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ABSTRACT: The paper reports the main results obtained through a numerical study aimed to predict 
the effects induced on an old masonry building by the tunnelling operations for the construction of Metro 
C line, in Rome. To achieve high quality of prediction, full 3D finite elements numerical analyses are 
carried out. The most important features simulated are: i) the advancement of tunnel front; ii) the pres-
sure for front support; iii) the TBM geometry (weight and conicity of shield); iv) the tail void grouting; 
v) the building structure. A simple elastic perfectly plastic model with Mohr-Coulomb strength criterion 
and tension cut off  is used for describing both soil and masonry behaviour. Preliminary analyses using 
different mesh density and tolerated error are carried out to optimize the complete analyses achieving 
an acceptable compromise between calculation time and accuracy of the results. In the usual range of 
pressure distributions for front support, the study underlines the light influence on stresses and strains 
distribution of the values adopted. The analysis of stress and strain distributions in the building structure 
before and after tunnel construction, numerically obtained, allows us to assess the category of damage in 
term of potential cracks induced and also in term of reduction of structural safety level.

Settlements profile and volume of subsid-
ence basin obtained performing 3D simulations 
are analysis results which depend on geometry, 
soil characteristics and modality of excavation. 
Numerically obtained stress and strain distribu-
tions in the building structure can be analyzed to 
assess the level of damage induced both in term 
of cracks formations and reduction of structural 
safety level.

The case study presented in this paper is a real 
case: the interaction between Metro C line and an 
old masonry scholastic building, “Diaz-Carducci” 
located near S. Giovanni Station of Metro A, in 
Rome. The main south-east façade of the building 
is parallel to the axis of the tunnels.

Two circular cross-section tunnels will be driven 
by Earth Pressure Balanced Shield (EPB), to mini-
mize the excavation-induced settlements as much 
as possible.

Full 3D numerical analyses are carried out mod-
eling the most important aspects of the excavation 
process. To study the interaction between soil-
tunnel-structure, both the stiffness and the weight 
of the building are taken into account. The whole 

1 INTRODUCTION

It is important to predict settlements due to excava-
tion of tunnels in urban area to evaluate the effects 
induced on pre-existing structures. This prediction 
is very difficult because of the tridimensionality of 
the problem and due to the large number of factors 
that influence the interaction between soil-tunnel-
surface structures. Many Authors are interested in 
three dimensional finite element analyses in which 
the tunnel, the soil and a building are all treated in 
a single analysis (Burd et al., 2000; Buselli et al., 
2010). Using 3D numerical analysis it is possible to 
reproduce realistically the main features of the exca-
vation process, without those assumptions that are 
necessary when the problem is approached by plain 
strain analysis. In detail, a 3D approach allows the 
easy simulation of the main excavation features via 
Tunnel Boring Machine (TBM): the front support, 
the conicity of the shield and the grouting in pres-
sure of the tail void between the excavation profile 
and the lining. Moreover, in 3D numerical analysis 
it is possible to introduce 3D building structures 
into the model without conceptual difficulties.
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building is simulated adopting a simplified model 
for the geometry of structure framework and 
assumed to behave as elastic perfectly plastic.

Also soil behaviour is modeled as simply elas-
tic perfectly plastic with Mohr-Coulomb strength 
criterion.Three types of finite element analyses are 
carried out using Plaxis 3D Tunnel code (Plaxis 
3D Tunnel, 2007): i) preliminary analyses, to study 
the influence of mesh density and tolerated error 
on results accuracy and calculation time using a 
simplified model; the aim of those analyses is to 
achieve an acceptable compromise between accu-
racy and calculation time; ii) greenfield analysis, 
that involves only the construction of Tunnel B 
(the building is not simulated); iii) interaction anal-
ysis, to study the interaction between soil, tunnel 
and preexisting building.

In this paper, the geotechnical characterization 
of the site is reported after the descriptions of the 
building structure and the tunnels. Then, main 
features of the numerical models are described 
and the main numerical results are presented and 
discussed. Finally, the main conclusions of this 
research are summarized.

