelling works, tricky
and costly situations for all actors which might lead to matters of
dispute always delicate to sori out.

Now and according to dlienis, there are several approaches fo-
cused on the two following points:

- either the company is liable to any damage occurring throu-
ghont tunnelling; this approach comprises unrealistic setflernent
criteria or 'alibi’ criteria ;

- or contractual rules for responsibility sharing are applied.

8.1. USUAL CONTRACTUAL CLAUSES

It is the custom in France to include in the contracts for inner-city
underground works clauses that specify the maximum ademis-
sible ground movements by the environment of the construction
10 be excavated. This aims at determining the responsibility of
the parties as regard the possible disorders that could be gene-
rated.

The result is that the client will pay for the repair costs following
possible damage caused by ground movements less than the
contractual values whilst the contractor will be charged with
those exceading these values.

The whole issue is then focused on the determination of this
value admitted in the confract. In some cases, it represents the
maximum movement value that the buildings can bear without
damage, a possible margin of safety being earmarked to this
value. In other cases, it only reflects the authority of the client and
may be completely unrealistic.

The usual Tules require severat of the following types of criteria,
with or without combination:

- absolute setttement and sometimes absolufe heave,
- differential setifermnent or relative rotation;

- general til;

- surface of the setilement trough.

These rules sometimes set the frequency of measurements or
put it back to the drafting of the company's Quality Assurance
Plan. .

Conversely, a warning limit - from which an analysis of the work
conditions shall be made o change, if necessary, the methods
used - is scarcely specified. Neither is a limit for work suspen-
sion.

Finally, we shall underline the complexity of the responsibility
problem when several companies follow one another at the
worksite, This is fhe case, for example, when preparatory work is
conducted in each gallery before the main worksite is open.

8.2. THE OPINION OF THE DIFFERENT ACTORS

During tunnelling, we can distinguish actors and onlookers. The
actors are direct participants to the construction phase whilst on-
lookers, although sometimes accidental actors, are local resi-
dents i.e. tenants, landlords or cperators of the existing buildings
and the facilities neighbouring the construction.
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We should undoubtedly mention underwriters who considera-
bly influence the outcome of the difficulties caused by damage
te the existing buildings. To date, as practices still are unclear in
this field, they will be discussed by AFTES in the second stage of
its workgroup or setilemenis,

There are three main actors: client, engineer and confacior.

8.2.1, The client

The ciient has to deal with the difficulty of conciliating two objec-
tives. It consists, firat, in minimising spending and secondiy social
disruption {o local residents. Inconvenience may ccowr as pre-
ventive measures prior to tunnelling work are taken and during
excavation as anneling is actually taking place as well as conso-
lidafion opetrations of the existing buildings,

When the project is being desigmed, it may be awkward for the
client to mention in a file the likelihicod of setllements of signifi-
cant magmitude in front of people not acquainted with the requi-
rements of the technique and very sensitive, in inmer-city envi-
ronment, to the reaction of local residents.

The client fulfills contractual obligations taken throughout admi-
nistrative proceedings prior to the state approval at a moment
when dubiousniess on the exact condition of the building still
prevails, In the absence of an access permit and worried by the
responsibility sharing principle, the client may be tempted to
delineate a-priori very stringent contractual limits.

This strategsy which consists in minfmising lmnit setilements may
reveal, in certain cases, adverse effects either because the impo-
sed values prove impossible to respect, which increases the risk
of Htigation, or because it appears that these values may only be
respected af the expense of excessive budget overruns, which
prove irrelevant as compared with the importance of the disor-
ders one tries to avoid.

8.2.2. The engineer

The engineer is in charge of assessing, among other things, the
movements induced by the excavation methods he selected as
well as the behaviour analysis of the building subject to these
moverments.

He is the oniy person o have the necessary time to undertake
these difficuit tasks. However, despite all the possible ap-
proaches, predicling ground settlements remains awkward and
uncertain. As is often the case in tunnelling, only a xough esti-
mate may be given.

There are two approaches infered by the philosophy of the
client. They consist:

- either in adepting a-priori criteria that satisfy the client and
ther: in adapting the tummelling methods to meet these criteria
while withstanding at the same time the pressure induced by the
budget of the project ;

- or in designing a realistic tunnelling method, infering the maove-
ments that will be generated and making sure that the existing
buildings wilt tolerate them or, should this not be the case, defi-
ning the preliminary work to preserve them.

In his sefffernent analysis, the engineer shall not overlook ele-
ments of very different crigins such as:

- the possible variations in the implementation of construction
methods;

- anticipating allernatives that the companies may submit;

- the deferred effects that may continue, or appesr, after work is
completed;

- the consequences of work organisation and especially the suc-
cessive intervantion phases involving sometimes different com-
panies and coniracts.

