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Summary

The ability to predict with confidence tunnelling-induced displacements and the associated potential for damage to
structures is of increasing importance to the viability of urban tunnelling in soft ground. To assess the response of a structure to tunnelling the three-dimensional nature of both the structure and the construction process should be taken into
account in a soil-structure interaction analysis. The paper illustrates some of these issues, with reference to a recent study
of the effects of the construction of the new C Line of Roma Underground, currently at the design stage, on several monumental buildings in the historical centre of the city. The interaction of the running tunnels with the monumental structures
along the proposed route was evaluated with three-dimensional numerical analyses and the potential for damage was assessed.

Introduction
Transport tunnels are increasingly considered
to solve road traffic problems in urban areas where
the environmental impact has to be minimised and
the need for improved transportation continues to
increase, see e.g. the Jubilee Line Extension in London [JARDINE, 2001], the Metrosur in Madrid [MELIS
& RODRIGUEZ-ORTIZ, 2003], and the Noord-Suid Metro Lijn in Amsterdam [VAN DER STOEL et al., 2001].
The construction of new underground lines and
the extension of existing ones generally require bored tunnelling to be carried out in the urban environment, often in difficult ground, such as soft soils
and weak rocks, and below the water table, and almost always in close vicinity of existing buildings
and structures [MAIR & TAYLOR, 1997]. The ability to
predict with confidence tunnelling-induced displacements is crucial to the viability of urban tunnelling, as ground movements transmit to adjacent
structures as settlements, rotations and distortions
of their foundations, which can, in turn, induce damage affecting visual appearance and aesthetics,
serviceability or function, and, in the most severe cases, stability of the structures [BURLAND & WROTH,
1974; BURLAND et al., 1977; BOSCARDIN & CORDING,
1989].
The need to limit ground movements can place
significant restraints on the position in plan and level of the tunnels, resulting in more devious routing
or deepening of the works to reduce near surface effects; also the methods of construction are chosen to
contain ground losses and subsidence [BURLAND,
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2001]. This is particularly applicable to cases where
existing structures are of monumental and historical value, and the control of ground movements and
the protection of the built environment from potential damage become the principal design and construction requirements.
Even in cases where there are no pre-existing
structures, the prediction of tunnelling-induced displacements is a difficult problem. In fact, some
complex unloading process, which takes place at a
distant, deep-seated boundary, drives the ground
movements that one is trying to predict at the surface, or near the surface; the correct representation
of the constitutive behaviour of the soil and of the
three-dimensional nature of the physical process
are crucial to the successful analytical prediction of
ground movements. Because of these complications, the prediction of ground movements in
greenfield conditions is often based on the observations collected in similar cases, as discussed in the
following.
The presence of structures at the surface further
complicates the issue. In general structures modify
the displacement field induced by the excavation,
both because of their stiffness and because of the
loads they transmit to the ground, which change the
initial in-situ stress state and recent stress history.
Parametric studies of the interaction between tunnel
excavation, soil, and existing structures have been
carried out in plane strain numerical analyses, in a
plane transverse to the tunnel axis, in which the
structure has been represented as a beam with
equivalent bending and axial stiffness [POTTS & ADDENBROOKE, 1996; ADDENBROOKE & FRANZIUS, 2002;
GUIDI & VIGGIANI, 2003]. The results of these studies
permit to make more realistic assessments of the relative deflections and strains in a building compared
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to the predictions obtained in greenfield conditions, even if much has still to be done to include
three dimensional effects of the ground conditions,
the structures and the excavation process.

objective of the study was the assessment of the risk
of damage to the monuments in a limited number of
sections preliminarily identified as particularly vulnerable; these are highlighted in Figure 1.

The new C Line of Roma Underground

Ground movements: available experimental
evidence and empirical methods

In October 2002, the municipality of Roma approved the preliminary design of the third line of
Roma Underground [C Line], already included in
the list of priority projects of national interest in the
Legge Obiettivo 2001. In its central part, the route
crosses the historical centre of the city, see Figure 1,
with significant problems connected to the very
high risk of interferences with buried archaeological
remnants, to the geotechnical characteristics of the
soil, mainly medium grained and below the water
table, and to the necessity of minimising the effects
on the inestimable architectural and monumental
heritage existing at surface. In order to avoid intersections with the archaeological layer, which in
some areas can reach a thickness of more than 12 m,
the running tunnels have been placed almost everywhere at depths between 20 and 35 m below
ground level; moreover, to limit surface subsidence,
both the running tunnels and the station tunnels
will be excavated with a single closed shield TBM of
a diameter of about 10 m [CARRIERO et al., 2002].
Figure 2 shows the soil profile and groundwater
table conditions along the central part of the route.
The geological sequence comprises a base deposit
of stiff overconsolidated clay of Pliocene age (Monte
Vaticano unit, Apl) overlain by a layer of fluvio-palustrine gravel of Pleistocene age (SG) followed by either the deposits of the Paleotevere, consisting of
clayey silts and sandy silts (Ar, St), or sandy and silty
sinvolcanic soils (Valle Giulia unit, Tb), both of Pleistocene age; very occasionally (e.g. in the area of Colosseo) pyroclastic deposits are found (Tl and Ta).
The Pleistocene deposits present frequent and sometimes relatively deep incisions corresponding to
ancient ditches, which have been filled by alluvial
silty-clayey and sandy deposits (Alluvioni dei fossi
unit, LSO). A layer of made ground (R) of varying
thickness with frequent relicts of ancient structures
covers everywhere the natural soil profile. The tunnels are generally contained within the Pleistocene
deposits, running into the layer of made ground
only between Amba Aradam and S. Giovanni, as
they become progressively shallower to permit
exchange with the existing A Line at S. Giovanni
station.
Despite the measures adopted in design to minimise excavation-induced subsidence the Municipality of Roma, trough STA S.p.A, sponsored a research project on the topic of the interaction between
the line and the existing monuments. The general