2 TUNNELS AND BUILDING

The Metro C project includes the construction of 
two single track tunnels: Tunnels A and B; the 
circular cross-section will be excavated with a 
Tunnel Boring Machine equipped with an Earth 
Pressure Balanced Shield technology (EPB). The 
shield diameter (D) is 6.7 m and the permanent 
lining outside diameter is 6.4 m, consisting of 
seven pre-cast reinforced concrete elements of 
0.30 m thick. As a result the ring cluster between 
the lining and the excavation profile is 0.15 m 
thick.

The tunnels layout lies beneath the historic 
center of the city where a number of buildings of 
historical and social interest are located; among 
the most important structures, the “Diaz-Carducci 
School” is placed between 7.2 m and 9.3 m from 
Tunnel B axis; Tunnel A is 23 m far away.

The soil cover is about 22 m, near the building 
area, and the machine operates under the water 
table.

Fig. 1 reports a plan view of the building and 
the relative position of the tunnels.The building, 
located near the existing San Giovanni Station, is 
about 10 meters tall and its ground plan is almost 
rectangular (Fig. 2).

The structure is made up of two sections: the 
main original body, along Via La Spezia, was built 
around 1912; in the 1940s it was extended and, two 
extreme portions were added both on the left and 
on the right side.

Fig. 3 illustrates the main façade by the side of 
Via La Spezia. Fig. 4 shows the building ground 
plan of the oldest part.

The building under investigation is a “Roman 
masonry” made up of bricks alternating at tuff  
bachelors in elevation.

Regarding the oldest body (constructed in 1912), 
the foundation is continuous on isolated masonry 
piers with the foundation level approximately 10 m 
below the ground surface; the foundation of the 
new portion of the building (constructed in 1934) 
is a shallow concrete slab placed 4.5 m below the 
ground surface.

The quality and the maintenance of the building 
are poor; the building suffers some damage and a 
large number of cracks were detected.

3 GEOTECHNICAL CHARACTERIZATION

Soil profile and hydraulic conditions have been 
determined on the basis of an extensive geotech-
nical investigation involving laboratory and in-situ 
tests. The main results of the geotechnical char-
acterization are reported in Formato (2009). The 
building area is located close to the “Marana of 
Acqua Mariana”, an ancient ditch which has com-
pletely eroded the volcanic sediments. As a result 

Figure 1. Plan view of building and tunnels.

Figure 2. Building involved in this study.
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the hard rock layers of lithoid tuff  are completely 
absent immediately beneath the building. The 
engraved area of the ditch was subsequently filled 
by fluvial-alluvial deposits. The underlying fluvial 
pre-volcanic deposit is made up of three main 
slightly over-consolidated levels.

From the ground surface (38 m amsl) the follow-
ing layers are encountered:

− man made ground (R): medium to loose granu-
lar soil, including relicts of ancient structures; 
the thickness of this layer varies between 13 m to 
17 m along the line and it is approximately 16 m 
at the building site;

− recent alluvial deposit (LSO): clayey silt and 
sandy silt, locally reaches a thickness of 18 m;

− a very dense silty sand and clayey silt (St);
− a clayey silt and silty clay (Ar);
− a sandy gravel cohesionless layer (Sg).

The bedrock is at the bottom of a Pleistocenic 
fluvial deposit: it consists of a hundred of meters 
of stiff  and over-consolidated Pliocenic clay, Apl. 
Geotechnical cross section is represented in Fig. 5. 
Based on piezometric measurements, pore pressure 
distribution in the man made ground and in the Sg 
granular layer is hydrostatic with piezometric sur-
faces at an elevation of 28 m amsl and 18 m amsl, 
respectively.

Pore pressure distribution in clayey strata (LSO, 
St, Ar) varies according to steady state flow down-
wards directed.

The tunnels will be excavated under the water 
level. The constitutive model adopted for soil 

behaviour is elastic perfectly plastic with Mohr-
Coulomb strength criterion. Young’s moduli are 
assumed to increase with depth, according to the 
relationship proposed by Hardin (1978).

The horizontal effective stresses are calculated 
according to the classical equation K0 = 1 – sinϕ′ 
and each layer is characterized by a Poisson’s ratio, 
υ = 0.3 assumed constant for all soils.

