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ABSTRACT: The paper deals with the main results of 3D numerical analyses carried out in order to
simulate the tunnel construction for the real case of “Túneles aliviadores del emisario principal del arroyo
Maldonado” in Buenos Aires. Full 3D numerical analyses are also developed to study the interaction
between tunneling excavation and a tall concrete building. The numerical models take into account the
main features of excavation process with Tunnel Boring Machine (presence of shield, face pressure, tail
void grout injection); a realistic structural model of the building is also used. Due to the very small level of
deformation expected, a simply elastic perfectly plastic with Mohr Coulomb strength criterion is adopted;
values of stiffness parameters are selected at very small deformation level. Soil parameters were determined by means of in situ and in lab experimental test results. Comparison between the monitoring data
and numerical results shows the good forecast capacity of the geotechnical model developed and encourages utilizing of 3D analysis as a valuable tool in tunnel design in urban areas.
1

INTRODUCTION

Urban areas pose challenging conditions for
underground construction due to the presence
of structures (both above and below the surface)
and limitations on the ground improvement (narrow streets, buildings, unexpected materials intercepted during excavation). Difficulties increase in
complex geological context with variable ground
conditions.
In an urban context, an accurate prediction of
ground movements, in addition to the stresses on
the structures, is extremely important. Numerical
modeling is a useful tool assisting the choice of the
best design solution; in particular, a three dimensional numerical approach is very powerful in realistically simulating soil-structure interaction during
tunnel construction also in the presence of existing
structures. As an example, the case of the Maldonado head-race in Buenos Aires is analyzed.
The 3D numerical simulations presented here
take into account the physics of the problem: face
supporting, over cut of the machine, the injection of grout into the annular void and its hardening. Similar analyses were carried out by Melis
et al. (2002) for the metro of Madrid, Kasper and
Meschke (2007) and Buselli et al. (2010) for the
metro C in Rome. In the analyses a realistic structural model of the building is also introduced.

After a description of the main features of the
urban context and the project of “Túneles aliviadores del emisario principal del arroyo Maldonado”,
the geological and geotechnical aspects are illustrated. Successively, the numerical models developed and the techniques adopted to simulate the
main factors of tunnel construction inducing settlements are then described. Finally, the results of
numerical models are discussed and compared to
the available monitoring data.
2
2.1

TUNNELS AND BUILDINGS
The urban context

Buenos Aires is one of the largest cities in the
world with over eleven million inhabitants in both
the city and its surroundings; the megalopolis is
periodically affected by huge floods with enormous impact on the economy.
Hydraulic problems, due to the weak slope of
the land, low altitude and low hydraulic conductivity of the soil are exacerbated by the recent
increase in rainfall. As a result of climate change,
the frequency of flood events has increased in the
last 40 years.
In addition to the short and intense rainfall
located in different parts of the city, it is worth
considering the occasional elevations of the
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“Rio de la Plata” level. One of the sectors most
affected by these types of events corresponds to
the bottom of the Maldonado river basin, which
originates in the province of Buenos Aires and
across the city towards west-northwest. In the late
1930s, the Maldonado River was piped along its
entire length within the capital and reaches 21.3 km
before emptying into the “Rio de la Plata” (7.2 km
and 14.1 km in the province capital).
The total area is about 97 Km2: 46 Km2 located
in the province and the remaining 51 Km2 in the
capital city; the latter representing 25% of Buenos
Aires total area, hence the basin constitutes the
largest area in the city. Topographic levels of travel
range from heights of greater than 20 m in the upper
basin to values of less than 5 m in its lower part.
The Maldonado rain collector divides the city
of Buenos Aires in two macro-areas so that flood
events affect movement of people and vehicles and
interrupt the normal functioning of the city causing considerable social and economic costs.
2.2

The project

The proposed solution is considered the most
important hydraulic structure (Fig. 1) for the
urban area in the last century and it will definitely
change the life of the biggest district of the city
(Palermo).
The project conceived in the hydraulic system
and flood control master plan by the Government
of the City of Buenos Aires is seen as a definitive solution to alleviate the Maldonado collector through two hydraulic tunnels (T1, 4579 m
long and T2, 9864 m long; the inner diameter is
6.90 m).
The works started in 2008 and after two years
the tunnel T1 was completely excavated; it will be
functional in May 2011. The second tunnel (T2)

Figure 1.