Construction of bored tunnels in soft ground
inevitably results in movements of the ground surrounding the tunnel, which manifest at surface as a
settlement trough extending directly above the tunnel and ahead of the tunnel face. The displacement
field induced by tunnelling is inherently three-dimensional and time dependent, as it evolves as tunnel face advances and, depending on soil profile
and groundwater conditions, pore water pressures
change.
Consolidated experience and field data permit
to define relatively simple relationships for the empirical prediction of tunnelling-induced settlements
in the short term. For instance, it is widely recognised that, regardless of soil properties, diameter and
depth of the tunnel, construction technique, and
groundwater conditions the shape of the greenfield
surface settlement profile, w(x), in a section transverse to the tunnel axis at a sufficient distance from
the face, is very close to an inverted gaussian distribution [PECK, 1969; FANG et al., 1994], see Figure 3.
The gaussian distribution is completely defined by
two parameters, namely the maximum settlement,
wmax, and the distance of the point of inflection from
the tunnel axis, ix, which can be estimated from data
gathered for similar ground conditions and excavation techniques.
Parameter ix depends mainly on soil conditions
and tunnel cover to tunnel diameter ratio. O’REILLY
& NEW [1982] proposed that, for relatively deep
tunnels (z 0 /D>1), the width of the settlement
trough is independent of tunnel diameter, ix=K z0,
where K is a constant depending solely on soil nature. Field data collected all over the world in the
last thirty years indicate that K varies between 0.2
and 0.4 in sands, between 0.4 and 0.6 in stiff clayey
soils and between 0.6 and 0.75 in soft clays [FANG et
al., 1994].
The maximum settlement, wmax, depends primarily on the mechanical properties of the soil and
the technique adopted to construct the tunnel, both
concurring to determine the so-called ground volume loss, VL, i.e. the volume of soil excavated in
excess of the nominal volume of the tunnel, often
expressed as a percentage of the nominal volume of
the tunnel. For shield tunnelling, ground volume
losses are associated to:
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Fig. 1 – Plan of the central part of the route of the C Line (adapted from STA).
Fig. 1 – Planimetria della parte centrale del tracciato della Linea C (adattato dalla STA).

Fig. 2 – Soil profile along the line (adapted from STA).
Fig. 2 – Profilo geologico lungo il tracciato (adattato dalla STA).

–

–
–

deformation towards the face resulting from
stress relief (although this is generally much
smaller than for open shield or NATM tunnelling);
passage of the shield (presence of bead, steering
and tendency of the shield to plough or yaw);
tail void closure due to the existence of a physical gap between shield and lining (this can be
minimised by timely injection of tail void gap or,
for expanded linings, timely expansion of permanent lining against the soil);
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deflection of the lining as ground loading develops (generally small, as urban tunnels are relatively shallow);
– deformation due to consolidation in fine grained soils and/or to pore water pressure redistribution if partial drainage occurs (imperfect sealed lining).
In coarse-grained soils the volume of the surface
settlement trough is generally smaller than the
ground volume loss, due to elastic rebound of deep
layers and dilation on shearing of the soil directly
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above the tunnel [HANSMIRE & CORDING, 1985]. For
fine grained soils in undrained conditions, the volume of the surface settlement trough, VS, is equal to
the volume loss and, therefore, the maximum settlement can be directly related to its expected value,
wmax=VL/(√(2π) ix). Long-term settlements in finegrained soils are seldom measured and available
data are somewhat contradictory. Values of wmax and
ix (or VS and K) in the long term are quite scattered,
with a ratio between long- and short-term maximum settlement ranging between 1.0 and 2.0, and
a slight tendency of K to increase [MAIR, 2003]. In
general, a relatively high initial pore water pressure
regime enhances long-term displacements. In fact,
the dissipation of excess pore water pressures caused during tunnel construction is often superimposed to consolidation associated to local drainage
into the tunnel, due to imperfect sealing of the lining.
The shape of the observed longitudinal settlement profile, w(y) is close to a cumulated normal distribution, with iy ≅ix, see Figure 3b, although the
settlement directly above the tunnel face is generally less than 50% of the maximum settlement:
between 10 and 30% for closed shield tunnelling in
coarse-grained soils and between 40 and 50% for
open shield or NATM tunnelling in stiff clays
[CAMPA & CAPATA, 1993; NYREN et al., 2001].
Well documented field observations of horizontal ground movements and, more generally, ground
movements at depth are not very common, and
their empirical prediction is less reliable as it is based on somewhat arbitrary assumptions. Generally,
the subsurface settlement profiles orthogonal to the
tunnel axis are still taken to be gaussian. Field and
laboratory data [MAIR et al. 1993; DYER et al., 1996;
MOH et al., 1996] indicate that the relative width of
the settlement profile, K (= ix/(z0−z)), increases with
depth, while, at least for fine-grained soils in undrained conditions, the volume of the subsurface
settlement profiles is constant with depth.
Horizontal displacements orthogonal to the
tunnel axis, u(x), are usually predicted assuming
that the displacement vectors at any depth point
towards the tunnel axis [O’REILLY & NEW, 1982] see
Figure 3. The results of centrifuge tests [GRANT,
1998] and case histories [NYREN, 2001], however, indicate that there is no single focus of the vectors of
displacement. At surface, the vectors of displacement seem to point towards a point that is shallower
than the tunnel axis, and, therefore, a prediction
based on the assumption by O’REILLY & NEW [1982],
tends to underestimate the horizontal components
of displacement.
Further assumptions [O’REILLY AND NEW, 1982]
are needed in order to predict, at any depth, the
evolution of the full three-dimensional displace-

