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ABSTRACT: This paper presents the main results of a study of the interaction between tunnel construction and
monumental structures at surface. The assessment of the potential damage induced by tunnelling was approached
following stages of increasing complexity, from simple and well established semi-empirical methods up to twoand three-dimensional numerical soil-structure interaction analyses. A significant joint effort of archeologists
and geotechnical and structural engineers was required to define reliable models of the monuments and the
subsoil. The approach adopted in the study is described in this paper with reference to the area of the Basilica of
Massenzio, a Roman monument of outstanding value. The results of the study confirm that, in comparison with
greenfield and simplified two-dimensional interaction analyses, a less severe evaluation of potential damage is
obtained when the three-dimensional effects of geometry and stiffness of the structure and the soil are taken into
account in the modeling.

1

INTRODUCTION

The evaluation of the effects induced by tunnelling on
existing structures is a very significant aspect of the
design process in the urban environment. When the
structures at surface are ancient monuments of exceptional historical value, the problem becomes even
more complicated to deal with.
A study of the effects of the new C Line of Rome
Underground, currently at the design stage, on the
existing monumental Roman structures was carried
out as part of a research project sponsored by the
Municipality of Rome through STA SpA. A number
of monuments of outstanding value, such as for
instance the Basilica of Massenzio, the Vittoriano,
the Colosseo, and the Aurelian Wall are potentially
affected by the construction of the two 10 m o.d.
closed-shield running tunnels and were included in
the study. In order to minimize excavation-induced
subsidence and avoid direct interferences with the
archaeological layer, the tunnel axes are relatively
deep (between 20 and 30 m bgl); the typical subsoil
profile is shown in Figure 1.
A significant joint effort of archaeologists and
geotechnical and structural engineers was required in
the definition of reliable geotechnical and structural
models. In fact, only limited information about the

Figure 1. Typical soil profile along the C Line route.

geometry of the structures (including their foundations), the mechanical properties of the materials and
the history of the ancient monuments in terms of partial collapses, demolitions and reconstructions, was
available, also due to the fact that conservation issues
limit direct structural investigations.
The analysis of the interaction between tunnels and
structures was carried out following stages of increasing complexity and accuracy in order to evaluate the
level of approximation introduced in each stage of the
analysis. At the first level, any effect of soil-structure
interaction was ignored and well established semiempirical relationships (O’Reilly & New, 1982) were
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used to obtain the three-dimensional (3D) greenfield
displacements; these displacements were subsequently
applied to a linear elastic model of the building. This
approach permitted to carry out an extensive parametric study, with relatively low computational costs,
in order to evaluate, as a first approximation, the
effects on the structure of different parameters, such as
those defining the settlement trough at depth, and the
3D effects related to the tunnel construction process
(progressive advancement of the tunnel face).
In the second stage of the study, a limited number
of two- and three-dimensional soil-tunnel-structure
interaction analyses were carried out using linear and
non-linear constitutive models for the soil and the
structure. The results of these analyses allowed a
more realistic evaluation of the potential of damage
induced by tunnel construction on the monuments
and the identification of the parts of the structures
that were more significantly affected, yielding useful
information about the design of a monitoring system that will be installed before the initiation of the
works.
In the following sections, the approach described
above is illustrated in more detail with reference to
the area of the Basilica of Massenzio.

Figure 2. Plan of the area of the Basilica.

2 THE AREA OF THE BASILICA
Figure 2 shows the plan of the area of the Basilica of
Massenzio. The tunnels of the C Line will run nearly
parallel to the main axis of the monument; the distance
between the nearest tunnel axis and the NW facade
ranges from 20 to 33 m whereas the tunnels, whose
axes are 25 m apart, are about 23 m below the level of
the Via dei Fori Imperiali (23.5 asl).
Over the years, the area of the Basilica had already
been the object of studies and investigations, not
only for the design of the C Line but also to evaluate the effects of adjacent archaeological excavations
requested by the Archaeological Superintendence
in Rome. Thus, a significant amount of data from
archaeological, structural and geotechnical investigations carried out between 1995 and 2001 was available and could be employed for the purposes of this
study.
The structure consists of three large vaults, forming the aisle parallel to Via dei Fori Imperiali: each
vault spans 20 m and is supported by massive walls.
The two side vaults are closed by a thinner wall on
Via dei Fori Imperiali, with two layers of three arched
windows whereas the central vault terminates with an
apse constructed by Constantine.
The Basilica was built using the opus caementicium
technique, two side masonry walls with an inner filling of roman concrete. Today, the monument exhibits
significant crack patterns due to a variety of events

Figure 3. SW view of the Basilica.