The physical-mechanical soil parameters adopted 
in the analyses are summarized in Tab. 1.

4 NUMERICAL MODELING

4.1 Geometry

Finite element mesh for soil is generated using 
“Plaxis 3D Tunnel v.2” commercial code. The model 
is 140 m wide, 45 m deep, and the total length in the 
z direction is 225 m (Fig. 6). In order to minimize 
the influence of mesh boundaries, according to 
Franzius & Potts (2005), the longitudinal distance 

Figure 3. The main façade of the building by the side 
of Via La Spezia.

Figure 4. The building ground plan of the oldest body.
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Figure 5. Geotechnical soil profile.

Table 1. Physical and mechanical parameters of soils.

γ c ′ ϕ ′ E ′ K
0

ν ′

Soils (kN/m3)  (kPa) (°) (MPa) – –

R 17.5 10 32 15 0.47 0.3

LSO 17.0 15 32 15 0.47 0.3

St/Ar 20.0 10 35 25 0.43 0.3

Sg 20.0 0 40 80 0.36 0.3

Figure 6. Adopted mesh.
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between the tunnel face and the remote vertical 
boundary are fixed equal to 7 × D and 13 × D, ahead 
and behind the position of the studied structure 
building, respectively.

The mesh is divided, in tunneling direction, in 
slices of 2.5 m thick.

The deformation analyses do not extend into the 
deeper layer Apl.

Since the bottom boundary is assumed to repre-
sent such a stiff  ground layer, both horizontal and 
vertical total fixities have been adopted as displace-
ment restraints.

Roller supports are applied to all vertical sides. 
Due to non-symmetric geometry, it was necessary 
to mesh the complete problem; a coarse mesh is 
considered in the analyses, (Fig. 6), with a local 
refinement of the clusters around the tunnel.

The Tunnel Boring Machine has a 6.7 m diam-
eter and the shield is 10 m long.

It is modeled as a four slices long ring of plate 
element; the weight of the plate is 56 kN/m2, rep-
resenting the full weight of the TBM including 
equipment   for each meter.

4.2 Tunnel construction

The construction process is simulated discontinu-
ously removing slices of elements inside the profile 
of excavation 2.5 m thick for each step, while at 
the same time the TBM shield advances, activating 
shell on front and deactivating shell on tail. The 
shield is slightly conical: the tail radius is 10 mm 
less than the frontal one. In order to simulate a 
reduction of the tunnel cross section area, the 
shield has a truncated cone shape. The continu-
ous homogeneous final lining is switched on from 
behind the tail of the shield. Both TBM and tunnel 
lining are modeled as linear elastics, using shell ele-
ments with flexural stiffness, EI, and normal stiff-
ness, EA, as reported in Tab. 2.

The distribution of pressure support at the front 
is assumed according to the adopted pressure distri-
bution for front support (active total horizontal pres-
sure); this pressure is about 150 kPa at the crown and 
increases linearly (8 kPa/m) moving to the invert.

The tail void injection is simulated using an axial 
pressure applied to the ring cluster between the 
lining and the excavation profile, opposite to the 
direction of tunnel advancement (Fig. 7), 50 kPa 
higher than the maximum value of the pressure at 
the front.

The stage construction process considers the 
ageing process of the grout: fresh grout is charac-
terized by a low shear modulus and incompress-
ibility (γ = 21 kN/m3, E = 3 MPa, υ = 0.49), while 
hard grout is very stiff  (γ = 21 kN/m3, E = 14 GPa, 
υ = 0.15). Volume elements are activated to fill the 
tail void (15 cm) assuming linear elastic properties 
for them. The grout is assumed to be hardened 
after four slices.

Only excavation of the tunnel B is simulated; pre-
liminary simplified analyses have showed that the 
settlements induced by Tunnel A are negligible.

4.3 Building model

Complete analysis study the influence of building 
presence; both the stiffness and the weight of the 
building are taken into account adopting a simpli-
fied model to simulate the structure framework.