Fig. 3 – Tunnelling induced displacements at surface:
a) transverse profile; b) longitudinal profile.
Fig. 3 – Spostamenti indotti in superficie dalla realizzazione di
una galleria: a) profilo trasversale; b) profilo longitudinale.

ment field with advancing position of the tunnel
face; this also comprises the prediction of the horizontal longitudinal displacements, directed along
the tunnel axis. These components are in fact very
seldom measured, and the available evidence, for
open shield tunnelling in London Clay [N YREN ,
2001] is that they are transient, i.e. they vanish after
passage of the shield. The prediction of the displacement field associated to a tunnel with variable level or curved route, and to multiple tunnels or complicated configurations, can be pursued by superposition of effects.
The displacement field is modified by existing
structures resting on the ground, with a tendency of
the differential vertical and horizontal displacements to reduce, depending on the relative stiffness
of soil and structure, as illustrated by many recent
examples collected during construction of the Jubilee Line Extension [MAIR, 2003]. Depending on its
stiffness a building may behave almost rigidly or
conform to the tunnelling-induced greenfield settlement profile [STANDING, 2001]. Available data indi-
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cate that buildings are generally stiffer in sagging
than they are in hogging [WITHERS, 2001] and that,
at least for pad foundations, the axial stiffness of the
structure is enough to inhibit the transmission of
horizontal strains from the ground to the structure
[VIGGIANI & STANDING, 2001].

Evaluation of risk of damage
The objective evaluation of the damage induced
by tunnelling on existing constructions is not a straightforward task. For example, the degree of damage related to the appearance of cracks of given
width and frequency depends on different factors
including the function of the building, its historical
and economical importance, market value and saleability, and social environment. On the other hand,
the design process requires that an objective system
of classification and assessment of the level of likely
damage is introduced, at least to decide whether
protective measures are required and check their effectiveness once implemented.
BURLAND et al. [1977] introduced a classification
with six categories of increasing damage; the classification is based on the ease of repair but indications
on the likely width and number of cracks associated
to each category are also provided. Categories 0 to
2 are essentially associated to aesthetic damage, category 3 to the attainment of some serviceability limit state for the structure, while in categories 4 and
5 the structure reaches an ultimate limit state. This
classification was developed to provide a guide for
standard domestic and office buildings in brickwork
or blockwork and stone masonry. Although widely
adopted in the geotechnical engineering practice,
the applicability of its ranking of severity of damage
to Roman monuments may be questionable.
Based on data collected by BOSCARDIN & CORDING
[1989], BURLAND [1995] proposed that the attainment of each category of damage might be broadly
related to characteristic values of the limiting tensile
strain. For instance, the limit between categories 2
and 3 corresponds to tensile strains of 0.15%. Previous experience on Roman structures and existing
literature data on the stiffness and strength characteristics of Roman concrete suggested that a slight reduction of the characteristic values of the limiting tensile strain should be adopted for the present
purposes; for instance, the limit between categories
2 and 3 was set to 0.1% [BURGHIGNOLI et al., 2003].
Whatever the adopted values of characteristic
tensile strains, the approach suggested by BURLAND
[1995] permits to relate the level of likely damage to
the maximum value of the tensile strain measured
or computed in the structure. The easiest method to
compute the maximum tensile strain is to apply the
predicted greenfield displacements to a simple
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model (i.e. elastic beam) of the structure, in the assumption that its foundations can conform to the
greenfield deformed shape of the ground, that is
neglecting soil-structure interaction. The maximum
tensile strain is obtained by adding the horizontal
tensile strain due to differential horizontal displacements and the tensile strain deriving from the deformation of the beam in bending or shear due to
differential vertical settlements [BURLAND, 1995].
This approach is obviously conservative, because
the stiffness of the structure tends to reduce both
the horizontal and vertical differential displacements, as detailed above. Therefore, those predicted must be regarded as possible rather than actual levels of damage: provided that the structure
can sustain the corresponding induced stresses, a
stiffer building will be safer against subsidence induced damage.
The question of the correct prediction of the
likely level of damage and that of the assessment of
the building stiffness cannot be addressed in isolation. From a series of 2_D soil-tunnel-structure interaction analyses, in which the building was modelled as an elastic beam of varying bending and axial
stiffness, POTTS & ADDENBROOKE [1996] obtained modification factors for the greenfield site relative distortion and horizontal strain. These can be used to
compute more realistic values of maximum tensile
strains in a building, provided that one is able to assess its equivalent global axial and bending stiffness.
Even for ordinary structures this is not an easy
task as, in general, the equivalent stiffness will depend on the structural type (frames, materials, openings…), mode of deformation (sagging, hogging,
tension, compression, twist…), geometry, different
amount and position of joints and cracking, both
beforehand and with ongoing deformation. A
method of establishing the stiffness of several types
of buildings taking into account the structural elements is illustrated by MELIS & RODRIGUEZ ORTIZ
[2003]. The issue is further complicated for historical and monumental structures, as they are generally characterised by a history of stress and previous deformation, and are conceived and designed
according to criteria that may be very different from
those adopted at present. As an example, Figure 4
shows the interior of the Basilica of Massenzio: a
very extended system of cracks affects the structure,
which was surveyed carefully in the early stages of
the study [BURGHIGNOLI et al., 2003]. The presence of
cracks affects the subsequent response to tunnelling, as deformations tend to concentrate along existing discontinuities.
In many cases, many crucial details of the monuments, such as the dimensions and position of their
foundations, the geometry of the structural members, their exact static scheme, and the mechanical
properties of the construction materials of which
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Fig. 4 – Observed crack pattern on one of the main walls
of Basilica of Massenzio [BURGHIGNOLI et al., 2003].
Fig. 4 – Quadro fessurativo in uno dei piloni della Basilica di
Massenzio [BURGHIGNOLI et al., 2003].

