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ABSTRACT: A back analysis of a road rtunnel below Ibirapuera Park in Sao Paulo, Brazil, was performed
using a 2D model and the computer program FLAC from the Itasca Consoulting Group, USA. The purpose
was to determine two soil parameters: the stresses relaxation ratio due to the 3D geometry of the heading; and
Ko, the coefficient of earth pressure at rest. The results were used to improve the design of the adjacent
t|.mnel.

1 NTRODUCTION

Sao Paulo, the largest city in Brazil, is increasing the
capacity of its road system. One major project is the
so called “Corredor Viario Sudoeste-Centro”
(Southwest-Center carriageway) containing' a series
of tunnels totaling 12 km long, passing ,below
avenues, the Pinheiros river and Ibirapuera Park as
shown in figure 1. The analysed cross section is in a
tertiary, sedimentary, over consolidated soil,
monitored externally by surface and deep settlement
points and internally through convergence
measurements.
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Fig. 1. Tunnel location

The tunnel has a two lane carriageway with a lane
width of 3.5m,- a total excavated width of 12m and
an excavated height of 10m, totalling an excavated
cross section of 95 m’.' The NATM execution
sequence foresees the-tunnel heading excavation by
a roadheader with advances of 0.8m depending on
soil quality. After excavation the lining is formed by
lattice girders, wire mesh and shotcrete. Once a
sufficient advance of the heading is achieved, the
bench is excavated and supported by wire mesh and
shotcrete.
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Fig.2. Geotechnical profile
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2 GEOLOGY AND DESIGN

Sao Paulo city rests on sedimentary soils from Sao
Paulo and Resende Formations, composed of
alternate layers of dense sand and hard,
overconsolidated clay. At the project site, the rock
top is at elevation 700 m and is usually capped by
the Resende Formation. The parameters of these
soils have been investigated and were basically
correlated with the results of standard penetration
tests (SPT). Figure 2 shows the soil layers at the
analysed cross_ section.
The drained parameters required for the analysis are
the Young’s modulus and Poisson’s ratio, for a
linear elastic rheology, internal friction angle and
cohesion for Mohr-Coulomb envelope, and the soil

- kN/m3 kN/m2 (°) kN/m2
1 2 to 7 '16 10 _ 20 7200
2a 0 to 4 16 8 ' 20 3200
3a > 40' 121.5 150 20 100000
3 10 to 20 __ 20 30000

so1L 'SPT Y c' A ¢' E
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The correlations used were derived by Negro and
S6zio (1992). The tunnel was 'excavated using
NATM and the primary shotcrete' lining. has a
thickness of 20 cm and its Young’s modulus was set
to 15 Gpa, in order to simulate the lining load
distribution, as the concrete resistance is not yet
fully developed. The project involves two steps of
excavation: the top heading, without a temporary
invert, and the bench _
The geometry of the cross section used in the
analysis may be seen on figure 3.
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Fig.3. Geometric Cross Section

3 INSTRUMENTATION

In situ instruments were used to monitor tha
displacements of several points of the soil xmas.,
mainly at the ground surface, next to the tunnel
heading, and intemally measuring the tunnel lining
convergence. A cross section with the instrument
locations is shown on tigure 4. The deep settlement
points us_ed for comparison with the model were the
ones in position T-C," at 10.10 m above the grade
along the tunnel axis. Figures 5 to 7 present thg
displacements measured in the studied stretch.

4 MATHEMATICAL MODEL

The mathematical model used to simulate the soil
behaviour is linear elastic, with a Mohr-Coulomb
envelope.
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Fig.5. Horizontal tunnel convergence versus distance
to the excavation face.
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Fig.6. Surface settlement versus distance to the
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Fig.7. Deep settlement point T-C versus distance to
the excavation face.

The computer code used was FLAC (Fast
Lagrangian Analysis of Continua) version 3.22 by
Itasca Consulting Group. FLAC is a two
dimensional explicit finite difference code which
simulates the behaviour of structures built of soil,
rock or other materials which may undergo plastic
flow when their yield limit is reached. In this case
the grid that represents the#-continua can actually
deform based upon a “Lagrangian” calculation
scheme which is well suited for modeling large
distortions.
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A first attempt to derive an equivalent two
dimensional problem via a three-dimensional theory
has been made by Erdman (1983). Kielbassa and
Duddeck (1991) (have described several approaches
to account for the three-dimensional effect using a
two-dimensional model. In order to account for this
three-dimensional effect of stress release at the
tunnel face, a relaxation factor is used to reduce the
stresses at the excavation boundary. This way of
modeling the relaxation is based on the .work by
Panet (1979 ), where by measuring the force at the
boundary at zero relaxation factor and then applying
an ever -decreasing amount of this traction force, we
can obtain the appropriate closures. A relaxation
factor of 30% means that the stresses at the
excavation boundary are reduced by 30% of the in
situ stresses.

The program FLAC has a “built in” language, of
programming, which was used to develop a routine
for simulating this effect.
A total of 9 cases were run varying the relaxation
factor and the coefficient of earth pressure at rest,
and were named as described below:

Case , Relaxation factor _ Ko1 30% 12 30% 0.83 30% 1.24 20% 15 20% 0.86 20% 1.27 40% 18 40% 0.8' 9 40% 1.2
The following stages of modeling were run to
simulate the construction sequence:

a) the initial state of stress in the ground is set using
the coefficient of earth pressure at rest; X
b) stress release at the tunnel face is applied at the
excavation boundary using the relaxation factor;
c) heading excavation, lining installation and total
release of stresses at tunnel boundary.

5 DISCUSSION OF NUMERICAL RESULTS

The numerical analysis carried out yielded results
that were compared with field measurements. The
value obtained for the coefficient of earth pressure at
rest that fits best in the range of observed field
readings may not necessarily be the most realistic
value obtained by in situ methods. Nevertheless, this
value SC1'V6d its purpose of calibrating the
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Fig.8. Deep settlement points: average measured
values versus computed values.
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Fig.9. Surface monuments: average measured values
versus computed values.
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Fig.l0. Convergence: average measured values
versus computed values.

mathematical modelF’to best simulate the prototype
behaviour. The same argument can be applied as far
as the stress release is concerned. Figures 8 to 10
show the comparison between the cases studied and
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the range of values observed for the different
instruments. From figure 8 it can be seen that thg
cases 1, 3, 4, 6 and 9 fall outside the band of the
field readings. Figure 9 shows that cases 1,_ 3, 4,
and 9 are outside the observed range, whiletigure 10
shows that the cases outside the observed range arg
2, 5 and 8.

The cases that have displacements within the in situ
measured displacements are 2, 7 and 8, andcase 7
seems to yield the best fit.

6 CONCLUSION

A comparison between displacements and
convergences measured during tunnel excavation
and those calculated using pairs of Ko and relaxation

factor showed that a good fit could be obtained using
Ko=1 and relaxation factor = 40%.
It must be 'emphasized that the authors are not
claiming that these are real values. But that they lead
to computed displacements that best fit in situ data,
using the mathematical model, the assumed Young’s
moduli and the construction sequence described in
the text.
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