The main part of the building structure is simu-
lated modeling the load bearing and gable walls by 
means of elastic perfectly plastic continuum ele-
ments with Mohr-Coulomb strength envelope and 
a tension cut off  (Fig. 8 and 10).

Average values of uniaxial compressive strength 
(σc = 120 kPa) and and Young’s Modulus (E = 
1.3 GPa) were obtained on uniaxial compression 
tests carried out on specimens retrivied from the 

Figure 7. Scheme of excavation simulation: (1) TBM 
plate; (2) Front pressure; (3) Conicity of the shield; 
(4) Grout injection; (5) Fresh grout; (6) Hard grout.

Table 2. Plate characteristics.

E υ EA EI

Plate GPa – kN/m kNm2/m

TBM 210 0.3 7.1⋅107 6.8⋅105

Lining  38 0.2 1.1⋅107 8.6⋅104

Figure 8. Building model.
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masonry of the building. Assuming a value of 40° 
for φ parameter, a value of 280 kPa results for cohe-
sion, c. Tensile strength, σt, is assumed 1/20 σc.

The floor slabs are missing, but its weight and 
surcharges are taken into account applying an 
equivalent uniform load (15 kPa for each level) 
on bearing walls. Due to the large distance from 
Tunnel A, only the concrete slab foundation of the 
new portion of the building is modeled; to take 
into account its weight (a distributed load of about 
10 kPa for each of the levels), distributed load is 
applied to the upper bound of the foundation. 
Foundation consists of elastic cluster of elements 
with a Young’s Modulus E = 31 GPa and Poisson’s 
ratio 0.15.

The interaction between soil and structure is 
done via an interface using a value of 0.5 for the 
strength reduction factor (the strength of the inter-
face is half  the strength of surrounding soil). In the 
first phase of full interaction analysis the building 
is “constructed” activating the solid elements and 
the distributed load representing the building.

5 NUMERICAL RESULTS AND 
DISCUSSION

5.1 Preliminary analyses: influence of mesh 
density and error tolerance

In order to achieve an acceptable compromise 
between accuracy of results and calculation time in 
the complete analyses (greenfield and interaction), 
the influence of mesh density and tolerated error is 
studied on a simplified model.

A small portion of the complete mesh has been 
adopted; the mesh is reduced in longitudinal direc-
tion only (60 m instead of 225 m).

Geotechnical profile and geometry are the 
same as in the complete analyses. Fig. 9 shows the 
maximum vertical displacement (at ground level 
above the tunnel crown) and the calculation time 
obtained varying the density of the mesh (very 
coarse, coarse, medium, fine, very fine) and the 
tolerated error (0.1, 0.01, 0.001).

The accuracy of the solution increases by 
increasing the density of the mesh and decreas-
ing the tolerated error, but the calculation time 
increases quickly. An acceptable compromise 
between calculation time and accuracy of the 
results is obtained adopting a coarse mesh density 
(number of elements: 6800, average dimension of 
elements about 1 m) and a tolerated error equal to 
0.01 (Fig. 9).

In fact, the difference between this solution and 
the most accurate solution obtained adopting a 
very fine mesh (number of elements: 37145, aver-
age elements size 0.40 m) and a value of 0.001 for 
tolerated error is less than 3%; moreover, the cal-
culation time is 1/20 of the calculation time of the 
most accurate analysis carried out.

5.2 Greenfield analyses

Greenfield analysis involves only the construc-
tion of tunnel B (the building is not simulated). 
Fig. 11 shows the evolution of the greenfield settle-
ments profile calculated along the vertical plain for 
cross section 4 (see Fig. 10), during the tunnel con-
struction. The settlement profile reaches stationary 
trend very soon: the boundary condition effects 
are apparent for about 30 m (about 4.5D) from the 
boundary. The maximum value of the settlement 
is about 6 mm and, as expected (due to the small 
amount of plastic deformation developed), the set-
tlement at the front is about 1/3 of the final total 
settlement. Fig. 12 reports the settlement profile 
along cross section 1 at the foundation level (10 m 
below the ground level) at the end of excavation 
process. The maximum settlement is about 8 mm; 
due to stratigraphic heterogeneity the settlement 
curve appears a bit nonsymmetrical.
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The numerical result matches quite well the 
Gaussian distribution originally proposed by Peck 
(1969) and successively adapted by Moh et al. 
(1996) for calculation of the settlement profile 
under ground level; calculated assuming the vol-
ume of subsidence curve numerically obtained and 
selecting a value of 0.55 for K parameter.