they are constructed are largely unknown and therefore must be either guessed or determined
through investigation programmes designed ad hoc,
such as e.g. for Massenzio [CISTeC, 2001a] and
Mura Aureliane at Amba Aradam and S. Giovanni
[BURGHIGNOLI et al., 2003], where boreholes were
carried out in order to obtain data about the consistency and geometry of their foundations. As coring
was not always possible, pressuremeter tests were
carried out within the foundations to obtain estimates of the strength and stiffness of the Roman concrete.
A significant joint effort of archaeologists and
geotechnical and structural engineers was required
to define realistic models of the different structures
and carry out analyses of any reliability. The historical life of the different monuments (partial collapses, demolitions, reconstructions) was put together
at best from historical and archaeological information. To evaluate the mechanical response of the
monuments to tunnelling both two-dimensional
and three-dimensional models of the structures
were examined, with varying degrees of material
and geometric non-linearity. In some cases the construction and demolition sequences and the ground
level modification occurred during the historical life
of the structure were also modelled, and the ability
to reproduce the current pattern of cracks tested,
see Figure 5, referring to the prediction of existing
cracks at Massenzio.

Numerical analyses
The analysis of the interaction between the tunnelling process and the monuments was carried out
in stages of increasing complexity, which, at its last

Fig. 5 – Numerical prediction of the pattern of the existing cracks on Basilica of Massenzio [ADINA code, BURGHIGNOLI et al., 2003].
Fig. 5 – Quadro fessurativo attuale ottenuto dale analisi
numeriche [programma ADINA, BURGHIGNOLI et al., 2003].

level, included three-dimensional interaction analyses where the geometry of the monuments and the
advancing tunnel face were fully taken into account.
Most of the three-dimensional analyses were carried
out using a commercial finite difference code,
FLAC3D, after defining the numerical procedure
best suited to model closed shield tunnelling in
drained ground below the water table, as described
below.
Preliminary work aimed at defining the risk of
damage to the monuments included the evaluation
of the three-dimensional field of displacements induced by the construction of the tunnels in greenfield conditions using empirical formulations; in
some cases, e.g. Basilica of Massenzio and Vittoriano, these were superimposed to non-linear structural models of the monuments [BURGHIGNOLI et al.,
2003]. Plane strain finite difference and finite element interaction analyses in sections orthogonal to
the tunnel axis were also carried out to assess qualitatively the effects of the structural stiffness, varying
distance from the tunnels, and depth of foundation
level on the tunnelling-induced displacement field,
e.g. Basilica of Massenzio, Mura Aureliane at Amba
Aradam and at Porta Asinaria [BURGHIGNOLI et al.,
2003; SOCCODATO & BURGHIGNOLI, 2003].
Because of the significant dimensions of the monuments and the geometry of the subsoil, full threedimensional modelling of the interaction between
the monuments and the advancing tunnel faces appeared as a formidably demanding task from the
computational point of view. Therefore, preliminary numerical work was devoted to define the procedure best suited to model closed shield tunnelling
in drained ground below the water table, evaluating
greenfield predictions against available experimental evidence. Because at this stage of design the type
and model of TBM to be used had not been established yet, it was not possible to model details of
the construction process that depend critically on
the particular machine that will be adopted. In-
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Tab. I – Soil parameters adopted in the parametric study.
Tab. I – Parametri del terreno adottati nello studio parametrico.
depth (m)

