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ABSTRACT: During the excavation of the Brasilia Metro, a tunnel was excavated through an urbanised area,
with some buildings and other structures located inside the tunnel area of influence. Some of those structures
suffered some damage due to tunnelling, among them, a fuel station. Aiming at studying the structure behaviour
and its influence in the pattern of ground displacements during tunnelling, three-dimension numerical analyses
were performed. The finite element code Allfine was used and a modified version of the Cam-Clay constitutive
model adopted to represent the ground behaviour. The main findings from the numerical analyses are: a consistent
influence of the structure presence in the displacement pattern was observed, in terms of spatial distribution
and magnitudes; differential displacements were more critical for the cross-section, resulting to higher angular
distortion even far away from the tunnel; in the longitudinal direction, maximum angular distortion was observed
when the excavation was just approaching the structure.

1

2 THE BRASILIA METRO AND THE INDIRECT
INTERFERENCE

INTRODUCTION

Tunnelling provokes changes in the stress state of a
ground and consequently, some displacements are generated. When a tunnel is excavated in urbanised areas
these displacements may cause damage to structures
located in its area of influence. Depending on ground
conditions, structure type, construction method, tunnel geometry parameters and depth, these damages can
vary from negligible to very severe.
In Brasilia, during the excavation of the Metro,
several interferences affected the tunnel excavation,
some of them indirectly. In other words, they were
located inside of the tunnel influence area, but without
any physical interference with the excavation section. These structures were: buildings, fuel stations,
the structure of a viaduct and public utility structures
(pluvial water galleries, sewage, phone and electrical
cables). There was also some direct interference such
as the presence of four piers of an old viaduct structure
inside the tunnel cross-section.
In this paper, three-dimension numerical analyses
are presented for the section Shaft-PP7, where a fuel
station was located. Numerical simulations focused
the tunnel excavation and its excavation face passage by the building structure, in order to analyse the
soil-structure interaction mechanism. In other words,
they aimed at the influence of tunnelling in the structure and the influence of the structure in the ground
displacement pattern.

The Brasilia Metro has an extension of 42 km, being
12 km underground. The South Wing section is totally
underground, with 7.2 km of length, and encompasses
nine stations. These stations were built by the cut-andcover method and the tunnel excavated by the sequential excavation method, following the NATM (New
Austrian Tunnelling Method) principles. The geometry shape of the tunnel cross-section was an ovoid, with
an equivalent diameter of 9.6 m. The South Wing tunnel of the Brasilia Metro was mostly excavated inside
a geological domain, called Paranoa group, which
encompasses layers of porous clay and residual soil
of slate.
Several fuel stations are located on the alignment
of the South Wing tunnel. One of them, located in the
section Shaft-PP7 (chainage 1020 m), suffered severe
damage due to tunnelling. The structure of this fuel
station comprises two floors (Figure 1), being one
of them underground. Each floor is 3.0 m high, 14.0
long and 7.0 m wide. Foundations include 28 excavated piles, 42 cm of diameter and 7.0 m long each.
Some piles are grouped in blocks of two and three,
each pile supporting an average load of 120 kN. For
the sake of simplicity, the blocks of two and three piles
have been transformed into larger piles, using the criterion proposed by Poulos & Davis (1980), reducing
the foundation structure to fifteen piles (Figure 2).
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Figure 3. Two-dimensional mesh produced by the programme Sigma/W.

Figure 1. Cross-section of the fuel station structure located
in the section Shaft-PP7.

Figure 4. Mesh used in three-dimensional analyses.

Figure 2. Construction stages of the tunnel underneath the
fuel station.

3

NUMERICAL SIMULATION OF THE
SOUTH WING TUNNEL OF THE
BRASILIA METRO

The finite element code Allfine, developed by Farias
(1993), was chosen for the numerical simulation. This
programme allows users to perform two and threedimension numerical analyses, having the following
main characteristics: vast option of choices of elements and constitutive models; analyses considering
unsaturated soils; simulation of the soil-structure collapse. It is also an open program, ready for new implementations. In order to overcome graphical interface
problems, the programme SIGMA/W (Geo-Slope,
1998) was used for pre-processing input data and
the programme POS-3D (developed by PUC-RJ) for
post-processing results.
Initially a two-dimension mesh was prepared using
the programme SIGMA/W (Geo-Slope, 1998). It consisted of 590 isoparametric quadrilateral elements
with four nodes, totalling 610 nodes (Figure 3). This
2D mesh has a longitudinal extension of 46.0 m,