Figure 4. Intermediate vault-carrying wall: identification of
the existing crack patterns.

occurred over the last two thousand years. A careful
analysis of these patterns was carried out as a part of
this study, based on direct observation and appropriate
photo restitution techniques (Fig. 4).
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Figure 5. Geometry of the foundations (after CISTeC,
2001).
Figure 6. Settlement contours for second tunnel face position II (values shown in mm, VL = 0.5%).

An accurate geotechnical characterization of the
foundation soil was obtained both from in situ and
laboratory tests carried out between 1995 and 2002
(Soccodato & Burghignoli, 2003). Figure 5 shows the
geometry of the foundations of the Basilica.

3

NUMERICAL ANALYSES

The analysis of tunnel-soil-structure interaction was
carried out using approaches of increasing accuracy
following the methodology discussed above.
First the displacement profiles were computed in
greenfield conditions using semi-empirical relationships such as those proposed by O’Reilly & New
(1982). In these relationships parameter K, which governs the relative width of the transverse settlement
profile, was set to 0.5; increasing values of K with
depth were adopted in agreement with literature data
(Mair et al., 1993; Moh et al., 1996) and the results of
numerical analyses (Venturi & Viggiani, 2003). In this
study, the volume loss was generally set to VL = 0.5%,
which is the value provided by the designers; however,
the analyses were also carried out for VL = 1.0%, so
as to consider the worst scenario case. As an example, Figure 6 shows the computed contours of vertical
displacements at the level of Via dei Fori Imperiali
(23.5 m asl) when the face of the second tunnel is in
position II.
In order to obtain a preliminary evaluation of the
effects of subsidence in terms of the variation of the
state of stress produced in some meaningful regions
of the monument under examination, the computed
greenfield displacements were applied to a 3D linear
elastic structural model. Although approximate, this
first-stage analysis permitted to conduct an extensive

Figure 7. 2D soil-structure interaction analysis: geometry.

parametric investigation with contained computational
efforts. In particular, the worst conditions for the monument seem to correspond to a situation when both
tunnels have been completed, and not to some transient
intermediate condition.
In the second stage, two-dimensional (2D) tunnelsoil-structure interaction analyses were carried out, in
a plane normal to the tunnel axes, using the finite
differences code FLAC.
Figure 7 shows the geometry of one of the three
sections that were examined.
The analyses were performed in drained conditions,
due to the relatively high permeability of the soils
more directly influenced by the construction of the
two tunnels. The structure was modelled using a linear factorization technique to establish an equivalence
between the 3D signatures of the structure and its
2D representation (Miliziano et al., 2002). For both
soil and structure, a simple elastic-perfectly plastic
model, with a Mohr-Coulomb failure criterion, was
adopted. The relevant model parameters (unit weights,
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Table 1. Soil parameters adopted in the analyses.
Soil
unit

γ
(kN/m3 )

K0
(−)

G
(MPa)

ν′
(−)

c′
(kPa)

ϕ′
(◦ )

#R
#St, Ar
#Tb
#SG
#Apl

19.0
19.5
19.5
20.0
20.5

0.5
0.5
0.5
0.5
1.0

10
10 ⇒ 331
10 ⇒ 331
50
40 ⇒ 601

0.25
0.25
0.25
0.20
0.30

0
20
0
0
50

30
30
35
40
26

1

linear variation with depth.

Figure 8. 3D ADINA non-linear model of the Basilica.

Table 2. Structure parameters adopted in the analyses.

Masonry

γ
(kN/m3 )

E
(GPa)

ν
(−)

c
(MPa)

ϕ
(◦ )

σt
(MPa)

15.0

2.0

0.15

2.0

13

0.5

coefficient of earth pressure at rest, shear modulus,
Poisson ratio, effective cohesion and friction angle,
limiting tensile stress for the masonry) are shown in
Tables 1 and 2.
The simulation of the excavation of the tunnels was
carried using a differential reduction of the vertical and
horizontal components of the geostatic stresses initially acting on the tunnel contour (Burghignoli et al.,
2001) in order to obtain, in greenfield conditions,
displacement profiles in close agreement with those
obtained with the semi-empirical relationships.
The results of these analyses show clearly the importance of interaction phenomena in reducing, up to 90%,
the horizontal differential displacements of the foundation of the structure, in agreement with a number
of field measurements (see, e.g. Viggiani & Standing,
2001).
Simultaneously, a 3D non-linear structural model
of the monument was implemented using the finite
elements code ADINA. The model, shown in Figure 8,
incorporates non homogenous material properties for
the different structural parts and the simulation of the
different construction phases as well as of the main
structural events (collapses, demolitions and reconstructions, such as the construction of the apse by
Constantine).
Roman concrete was modelled in ADINA using the
constitutive law concrete that allows to detect, via the
smeared cracks approach, the initiation and evolution
of cracks. The 3D model was tuned so as to reproduce
the pattern of existing main cracks. In particular, the
most stressed regions appear to be the upper parts of
the vaults near the keys, the contact between the walls,
the apse and the longitudinal wall with arched windows
(Fig. 9).