γ (kN/m3)

K0 (-)

G (MPa)

υ’ (-)

c’ (kPa)

ϕ’ (°)

Made ground, R

0⇒5

20.0

0.5

10

0.25

0

35

Silty soil, St & Ar

5 ⇒ 30

20.0

0.5

10 – 70*

0.25

40

30

Gravel, SG

30 ⇒ 37

20.0

0.5

70

0.20

0

40

Stiff clay, Apl

37 ⇒ 67

20.0

1.0

70 – 100*

0.30

50

26

Soil unit

* linear variation with depth

stead, a numerical investigation was carried out of
the effects of the variation of the main physical characteristics of the machine, such as shield weight
and length, and of the construction control parameters, such as expected volume loss and support pressure at the face, in reasonable ranges established
from a review of the technical literature.
To develop the numerical procedure to model
tunnelling and carry out the required parametric
study of the main geometrical and control factors,
the problem under examination was initially drastically simplified, whilst keeping the general groundwater situation and contrast of stiffness in the different layers. In particular, the analyses examined the
case of a single tunnel running at a constant depth
below a horizontal ground, in a subsoil with horizontal layers, representative of the average conditions along the route, see Figure 6. This permitted
to reduce significantly the number of nodes and zones in the mesh and the computer time, which was
of the order of 1.5 hours/m tunnel advancement.
All soils were all modelled as elastic perfectly
plastic with Mohr Coulomb yield criterion. Table I
summarises the main physical and mechanical properties that were adopted in the analyses. These
were obtained as average values of the mechanical

Fig. 6 – Finite differences mesh adopted in parametric
study.
Fig. 6 – Reticolo alle differenze finite utilizzato nelle analisi
parametriche.
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properties of the different units from in situ and laboratory tests. The stiffness of the soil was taken to
be about 60% of the maximum shear stiffness obtained either in laboratory resonant column tests or in
cross-hole site surveys.
Both the permanent lining and the shield were
modelled using shell structural elements. These are
three-noded, flat finite elements behaving as an isotropic linearly elastic material with no failure limit,
rigidly connected to the grid. The thickness of the
permanent lining, with a Young’s modulus Ec=30.
GPa and a unit weight γc=25 kN/m3, was that provided by the designer, t=0.6 m. As the precise type of
tunnelling machine was not specified, typical values
were assigned to the length of the shield, which was
varied between 4 and 12 m, and to its weight, which
was taken to be equal to 10 MN.
The numerical procedure to model shield tunnelling is illustrated in Figure 7. At any stage, the
tunnel cavity is wholly lined by the shield or the permanent lining but for the face where a support pressure equal to the total horizontal stress at rest,
pf=σh0, is applied, see Figure 7(a). In some analyses
this was increased or decreased by ±100 kPa, corresponding to about ±30% of the original value or reduced to the value of the groundwater pressure
alone, pf =u0.
Tunnelling is modelled in discrete steps, by removing 2 m of soil and advancing the support pressure and the shield by 2 m, while removing 2 m of
permanent lining at the shield tail. In this manner,
a region of 4 m of unlined soil is created at the tail
of the shield with three lines of nodes that have all
degrees of freedom removed, see Figure 7(b). After
reaching equilibrium, a displacement field is imposed to the central line of nodes, see Figure 7(c), such
that a required value of volume loss at the shield
(VL=0.6%) is achieved. This value should be regarded as a known input parameter. In a case where the
tunnelling machine has been selected, it can, in
principle, be estimated from the geometrical and
mechanical machine details; in this study, it was assigned in order to obtain a volume of the surface settlement trough both realistic and within design spe-
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Fig. 7 – Numerical procedure adopted to simulate closed
shield tunnelling.
Fig. 7 – Procedura numerica adottata per la simulazione della
realizzazione della galleria con uno scudo chiuso.

cifications. The displacements of the nodes are applied over 1000 computational steps to limit the value of the maximum unbalanced force and maintain
the system always close to equilibrium. Once the final values of the displacements are achieved, 4 m of
permanent lining are installed, and the degrees of
freedom of the three lines of nodes are reactivated
before letting the system reach a new equilibrium
state, which represents the initial condition for the
following excavation step.
Figure 8(a) shows the computed final transverse settlement profiles at different depths. The
shape of the displacement profile at surface is very
close to a gaussian distribution, with i x=10.8 m
and w max ≅ 9 mm, corresponding to a value of
K = ix/z0 ≅ 0.4, and to a volume of the surface settlement trough, VS=0.3% =½ VL. Despite the relatively simple constitutive model adopted for the soil,
the numerical predictions are very good, possibly
due to the initial low values of the coefficient of earth
pressure at rest K0 [LEE & ROWE, 1989; ADDENBROOKE,
1996]. As the volume of the computed subsurface

Fig. 8 – Surface and subsurface transverse settlement
profiles.
Fig. 8 – Profili di cedimento trasversali in superficie e in
profondità.