divided in 24 sections, with increment sizes of 4; 2; 1.5;
and 0.5 m. This variety in increment sizes was due to
situations as excavation progresses and to the position
of the piles and building structural elements. The 3D
mesh comprises 14160 brick elements of eight nodes,
with 2 × 2 Gaussian integration points and totalling
15250 nodes and 45750 degrees of freedom (Figure 4).
The excessive number of elements in the 3D mesh was
due to the following factors: lack of symmetry; the
need of having a minimum distance of two diameters
before and after the passage of the tunnel excavation
face by the building structure; the representation of
the building longitudinal dimension in the mesh and
the need of having a good detail of the excavation
neighbourhood.
The adopted constitutive model was a modified
version of the Cam-Clay model proposed by Naylor
(1994). It includes a tension zone and flattening of the
yielding surface. The representation of the compression index (λ), the void ratio (eo ) and the swelling index
(κ) is done in a simplified way in this version of the
Cam-Clay model, using a single parameter denominated modulus of plastic compressibility (χ), proposed
by Naylor et al. (1981), where χ = (λ − κ)/(1 + eo ).
More information about this constitutive model can
be found in Naylor (1994) and Assis & Farias (1998).
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Parameters

Porous clay

Silty clay

Clayed silt

γd (kN/m3 )
γ (kN/m3 )
eo
E50(average) (MPa)
Poisson ratio
Cohesion (kPa)
ko
Friction angle (◦ )
λ
κ
χ

12,0
16,0
1,5
8
0,3
20
0,55
26
0,175
0,019
0,0624

13,5
16,0
1,0
16
0,3
30
0,55
26
0,175
0,019
0,078

15,0
19,0
0,7
80
0,3
100
0,55
28
–
–
–

Settlements: mm

Table 1. Ground parameters.
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Figure 5. Settlements in pile lines 1 and 4.

4
4.1
Table 1 presents the ground parameters. It is important to mention that the behaviour of the last layer of
soil (clayed silt) was simulated by the linear elastic
model.
The simulation of the excavation attempted to match
as closely as possible the tunnel excavation sequence.
This sequence encompasses four stages for each cross
section: (1) head excavation, (2) bench side excavation and head lining, (3) invert excavation and bench
side lining, (4) closure of the invert lining. Excavated
elements are excluded from the mesh, while lining
elements are reactivated with new properties. The longitudinal advances extended for 2.0 m in each section
and a total of 21 advances was simulated.
The simulation of the construction process encompassed the following stages:
1 Generation of the initial stress values, starting from
the overburden weight, providing a Poisson ratio
value, compatible with the ko value.
2 Excavation of the area where the structure is located
by removing its respective elements.
3 Activation of the structure elements, attributing to
them properties of the concrete, and also deactivation of the elements inside the structure, turning it
into a hollow block.
4 Applying loads to piles.
5 Setting the tunnel excavation process by removing
elements to be excavated and subsequent activation
of the support elements, stage by stage, till the last
section excavated.
The results presented correspond to seventeen excavation stages. During the 17th stage, the excavation
face has already surpassed the final extremity of the
structure by a distance of 8.0 m. To avoid a structural
collapse of the excavation during its initial stage, the
first excavation stage was treated specially (excavation
and lining immediately), without allowing any stress
relaxation.

RESULTS
Settlement in the piles

Figure 5 depicts the settlements in the piles during
the excavation stages. The fuel station structure was
composed by four longitudinal lines of piles (Figure 2):
line 1 formed by piles P1 , P2 , P3 , P4 and P5 ; line 2 by
piles P6 , P7 and P8 ; line 3 by piles P9 and P10 ; and line
4 by piles P11 , P12 , P13 , P14 and P15 . To allow a better
visualisation, the results of lines 1 and 4 are presented.
In all pile lines, the pile that shows the largest initial
settlement is that located in the excavation borderlines
(P5 and P15 ). As these values increase, a longitudinal
distortion is generated among the piles of each line
of piles. Those longitudinal distortion values change
according to the excavation stage, reaching their maximum value when the excavation face passed from 2 to
4 m beyond the initial borderline of the structure. The
maximum differential settlement values were 11.5 mm
in line 1 and 9.0 mm in line 4. In terms of longitudinal
angular distortion, the obtained values are within the
category of negligible damages, 1/1500 and 1/1200 for
lines 1 and 4, respectively.
During the excavation stages there is also the
occurrence of differential settlements and transversal
angular distortions among pile lines. The largest values were found among the stages 16 and 17, after the
passage of the tunnel excavation face, 6 to 8 m beyond
the borderline of the structure, reaching 13.6 mm for
the differential settlement and 1/500 for the angular
distortion.
These results allowed verifying the wave effect
that the excavation face provokes in the structure,
being the longitudinal direction more critical when
the excavation face was between the initial and the
middle sections of the structure, and the transversal
direction more critical when the excavation face has
passed the borderline of the structure. Analysing both
directions (cross-section and longitudinal), this casestudy showed that the cross-section direction was the
most critical one. However, other results in the literature, as those presented by Netzel & Kaalberg (1999),
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Figure 6. Ground settlement cross-section profile.
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Figure 8. Ground longitudinal settlement profile for stage 4.
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related to the 3D effect in constructions in the Netherlands, indicated the longitudinal direction as the most
critical one.