The volume of subsidence curve normalized to 
the nominal excavation volume, VS, calculated from 
numerical results, regularly increases and reaches 
its maximum value of about 0.75% when the front 
is about 5D from the generic reference section.

Further tunnel advancements do not affect the 
value of VS (Fig. 13).

5.3 Interaction analyses

Full interaction analyses are carried out to study 
the interaction between soil, tunnel and pre-existing 

building. Before the simulation of the Tunnel exca-
vation the building is introduced into the model. 
Fig. 14 shows the vertical settlements induced by 
the building construction; the maximum calculated 
settlement is about 25 mm; the main structure (old 
portion, 1912) has just suffered a light distortion; 
after the more recent body construction (1934), the 
main structure experienced a small rotation (tilting), 
which is still visible. Displacements are set equal to 
zero before starting the construction of the Tunnel. 
The effects on profile settlement due to the presence 
of the building are clearly evident in Fig. 15 and 
Fig. 16. A small increment of settlements under the 
building foundation is noted. Due to the building 
stiffness, however, angular distortions are smaller 
compared to those calculated in greenfield condi-
tion (0.0016% and 0.0038% respectively) and are 
essentially inappreciable.
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5.3.1 Damage of the building
Numerically obtained stress and strain distribu-
tions in the building structure can be analyzed to 
assess the level of damage induced both in terms 
of potential crack formations and reduction of 
structural safety levels. For this purpose the tensile 
stress and the shear strength mobilization levels 
are particularly relevant. As expected because of 
the small level of distortion experimented by the 
building structure, the severity of stress is practi-
cally unchanged due to tunnel construction. In 
Fig. 17, for example, the distributions of the shear 
strength mobilization ratio τ/τmax, (τ is the cur-
rent shear stress while τmax is the maximum shear 
strength available) are shown before and after tun-
nel excavation, for cross section 1; τ/τmax equal to 
1 means that shear strength is completely mobi-
lized. The effects induced by tunnel construction 
on the building are very small.

6 CONCLUSIONS

In order to simulate accurately the effects induced 
on surface structures by tunneling operations, full 
3D finite elements numerical analyses shall be car-
ried out. The simulation shall include the main 
aspects on which the amount and the distribu-
tion of the settlements depend: the support of the 
tunnel face, the conicity and weight of the shield 
as well as the grouting in pressure of the annulus 

between lining and excavation profile. Settlement 
profile and volume of subsidence basin obtained 
numerically are simple analysis results depending 
on geometry, soil characteristics and modality of 
excavation.

In 3D analysis, it is very important to carry out 
preliminary analyses on a small portion of the 
complete mesh, using different mesh density and 
tolerated error, to optimize the complete analyses 
achieving an acceptable compromise between cal-
culation time and accuracy of the results.

The face pressure distribution considered in the 
model has been assumed within the design range. 
Under this assumption, the model gives a maxi-
mum settlement of about 8 mm, corresponding to 
a subsidence curve volume of 0.75%.

The study clearly underlines the necessity to 
incorporate the presence of the building into the 
model. For the case under investigation, the pres-
ence of the building induces a small increment of 
settlements. Due to structure stiffness, the build-
ing distortions are smaller than those calculated in 
greenfield condition (0.0016% and 0.0038% respec-
tively). Consequently, the expected class of dam-
age, according to Burland classification (Burland, 
1995), is near to zero. As expected because of the 
small level of distortion experimented by the build-
ing structure, the severity of stress numerically 
obtained due to tunnel construction is practically 
unchanged.

Despite the very low class of damage expected, 
due to the very poor quality of the masonry, the 
building suffers some damage and a large number 
of cracks were detected, before the tunnel con-
struction the structure of the building will be 
refurbished and the foundation system will be rein-
forced by micropiles.
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