General layout of the project.

is under construction (pk 2300 m) and crosses the
principal tall buildings of Palermo district.
The Punta Carrasco shaft (Fig. 2) represents
the endpoint of collecting water drained through
the two-tunnel reliever and is in turn shaped by a
channel discharge that drains surplus rain flow to
the Rio de la Plata. It was also the starting point of
the project, where the two tunnel boring machines
(TBM) started. Punta Carrasco is a huge shaft
(40 m diameter, 55 m deep) and it was excavated
without soil treatments, representing a massive
application of hydromill trench cut technology.
The two tunnels run mainly under the main
streets and interact with big infrastructural works
such as two metro lines (B and D), an aqueduct, a
railway line, a highway line and three viaducts.
In some stretches the tunnels underpass big towers (more than 25 floors high and 3 floors below
surface level) with about 20 m of overburden
(Fig. 3).
Taking into account the difficult aforementioned conditions and the presence of the groundwater table, tunnels are excavated by EPB (two
Lovat EPB TBM) with control of the pressure at
the face, based on the ground to be excavated.
The tunnel segmental lining consists of rings of
1.50 m each formed by 7 concrete reinforced steel
elements 35 cm thick.
2.3 Monitoring system
In urban underground construction it is very important to measure the ground deformation around
the excavation to validate the design previsions and
to ensure integrity on preexisting structures.
In the Maldonado project the monitoring system
includes several sections with: precise leveling and

Figure 2. Punta Carrasco shaft: The starting point of
the TBM.
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Figure 3.

The tunnels underpass big towers.
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Figure 4.

Geotechnical soil profile.

The soil profile and hydraulic conditions have
been determined on the basis of the geotechnical investigation carried out in the design phase,
involving laboratory and in-situ tests.
The soil (Fig. 4) consists of a top layer (6 m) of
soft clay, overlaying an eolic soil deposit (Tosca),
characterized by alternation of silt (10 m) and
silty sand (5 m) and layers of monogranular sand
(Puelchense).
Groundwater conditions are hydrostatic with
the water table located 3.5 m below the ground
level. Therefore, the tunnel will be excavated under
the water level.
Further laboratory tests (Oedometric, Resonant
Column, Triaxial and Shear test) have been carried
out in the geotechnical laboratory of the Department of Structural and Geotechnical Engineering of Sapienza, University of Rome, on samples
retrieved during the construction.
Due to the adopted excavation modality (TBM,
EPB), small strain levels are expected in the soil
around the tunnel. Small strain stiffness moduli
determined by Resonant Column test (Fig. 5) were
selected. Due to the geological history, the deposit
is essentially normally consolidated then the horizontal effective stresses are calculated according
to the classical equation K0 = 1 − sinϕ′. A constant
value of 0.3 for Poisson’s ratio, ν′, was assumed.
The constitutive model adopted for soil behaviour is elastic perfectly plastic with Mohr-Coulomb
strength criterion. The physical-mechanical soil
parameters adopted in the analyses are summarized in Tab. 1.
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façade monitoring (accuracy is ±0.3 mm), extensometer in place installed from ground surface, inclinometer, Casagrande and standpipe piezometer.
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GEOLOGICAL AND GEOTECHNICAL
ASPECTS

The soil is mainly characterized by silty clay alternancy, arenaceous deposits and sands.
Regional-scale works are in a territory characterized by alluvial terrace formed deposits typical
of a transitional continental environment (fluvial sandy loam, gravel). This layer is genetically
related to the erosion and deposition of the River
Plate. These continental deposits are interspersed
with silt-clay lenses associated with deposition or
sedimentation of marine environments (Sainato
et al., 2000). Continental deposits form two terraced slope basins separated by 10–15 m of height:
called “low terrace” closest to the area of the
Rio de la Plata, and known as “terrace Pampa”
or “high terrace”, with altimetry position higher
compared to the previous.
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Figure 5.
Table 1.
Soil

p'=50 kPa
p'=150 kPa
p'=250 kPa
0.001

0.01
γ (%)

1

Results of Resonant Column tests.
Physical and mechanical parameters of soils.
γ
(kN/m3)

Clay
18.0
Tosca silt/silty sand 16.5
Pulchense sand
20.0
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0.1

c′
(kPa)

ϕ′
(°)

E′
(MPa)