settlement profiles is nearly constant with depth, the
difference between the volume of the surface settlement trough and the volume loss at the shield tail
can be imputed essentially to the elastic swelling of
the layers below the tunnel. It is worth noting that
the magnitude and the extent of the soil heave due
to elastic rebound of the base layers are magnified by
the constitutive model adopted. This is confirmed by
the fact that the computed volumes of the surface
settlement troughs increased by 25% and 47% in two
analyses in which the thickness of the base layer of
clay was halved or completely removed.
The relative width of the computed subsurface
settlement profiles increases with depth, i.e. the subsurface zone of ground movements is wider than
predicted with the empirical method using a con-

RIVISTA ITALIANA DI GEOTECNICA

PREDICTING TUNNELLING-INDUCED DISPLACEMENTS AND ASSOCIATED DAMAGE TO STRUCTURES

Fig. 9 – Variation of K with depth.
Fig. 9 – Variazione di K con la profondità.
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stant K. This result is consistent with experimental
observation collected both for tunnels in cohesive
soils [MAIR et al., 1993] and for tunnels in coarse
grained soils [DYER et al., 1996; MOH et al., 1996], as
shown in Figure 9, where the values of K obtained
numerically have been interpolated using the expression suggested by MOH et al. [1996]. For structures with relatively deep foundations or founded at
different levels the correct prediction of the extent
and magnitude of the subsurface vertical displacement profiles is very important. In principle, a site
specific computed variation of K can be fed back into
the empirical equations to obtain a more realistic subsurface displacement field at small computational
expenses; obviously the introduction of an increasing value of K with depth results in subsurface settlement troughs at depth that are “less severe” with
regard to building damage assessment.
In Figure 10 the computed transverse profiles of
horizontal displacements at different depths are
compared with the empirical predictions obtained
assuming that the displacement vectors, at any
depth, point towards the tunnel axis [O’REILLY &
NEW, 1982]. The focus of the computed displacement vectors at surface is shallower than the tunnel
axis (H≅0.6z0). Moreover, the computed displacement vectors at any constant depth do not point
towards the same focus, consistently with experimental observations [GRANT, 1998]; at any given z,
the depth of the focus of the computed displacement vectors is approximately constant up to a distance from the tunnel axis, x≅ix, and increases linearly with depth, see Figure 11. For z=0.6 z0, the
depth of the focus is about 1.6 z0. Again, the site specific computed variation of the depth of the focus of
the displacement vectors could be introduced in the
formulas adopted for the empirical prediction of
the subsurface displacement field, see Figure 10. It
is obvious that the horizontal component of the displacement at depth is overestimated using H = z0
=constant [O’REILLY & NEW, 1982].
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Fig. 10 – Surface and subsurface transverse horizontal displacement profiles.
Fig. 10 – Profili di spostamento orizzontali trasversali in
superficie e in profondità.

Fig. 11 – Variation of position of the focus of displacement
vectors with depth.
Fig. 11 – Variazione della posizione del fuoco dei vettori
spostamento con la profondità.
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Fig. 12 – Dependence of predicted longitudinal settlement profiles on: a) shield length, b) face support pressure.
Fig. 12 – Dipendenza dei cedimenti longitudinali di superficie dalla a) lunghezza dello scudo; b) pressione applicata al fronte.

Figure 12(a) and (b) show the computed longitudinal settlement profile obtained with different
shield lengths and different support pressures. In
all cases the shape of the computed profile is very
close to the integral of the gaussian distribution,
characterized by a standard deviation which is only
slightly smaller than the standard deviation of the
transverse settlement profile, iy=10 m. Consistently
with the available experimental evidence, the settlement corresponding to the current position of the
tunnel face varies between 12% (L=12 m) and 41%
(L=4 m) of the maximum settlement, wmax, in plane
strain conditions. However, the maximum settlement at surface is independent of the value of the
support pressure at the face, as the numerical procedure adopted to simulate tunnel advancement
cannot take correctly into account the volume loss
due to excavation of the soil extruded into the tunnel face. It follows that the numerical procedure is
not suited to examine the effects of accidental variations of the control parameters of the shield and the
results must be considered representative of the machine working as expected. In principle, the effects
of a varying support pressure at the face could be
taken into account calculating the volume of the deformed tunnel face obtained under the different
support pressures and adding it to the volume loss
imposed at the tail of the shield.

Soil-structure interaction: the example of the
Mura Aureliane at Amba Aradam
Figure 13 is a plan of the Mura Aureliane at
Largo dell’Amba Aradam, showing the proposed position of the running tunnels, of Amba Aradam sta-

Fig. 13 – Plan of Amba Aradam area.
Fig. 13 – Planimetria dell’area di Amba Aradam.