8.2.3. The contractor

The contractor's approach is founded on his experience of simi-
tar works and on the control of the means to involve.

When drafting his bid, he is not in a position to take into conside-
ration other precautions than those predicted by the engineer,
Actually, ke does not have the time to conduct all the required
studies before the deadline to submit his bid. In addition, the in-
roduction of additional precautions would lead to make the bid
less advantageous, which would let him few chances to be
shorllisted as successfil tenderer, at least as long as the best bid
concept is not clearly defined in the tendering procedure, or has
not become comimon practice.

Now, the confractor cammot ignore the setllernent issue and forget
that his expertise strongly influences the likelihood of disorders,
He shail not take the risk of underestimating the cost of the pre-
cautions 1o take by expecting these precautions to be reduced
throughout tunnelling, This is particularly true when he submits a
tunneliing alternative.

We rnust remind that in case of litigation, it is atways very difficult
o assess the exact liabibility of the participants and that one of
the actions of the litigants consists int deternining, according to
the interests they defend, if the observed setllements are normal
or caused by improper excavation. In the end, experience
shows that this unclear situation is not an advantage for the ac-
fors invoived.

9. ENVISAGEABLE IMPROVEMENTS

It is the interest of every actor involved in a shallow underground
project in the vicinity of existing buildings to use clear and easily
applicable riles which do not aim at reflecting accurately a reali-
ty difficult to understand but rather to clearly specify everybo-
dy's responsibilities.

The result of this paper is to make sorme proposals to tend to
greater clearness in the construction phase.

The client is the only person, together with the engineer and the
related engineering offices, with sufficient time and budget to
study and identify the impact that the construction may have on
environiment. He rust:

- conduct preliminary inspections and studies of the buildings
and constructions located in the influence zone of the future im-
nel to determine with accuracy their condition prior to works,
infer from it their capability to undergo movements thereby mi-
ting the future litigation;

- commission the most complete studies fo participants compe-
tent in geotechnicue and struchrres;

- sel setflernent limits in line with the situation analysis. The engi-
neer shall define, first, the criteria applicable to each main work
phase and, secondly, to the construction process;

- provide, during tendering, all data he is aware of, including the
resulis of his preliminary studies. This information could be ga-
thered in a Synthesis report on the project environment,
based on the geological, geotechnical and hydrogeological syn-
thesis report described in fascicule 69 of the state general tech-
nical specifications ;

- supply, when the studies show that the existing buildings can-
not but suffer darnage, any reguired inprovement prior to un-
nelling work,

The contractor must provide assistance throughout works,
Beyond the implementation of required means to bring his rmis-
sion to a successiul end, for studies as well as for works, he must
awake all personnel to place them in a position to immediately
estimate the incidence on setllements of any modification in the
works inifially defined so as to limit them at the very best.
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The contribution of insurance companies may be of three
types, the first two of which also apply to control offices ;

- greater technical clearness when defending their interests,
by reverting rore frequently to experts specialised in under-
ground works and in soil-structure interaction;

- technical analysis of the risks before clinching their binding
agreernerits;

- faster analysis of litigious situations since there is too often tco
much delay in undertaking the damage analysis, thereby ma-
king impossible to clarify the objective causes or responsibili-
fies nor to limit additionat works. These works frequently prove
exaggerated for the sake of safety.

It is noficeatle that the above proposals are in comnpliance with
the spirit of the recommendations referring to the contractual
risk sharing, designed by ITA, the International Turmelling As-
sociation.

Lastly, it is necessary that an overall assessment of mo-
vements and possible damage observed be carried out
at the end of each worksite in relation to the project
condifions and the methods used. This overall assessment
must be available to the tunnelling community to give everybo-
dy ketter knowledge of the problems, thereby contribuiing to a
hatter design of future projects. To do so, the publication at the
end of each worksite, for example in Tannels & Ouvrages
Souterraing, the bimonthly review of AFTES, of a summary or an
article jointly written at least by the engineer and the contractor,
may become an habit. This article may be writlen by trainee en-
gineers or students (in the framework of their Travaux de Fin
d'Erudes or DEA degree since it is compulsory to be graduate).

Feedback seems essential as there is a long time to go when en-
gineers will properly control all parameters in the calculation of a
settlement prediction. Moreover, beyond the purpose of this re-
commendation, it could be interesting for AFTES to think about
sefting up a national coordination to do the summaries ne-
cessary to the state-of-the-art evolution and make them
available to actoxs involved in undeground works. This
would contribute to avoiding caleulation and theory-based pre-
dictions thereby making possible o elaborate a French doctrine
that would be of timost interest.

The authors of this recommendation hope that its first revision
shall benefit from the proposed improvementis.
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