15
35
0

26
24
35

5
150
250
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NUMERICAL MODEL OF TBM TUNNEL
CONSTRUCTION

The main elements modeled are: the front pressure
support; the TBM shield (geometry and weight);
the grouting in pressure; the ageing process of
grout; the lining rings.
The construction process is simulated discontinuously removing slices of elements inside the
profile of excavation 2 m thick for each step, while at
the same time the TBM shield advances, activating
shell on front and deactivating shell on tail. In the
model the real weight of the TBM (about 5000 kN)
is simulated; to this aim, a fictitious unit weight of
450 kN/m3 is attributed to the shell material.
A total pressure equal to the horizontal earth
pressure at rest is applied to the front to support the soil during excavation. This pressure is
about 260 kPa at the crown and increases linearly
(13 kPa/m) moving to the invert (Fig. 6). The final
lining is switched on from behind the tail of the
shield. Both TBM and tunnel lining are modeled
as linear elastics, using shell elements with the
properties reported in Tab. 2.
The tail void injection is simulated using a pressure applied to the ring cluster between the lining
and the excavation profile, opposite to the direction of tunnel advancement (Fig. 6), 20 kPa higher
than the maximum value of the pressure at the
front. The stage construction process considers
the ageing of the grout: fresh grout is characterized by a low shear modulus and incompressibility (γ = 24 kN/m3, E = 1 MPa, ν = 0.49), while
hard grout is very stiff (γ = 24 kN/m3, E = 8 GPa,
ν = 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 five slices (10 m).
Complete analysis studies the influence of a tall
building (Fig. 7).
The building with reinforced concrete structure
is composed of 29 storeys (100 m). The foundation,
located 6.0 m under the ground level is a 1 m thick
slab. The minimum distance between the building
and the tunnel axis is 11.0 m, the overburden is
19.0 m. The foundation is connected to the soil by
an interface, using a value of 0.5 for the strength
reduction factor (the strength of the interface is
half of the strength of surrounding soil). In the

Reality

TBM's shell

Grouting injection
Front pressure

TBM's
shell
Model Step 1

TBM's shell

Model Step 5

TBM's shell

Front pressure

Front pressure
Model Step 2

Model Step 6

TBM's shell

TBM's shell

Grouting injection
Injection pressure

Front pressure
Model Step 3

Front
pressure
Model Step 11

TBM's shell

Front pressure

Excavation
lenght

TBM's shell

Front
pressure
Fresh grout

Fresh grout

Hard grout
Hard grout

Injection pressure
Tunnel excavation

Figure 6. Excavation process model. numerical model
of the building.

Figure 7.
Table 2.

Model Step 4

Building and numerical model.

Shell properties.

Shell

s
(m)

γ
(kN/m3)

E
(GPa)

v
(–)

TBM
Lining

0.04
0.35

450
25

210
31

0.15
0.15

first phase of complete interaction analysis the
building is activated; the resulting displacements
are set equal to zero before starting the construction of the tunnel.
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NUMERICAL ANALYSIS

To minimize the boundary effects on settlements
profile, the mesh dimensions both in the longitudinal and transversal direction are assumed
according to the literature suggestions (Franzius
and Potts 2005). Horizontal restraints are applied
at the vertical boundary and total restraints are
applied at the model base. The initial stress distribution is assigned according to the unit weight of
the soils and the assumed coefficient of earth pressure at rest.
All the analyses are carried out in drained conditions; this choice is advisable for two reasons:
i) the permeability of silt, silty sand Tosca (the
deposits within which the tunnels are mostly bored
through) is relatively high; ii) the monitoring field
data doesn’t show appreciable settlements due to
consolidation phenomena.
5.1

tunnel axis during the construction of the tunnel
for three points (ground surface, near tunnel crown
and tunnel invert). The settlements begin to appear
when the front of excavation is about 1.5 diameters
behind the reference section (located in the middle
of the mesh); only 25% of maximum settlement
develops when the tunnel face is in the control section. Steady state conditions establish when the
front of excavation is about 30 m faraway (4D).
Fig. 12 shows the surface settlements for different tunnel position (front in the reference section,
tail shield in the reference section, front far from the
reference section). The maximum value is 2.6 mm at
the end of the tunnel excavation.
In Fig. 13 the tunnel axis ground surface settlements are depicted; it shows that the steady state
settlement conditions were achieved at distance of

Preliminary analyses

Max settlement (m)

5

In preliminary analyses, a small portion of complete mesh (the mesh was reduced in longitudinal
direction: only 50 m instead of 228 m) has been
adopted (Fig. 8). Geotechnical profile and geometry are the same as in the complete analyses.
Fig. 9 shows the maximum vertical displacement at ground level, the vertical stress on tunnel
crown and the calculation time obtained varying the density of the mesh (100000, 250000 and
500000 elements).
The accuracy of the solution increases by
increasing the density of the mesh but the calculation time increases quickly. An acceptable compromise between calculation time and accuracy of
the results is obtained adopting an average mesh
density and an unbalanced force equal to 1 kN. In
fact, the difference between this solution and the
most accurate solution obtained adopting a very
dense mesh is only about 5% (for displacement).
However, the calculation time reduces drastically.
5.2
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-0.0044

-0.004376

-0.004496

-0.004641

-0.0048
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Vertical stress (kPa)
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Figure 9. Results of preliminary study (Maximum surface settlement and vertical stress on tunnel crown).