tion and of several service tunnels and passageways
for pedestrian access. The axes of the running tunnels are about 21 m below the level of the ground on
the outside of the Mura and intersect them at a skew
of about 45°; they will be excavated in sequence,
from S. Giovanni towards Piazza Venezia.
The construction of Mura Aureliane was started
by emperor Aureliano in 271 a.C. and finished under Probo (276-282 a.C.); the brick walls were about
19 km long, 6 m tall and 3.5 m thick, rested on a 34 m wide foundation and ended with an open
walkway. In 401-402 emperor Onorio doubled the
height of the Mura; the original open walkway was
covered and provided with openings towards the
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city. The running tunnels underpass the Mura in a
section where their body presents a reduced thickness, because one of the walls delimiting the covered
walkway has collapsed and only the external wall is
still standing, for a total height of about 4 m above
ground level on the outside of the Mura. The general state of preservation of the Mura in this area is
rather poor, as from the photograph in Figure 14.
The subsoil of the area has been explored by several geotechnical site investigations in 1995-97,
2000, 2002, and 2003, these latter mainly to define
the position and consistency of the foundations of
the Mura. The subsoil profile is consistent with the
general geological setting described above; the
main local feature is the presence of a ditch running
from North-East to South-West and with a maximum depth of about 16 m, cutting into the Pleistocene clayey and sandy silts down to the layer of gravels, filled by alluvial silty-clayey and sandy deposits.
Figure 15 is a section through the Mura, illustrating
the layers of natural and made ground and the relative position of the foundations of the Mura and
the tunnels, which was largely unknown before this
study. The site investigation permitted to establish
the significant thickness of the layer of made
ground, which was found to be about 15 m. This is
of variable nature, mostly man made, generally coarse grained, and often including building materials
such as bricks and tuff blocks. In fact, it turned out
that a significant proportion of the layer of made
ground was created at the turn of last century by accumulation of material excavated to develop the
area of Esquilino. The clearance between the crown
of the 10 m o.d. tunnels and the base of the foundation is less than 6 m, between the crown and the pyroclastic layer with tuff bits and bricks, probably a
Roman reclamation of the bottom of the ditch along
which the walls were built, only about 3 m.
Three dimensional finite difference analyses
were carried out reproducing the geometry of the
monument, the relative position of the Mura and
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the tunnels, and the effects of soil-structure interaction. The wall was taken to behave as an elastic perfectly plastic solid with a Mohr Coulomb strength
envelope and a tension cut off. The range of values
adopted for the stiffness and strength of the walls
(see Tab. II) was established based on available literature data on roman concrete and brickwork [LAMPRECHT, 1986; CISTeC, 2001b]; in fact, pressuremeter tests carried out within the walls in this section
yielded values of stiffness and strength that were
closer to the lower limit of the adopted range, confirming that the consistency of the structure in this
section is relatively poor.
Figure 16 shows computed vertical displacements along the wall at ground surface and at foundation level in a situation where the first tunnel has
been completed, both for greenfield conditions (no
wall) and with a stiff wall (E=2000 kPa). At foundation level the presence of the wall reduces the maximum vertical displacement from about 20 mm to
about 10 mm. Figure 17(a) shows the computed longitudinal strain, εLL, within the mid plane of the
wall, corresponding to bending of the wall, with the
bottom fibre extended in its central part, directly
above the tunnel crown, and compressed at the sides, and the top fibre compressed in the middle and
extended at the sides. The computed position of the
neutral axis, defined by εLL=0, turned out to be
practically constant along the wall at about mid height, see Figure 17(b).
Figure 18 shows the computed maximum tensile strain contours, and the associated levels of
likely damage, in the points corresponding to the
mid plane of the wall for greenfield conditions [no
wall], for a stiff wall (E=2000 kPa) and for a flexible
wall (E=300 kPa). The contours are plotted in each
case for the step of advancement of the tunnel cor-
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Fig. 14 – A view of the Mura Aureliane.
Fig. 14 – Una vista della Mura Aureliane.
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Fig. 15 – Section through the Mura Aureliane.
Fig. 15 – Sezione trasversale alle Mura Aureliane.
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Tab. II – Soil and wall parameters adopted in the analyses.
Tab. II – Parametri del terreno e delle mura adottati nelle analisi.
depth (m)

γ (kN/m3)

K0 (-)

E (MPa)

υ’ (-)

c’ (kPa)

ϕ’ (°)

Made ground, R

0 ⇒ 13

18.0

0.5

52

0.25

0

35

Silty soil, St, Ar & LSO

13 ⇒ 25

19.5

0.5

52 – 175*

0.25

20

30

Gravel, SG

25 ⇒ 32

20.0

0.5

252

0.20

0

40

Stiff clay, Apl

32 ⇒ 62

20.5

1.0

182 – 273*

0.30

50

26

Soil unit

* linear variation with depth

Wall

γ (kN/m3)

σ t (kPa)

E (MPa)

υ’ (-)

c’ (kPa)

ϕ’ (°)

22.0

200

300 ÷ 2000

0.15

800
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responding to the maximum tensile strain at point
A, directly above the tunnel crown at foundation level. From the data in Figure 18 it is evident that for
a relatively stiff wall the most dangerous situation
occurs when the tunnel has been completed, i.e. in
plane strain conditions. On the contrary, for greenfield conditions and for a flexible wall, probably
more representative of the actual behaviour of the

Mura Aureliane in this section, the tensile strains
are maximum in an intermediate situation, in which
the shield is passing under the wall; these conditions
cannot be reproduced in a plane strain analyses, no
matter how sophisticated the model for the soil and/
or the wall.
To explore the effects of a variation of the strength of the Mura, after completion of one tunnel, the
strength parameters were progressively reduced by a
factor F, such that cF=c/F, σtF=σt/F and tanϕF=tanϕ/
F, whilst monitoring the response of the wall in terms
of strain and stress increments. Figure 19 shows the
maximum tensile strain obtained factoring the strength parameters divided by the maximum tensile
strain obtained for F=1 as a function of F in the four

Fig. 16 – Mura Aureliane: predicted settlement profiles:
a) at ground level; b) at foundation level.
Fig. 16 – Mura Aureliane: profili dei cedimenti calcolati: a) in
superficie; b) al livello delle fondazioni.