Figure 9. Crack patterns predicted by ADINA before tunnel
construction.

The settlement profiles obtained with the semiempirical relationships and with the 2D analyses (after
appropriate extrapolation yielding a 3D settlement
field) were imposed to the non-linear model of the
structure. As expected, the interaction phenomena,
although evaluated in 2D, reduce the potential for damage with respect to the situation where the computed
greenfield settlements are used. These preliminary
results showed that the maximum tensile strains were
less than 10−4 (for volume losses of 0.5 and 1.0%)
and the crack patterns were not sensibly modified by
tunnelling. As a matter of a fact, the main tunnellinginduced stress increments are localized in regions such
as the contact between the apse and the adjoining
walls.
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settlements (mm)

Figure 10. 3D ADINA model of the soil, tunnel and
structure.
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The computed absolute settlements are slightly
larger in the 3D simulations than in the factorized 2D
model, probably due to the fact that the 3D model is
less constrained; however, the curvatures of the settlements profiles are lower in the 3D simulations than in
the 2D predictions.
Changes in the general static condition of the monument due to tunnelling for damage assessment were
evaluated in terms of principal strains before and after
tunnelling, as shown in Figure 13.At the same time, the
computed crack width before and after tunnelling was
considered. In particular, comparing the increment of
crack width after tunnelling at a contact point between
the dome of the apse and the adjoining wall obtained
with the 2D based analyses with that obtained with the
full 3D model, a 50% increment predicted in the first
case reduced to a 15% increment in the second case.
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Figure 11. 3D analysis of the settlement profile in greenfield conditions (VL = 0.5%).

In the final stage of the study, the full threedimensional interaction problem was effectively tackled usingADINA. Due to the high computational costs,
a full 3D analysis including the nonlinear structural
model was not affordable. Hence, the structural model
is linear, nevertheless is accurate in the material and
geometric description as well as the ensuing discretization (Fig. 10). The constitutive parameters for the soil
are the same as those used in the 2D analyses. Only
the nearest fully constructed tunnel has been simulated employing an approach similar to that used in
the 2D analyses; that is, a non-uniform force distribution on the tunnel contour has been determined so as to
obtain, in greenfield conditions, the settlement profile
predicted by the semi-empirical laws (Fig. 11).
The displacements computed as described above
for the structure were then imposed to the accurate
non-linear model of the monument. To discuss some
relevant results, Figure 12 shows the settlements profiles of the three vault-carrying walls obtained with
the 2D and the 3D procedures, under a volume loss of
0.5%. In general, the agreement is good.

In this paper, the results of the investigations of the
effects of tunnelling on an important Roman monument were illustrated. The research was motivated by
the design of the new C Line of Rome Underground
through the centre of Rome where most of the ancient
monuments of Roman Imperial age are located.
The study is multi-disciplinary in nature as it combines the expertise of archaeologists, structural and
geotechnical engineers, aiming at a correct understanding of all the diverse information about the
history of the monuments which are relevant to the
associated modelling stage, and the results of the direct
and indirect investigations and tests.
The methodology is based on different levels of
analyses of increasing accuracy so as to establish the
correctness of the main assumptions and judge on
the reliability of the overall predictions. The lowestorder analyses assume greenfield conditions (absence
of interaction) and are increasingly refined up to
full three-dimensional tunnel-soil-structure interaction analyses.
This paper summarises the results of the investigations and of the analyses carried out for the Basilica
of Massenzio; they have shown that, as expected, the
more refined the analyses, the less pronounced the
computed effects of tunnelling on the structures, due to
the introduction of over-conservative assumptions in
the simplified analyses.
The analyses enabled to single out the structural
components which are likely to suffer more from
the tunnelling induced settlements and that consequently, will require careful monitoring during tunnel
construction.
The collection of field experimental data is
expected to corroborate eventually the validity of the
predictions presented in this study.
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CONCLUDING REMARKS

Figure 12. Comparison of the settlement profiles obtained for the vault carrying walls with 2D (top) and 3D (bottom)
interaction analyses with those obtained in greenfield conditions: (a) Colosseo wall; (b) intermediate wall; (c) Carinae’s wall.
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