Green field analysis

The mesh used in green field analysis is depicted
in Fig. 10. Fig. 11 shows the evolution of the
green field settlements profile calculated along the

Figure 8.

Mesh used in preliminary analyses.

6x105

Figure 10.
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Mesh adopted in green field analyses.
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Figure 13.

Figure 11. Computed settlement: A ground surface,
B tunnel crown and C tunnel invert.
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Figure 14. Computed, monitored and empirical settlement trough.
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Tunnel 2 field data
3D Model

5 diameter from the start boundary; the pre-settlement is 25% of maximum settlement.
The numerical result (Fig. 14) matches quite
well the Gaussian distribution originally proposed
by Peck (1969) and successively adapted by Moh
et al. (1996) for calculation of the settlements profile under ground level, selecting for K a value of
0.45 and a value of 0.08% for the volume loss,
VL; it match quite well with the field data, also
(section 5).
It is important to notice that VL is a result of the
analysis and not a design assumption; the volume
loss calculated from numerical analysis is in good
agreement with the field data, while the design
value is bigger than them (Fig. 15). The value of
VL = is 0.5% in the design, 0.08% in this numerical
analysis and it varies in the range 0.05–0.1% from
field data.
As expected, in the analysis the ground around
the tunnel remain in elastic condition and the
strain levels are very small.

Volume loss (%)

0.8
0.6
0.4
0.2
0
0

1000

2000
3000
Chainage (m)

4000

5000

Figure 15. Design, computed and monitored volume
loss.

5.3 Interaction analysis
In the interaction analysis the building was modeled with frame structure (Fig. 16).
The weight and the stiffness of the building
modify the subsidence trough (Figs. 18, 19 and 20).
The presence of the building slightly reduces the
settlements and the curvature of settlement profile
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Figure 19. Green field, interaction and monitored settlement (tunnel totally excavated).
Figure 16.

Mesh adopted in interaction analyses.
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Figure 21. Computed and monitored settlement during
tunnel construction (PMMS2 is out of service).
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Figure 18. Green field and interaction settlements
(tunnel face in the reference section).

(Fig. 20). This result is attributed to: i) the relative
position: the building is located at 11 m to the tunnel axis; ii) the building is set partially in the sagging area (where the settlements are reduced) and
partially in the hogging area (where the settlements
are increased) of the green field settlements profile.
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Due to the stiffness of the building, however, the
angular distortions, ∆/L, introduced by Burland
and Whroth (1974), reduce about 30% (1.02 ⋅ 10–5
instead of 1.40 ⋅ 10–5). According to classification
proposed by Burland (1995), due to the very small
distortion, the expected class of damage of the
building is “0”.
In Fig. 21 the comparison between the predicted
longitudinal settlements and the field data (Fig. 17)
at ground surface is reported. The results of the
numerical model seem to provide a good match
with the field data.
6

Finally, the results obtained in this paper encourage the use of full 3D numerical analysis as a valuable tool in tunnel design in urban areas.
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CONCLUSIONS

In this paper the main results of 3D numerical
analyses carried out in order to simulate the tunnel
construction process for the real case of “Túneles
aliviadores del emisario principal del arroyo Maldonado” in Buenos Aires, are reported.
In order to obtain realistic results about the
settlements induced on surface and on surface
structures by tunneling operations, full 3D finite
elements numerical analyses were performed. The
analyses include the simulation of the main factors
inducing settlements: the support of the tunnel
face, the geometry and the weight of the shield, the
grouting in pressure of the annulus between lining
and excavation profile, the lining. In the interaction analysis also a realistic model of the building
structure was also introduced.
The analysis of the numerical results and the
comparison with field data obtained from monitoring systems allow us to draw the main conclusions reported in the following.
The settlements profile and volume loss obtained
numerically are simply analysis results depending
on geometry, soil characteristics and excavation
process.
The field of settlements and, consequently, the
volume loss estimated by numerical simulations
are in good agreement with the field data.
Realistic values of volume loss can be obtained
via 3D numerical analysis introducing the main
factors by which the displacements field depends
into the model.
For the case examined, the presence of the
building does not modify the amount of settlements significantly; this phenomenon is essentially
due to the relative position between the building
and the tunnel. Due to the very small distortion,
the expected class of building is “0”.
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