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Urban tunnels in soil: Review of current design practice in Brazil

A. Negro

Bureau de Projetos, São Paulo, Brazil

ABSTRACT: The current design practice of urban tunnels in soil as perceived in Brazil is reviewed and
discussed. The review is based on answers to a questionnaire sent in 2006 to practitioners involved in the design
or in the design supervision of tunnel projects.The results of this investigation are carefully considered to identify
trends and needs for development.

1 INTRODUCTION

The first assessment of the design practice of urban
tunnels driven in soil performed in Brazil was car-
ried out in 1993 through a survey whose results were
published in the 1st. International Symposium on
Underground Constructions in Soft Ground in New
Delhi (Negro and Leite, 1995).
This time cut-and-cover structures are not included

and the review covers underground openings of any
shape with more than 0.5m diameter, directional
drillings also not included. The survey is not lim-
ited to tunnels built in Brazil and covers any tun-
nel project conducted with criteria and procedures
presently adopted in Brazil. In all cases tunnels were
designed and built in areas with buildings on the sur-
face and utilities on the subsurface, both liable to
damages induced by ground movements associated to
tunnel excavation.
Multiple choice questions to which one or more

answers could be selected were sent to professionals
involved in the design or in the design supervision
of tunnel projects over the last few years. Consider-
ing the multidisciplinary nature of tunnel design, the
questionnaire was sent to practitioners from a vari-
ety of expertise and included topics beyond strict
geotechnical context. Accordingly, questions were
sent to geotechnical engineers, geologists, structural
engineers, experts in numerical modelling.
These professionals could opt out questions tran-

scending their specialties. Most questions asked for
answers expressing the practitioner current preference
on each technical aspect of tunnel design, in such a
way that they translated the respondents routine design
practice. The questions were sent to 30 tunnel experts
and 20 replied the survey.
The results presented below are grouped within-

related topics. One should note that respondents

offered sometimes more than one answer to a ques-
tion. Therefore, frequencies shown refer to percentage
of total answers offered or to percentage of respondents
as applicable.

2 THE SCENARIO OF THE PRACTICE

Tomake simpler the analysis of the answers, few ques-
tions were formulated to define the scenario of the
design practice to which it refers.
More than two thirds of the answers refer to tunnels

built for trains, metro systems and vehicles in general.
Accordingly, more than four fifths of the answers

(from26 given) refer to tunnelswithmore than 4 to 6m
diameter (almost two thirds with diameters in excess
of 6m).
The ground condition more frequently encoun-

tered, is that of tunnelling with mixed face. Tunnelling
through cohesionless ground is not frequent. On the
other hand, more frequently than not, tunnelling takes
place below water table.

3 LINING DESIGNANDWATER PROOFING

The type of secondary lining more frequently used
over the recent years is the wet mix sprayed con-
crete (45%), followed in equal proportions by the dry
mix and by the cast in place concrete (23% each).
The answers are consistent with the larger tunnel sizes
focused. Steel liner plates as final lining are not in
use, possibly for being liable to electric or chemical
corrosion in adverse urban scenarios.
The survey revealed that wire meshes are the most

popular type of reinforcement for secondary linings.
It is somewhat surprising to see that lattice girders
and steel sets are still in use, though they are not
usually taken into account in the design of secondary
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linings. Steel fibers are not much used and it is almost
non existent the old practice of unreinforced con-
crete secondary linings: it looks like that there is a
general perception that it is necessary to ensure an
adequate ductility rendered by steel reinforcement to
final tunnel linings, assuring that brittle failure of the
lining do not take place under unexpected catastrophic
conditions. This is in line with the requirement of
minimum steel reinforcement accepted by 85% of the
respondents (the remaining do not adopt it).
Forty percent of the respondents explained that

they use only the minimum steel section for bending
whereas 60%adopt theminimumboth for bending and
for shrinkage control.
60% of the respondents either never design tunnels

to be waterproof (15%) or they did it only few times
(45%). The most favorite technique to water proof
tunnel linings are impervious geomembranes, system
(39% of the answers) that has been just introduced
in the country. On the other hand this is seconded by
a group of more traditional procedures in Brazil that
aims the reduction of concrete permeability, by special
mix design, special admixtures and controlled curing
of the concrete (summing 32,3% of the answers). This
group combined with the design of concrete with lim-
ited crack widths total 45% of the answers, while 5 to
10years ago theywould count for 100%of the answers.