Figure 9. Ground longitudinal settlement profile for
stage 10.

4.2

is located, but also these values are constant due to the
linear elastic behaviour of the concrete.

Patterns of the ground transversal displacement
profile

In the same way that the excavation of the tunnel affects
the displacements and loads on the structure elements,
the presence of the structure may also affect the ground
displacement patterns. Figures 6 and 7 depict settlement profiles and surface horizontal displacements of
the ground. The results correspond to the 17th excavation stage when the excavation face was 8 m of the
extreme boundary of the structure. As one can observe
in the figures, the presence of the structure altered
the green field ground displacement pattern, causing
a lack of symmetry when comparing the two areas
divided by the tunnel vertical axis. Due to the presence
of the structure, the displacement values are smaller,
as well the steepness of the settlement trough flatter.
This effect is provoked by the stiffness of the structure. This finding means that if damages would be
forecasted considering the structure as infinitely flexible (green field), the works could be done under a
conservative safety situation. Regarding the horizontal displacements, the results are quite similar, with
not only smaller values in the area where the structure

4.3

Figures 8, 9, 10 and 11 present the longitudinal settlement profile for two distances in relation to the vertical
axis of the tunnel, one of them at −4.5 m, cutting
the structure, and the other at 4.8 m, not cutting the
structure. The negative sign indicates that the profiles
are in opposite sides in relation to the tunnel vertical
axis. In stage 4, the excavation face has not reached
the structure yet, but the profile at the same side of
the structure already presents smaller settlements, as
well as a different shape. The side of the profile where
the structure is located presents an accentuated steepness in stage 4, reaching its maximum value when the
excavation face reaches the first boundary of the structure and since then, it begins to soften, as indicated in
Figures 9 and 10. In a certain point, the differential settlement values in the area where the structure is located
are null, being totally horizontal (Figure 11). According to Netzel & Kaalberg (1999), as the excavation
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Pattern of the ground longitudinal displacement
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Figure 13. Longitudinal horizontal displacement profile
(Hx) for stage 10.
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Figure 14. Longitudinal horizontal displacement profile
(Hx) for stage 13.
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Figure 10. Ground longitudinal settlement profile for
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Figure 12. Longitudinal horizontal displacements profile
(Hx) for stage 4.

Figure 15. Longitudinal horizontal displacement profile
(Hx) for stage 15.

face progresses, it provokes some longitudinal damages during its passage. After that, when settlements
stabilise, the structure tends to return to its initial horizontal position, with some absolute settlement values.
As it does not have anymore the same particle arrangement, the cracks opened during the face passage still
remain.

Figures 12, 13, 14 and 15 show the longitudinal profile of horizontal displacements in the x direction axis
(Figure 2) for the same situations of Figures 8, 9, 10 and
11. For these cases, an accentuated difference occurs in
the initial excavation stages between the two horizontal
displacement profiles (x = −4.5 and x = 4.8 m). This
difference tends to decrease after the passage of the

513
Copyright © 2006 Taylor & Francis Group plc, London, UK

excavation face underneath the structure. It is worth
to mention that due to the rotation that the structure
suffered during the tunnel excavation, the weight of its
upper section has a great influence upon the horizontal displacements after the inclination of the structure.
Therefore the values of the horizontal displacements in
the area where the structure is located overcome those
of the opposite area.
5

CONCLUSIONS

With this study, one can conclude that in the case of the
fuel station location, where the damage severity degree
is analysed, the longitudinal situation reached its maximum values of angular distortion when a complete section was excavated in the first boundary of the structure; in other words, when the excavation face reached
the structure first boundary. Comparing the two situations (longitudinal and cross-section), the crosssection displacements show to be more critical, with
greater values of angular distortion, although smaller
than the limit for architectural damages (1/500).
Despite the cross-section situation was more critical,
one should not disregard to perform a 3D analysis to
study the wave effect, once this effect could be more
harmful, depending on factors such as: the relative
position of the building according to the tunnel axis;
the construction method; and the axial and flexural
stiffness of the structure. During the passage of excavation face, in the case of longitudinal angular distortions
exceed the allowed limits, there will be the occurrence

of cracks, and after its passage and consequent stabilization of the settlements. These cracks tend to close,
but not completely, since the structure does not have
anymore the same particle arrangement as previously.
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