Fig. 17 – Mura Aureliane: predicted a) longitudinal strain
and b) position of the neutral axis along the wall.
Fig. 17 – Mura Aureliane: a) deformazioni longitudinali e b)
della posizione dell’asse neutro lungo le mura calcolate.
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Fig. 18 – Mura Aureliane: predicted maximum tensile
strain.
Fig. 18 – Mura Aureliane: massime deformazione di trazione
calcolate.

points located directly above the tunnel crown at
foundation level (A) and at the crest of the wall (B) and
on either side of the tunnel at the crest of the wall (C
and D). The same figure also shows the position of the
elements in the mid plane of the wall that reach plastic
failure. Despite the fact that for F=10 the maximum
strain ratio at point B is only about 3.3, it is evident
that the wall has reached plastic failure almost everywhere in its mid-plane. This may be attributed to
the fact that in the problem under examination the displacements of the wall are constrained by the surrounding ground and therefore, even for a failing
wall, deformations do not increase dramatically.

Conclusions
The ability to predict with confidence tunnellinginduced displacements of structures and the associated potential for damage is extremely important for
urban tunnelling, particularly in situations where the
built environment is of monumental and historical
value, as in the example detailed in the paper.
Empirical methods provide a relatively reliable
and simple means for estimating near-surface subsidence of the ground but considerable uncertainties
affect the prediction of lateral and subsurface displacements, even in greenfield conditions, due to
the dearth of well documented field data. For structures with relatively deep foundations or founded at
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Fig. 19 – Mura Aureliane: effect of wall strength parameters on computed tensile strains.
Fig. 19 – Mura Aureliane: effetti dei valori dei parametri di
resistenza delle mura sulle deformazioni di trazione calcolate.

different levels, or in cases where structures are long
and slender and meet the tunnels at a skew, the correct prediction of subsurface and horizontal displacements is crucial, as these might be responsible for
the greatest part of the distortion of the structure.
In principle, to assess the response of a structure
to tunnelling three-dimensional numerical analyses
taking correctly into account tunnel advancement in
relation to the geometry and relative position of the
structure and the tunnels should be carried out. At
a relatively simple level, three-dimensional numerical greenfield analyses of the tunnelling process can
be used to obtain site specific patterns of the subsurface displacement field induced in the ground, e.g.
in terms of the variation of the relative width of the
settlement trough or of the position of the focus of
the vectors of displacement with depth. These can
be fed into the empirical equations for a more realistic prediction of the greenfield displacements.
The presence of structures may modify substantially greenfield displacements. Geometrical details
and mechanical parameters of the materials of
which the structures are composed are very important but often, particularly in the case of old structures, largely unknown. Ideally, the geometry of the
foundations and of all other underground parts of
the structure, and the mechanical properties of the
materials should be obtained directly through investigation programmes designed ad hoc. In cases
where this is not possible, parametric studies of the
variation of the geometrical and mechanical parameters of the structures should always be conside-
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red. The example of Mura Aureliane well illustrates
how the stiffness of the wall affected not only the
magnitude of the computed displacements but also,
and more importantly, the pattern of the displacement field and associated deformation.
Existing criteria for the assessment of the likely
level of damage are largely based on the concept of
associating a given category of damage to the attainment of a threshold value of tensile strain in the
structure. However, in some cases, other indicators
of the state of damage in the structure, such as yield
stress states, ought to be considered together with the
tensile strains. This is particularly important for relatively confined problems, such as Mura Aureliane,
where failure is reached but the surrounding ground
prevents significant deformations of the wall.
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VAN DER

Previsione del campo di spostamenti e
del danno indotto sulle strutture
esistenti dalla realizzazione di gallerie
Sommario

Una valutazione affidabile del campo di spostamenti indotto
dalla realizzazione di gallerie superficiali e, conseguentemente,
del danno potenziale che può essere subito dalle strutture esistenti
rappresenta un aspetto delicato ed importante nel progetto di
gallerie metropolitane in ambiente urbano. L’analisi dei
fenomeni di interazione terreno-galleria-struttura è molto
complessa e dovrebbe tenere conto della natura tridimensionale
del problema, sia per quanto attiene la struttura, sia con
riferimento al processo di realizzazione della galleria. Questa
memoria affronta alcune di queste problematiche, illustrando
alcuni dei principali risultati di uno studio sugli effetti indotti
dalla costruzione della Linea C della Metropolitana di Roma,
attualmente in fase di progettazione avanzata, sulle strutture
monumentali presenti nel tratto centrale della linea, nel cuore del
centro storico della città. In particolare, lo studio dei fenomeni di
interazione e la valutazione del danno potenziale indotto è stato
perseguito mediante lo svolgimento di analisi numeriche
tridimensionali.

25