4 GEOTECHNICAL DESIGN

All respondents declared they normally perform sta-
bility analysis of the tunnel heading. Figure 1 shows
that almost one third of the answers indicate the use
of the safe Lower Bound solutions from the Theory of
Plasticity. Some prefer the use of limit equilibrium
methods or the sole use of Upper Bound solutions
fromPlasticity,which are normally unsafe approaches.
Empirical methods (that can either be safe or unsafe)
and finite element analysis with elastic plastic mod-
els ranked equally, with almost 14% of the answers
both. It should be noted that within the latter, none
of them were really Numerical LimitAnalysis (NLA),
such as that presented by Durand el al (2000). In fact
they refer to 2D FE analysis in which a full ground
stress unloading is applied to check if the 2D opening
withstands it, without any support.
It is worth noting that respondents adopt, in equal

proportion (40%), distinct approaches for stability
analysis of headings of tunnels built with a shield and
without it (mined tunnel, NATM). No formal reason
justifies such practice.
All respondent confirm that they normally predict

the settlements induced by tunnel construction in their
routine practice and that this is done through numerical
analysis (both finite elements and finite differences) –
see Figure 2. Comparing these results, with those of
the 1993 survey, a considerable decrease in the use of

Figure 1. Methods of analysis for assessment of tunnel
heading stability.

Figure 2. Methods for settlements estimates.

empirical and semi-empirical methods is noted (from
60% to 20% now). With respect to the assessment
of induced damages on buildings (Figure 3), no clear
preference to a single method or procedure is noted:
the methods by Burland and Wroth (1974) and by
Boscardin and Cording (1989) were those with more
indications (21% of the answers both). The most used
plane static systems to calculate normal forces and
bending moments in the tunnel lining, accounting the
interaction between it and the ground (see Figure 4) are
numerical solutions with 74% of the answers (48% for
FE and 26% for FD). A considerable increase in the
use of these types of solutions was seen in the coun-
try since 1993, when only 43% of the answers favored
them.
It was noted also that in the design of the pri-

mary lining, using 2D static systems, 85% of the cases
consider a reduction of the geostatic stresses and the
remaining 15% of answers consider or not this reduc-
tion, depending of the specific conditions of the case
being studied. The procedure more frequently used to
estimate the reductionon theground stresses (Figure 5)
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Figure 3. Methods for assessment of damages induced by
tunnelling on buildings at ground surface.

Figure 4. 2D static systems to assess lining loads.

are those derived numerically (Negro and Eisenstein,
1997, for instance), followed byTerzaghi’s arching the-
ory, notwithstanding the fact that this corresponds to
large ground stress releases associated to large induced
displacements, which are not compatible to an urban
scenario.
When designing the secondary lining, only 59% of

the practitioners assume a reduction on the ground
stresses, possibly reflecting an old and debatable
believe of long term creep of geological materials,
leading to fully decayed shear strength.
Practitionerswere asked how to account for ground-

water loads on the sprayed concrete primary lining
of a tunnel driven below water table (see Figure 6).
50% of the answers indicate that no account is taken
of water pressures, on the assumption that the soil is

Figure 5. Procedures to estimate reduction of ground
stresses.

Figure 6. Account of groundwater loading over a primary
lining of a tunnel below water table.

fully drained (45% of answers) by compulsory dewa-
tering; few (5%) take into account the body forces
resulting from dewatering the ground. The other half
of responses indicate that they take into account the
acting pore water pressures and the effective stresses
onto the lining (either reduced or not).
It is worth noting (see Figure 7) that more than half

of answers offered indicate that practitioners either do
not take into account the effects of pore water pres-
sures in the soil behaviour (4%) or limit the account
to the water pressure onto the lining at most (54%).
Just over 20% perform numerical analysis coupling
soil stresses and pore water pressures using finite ele-
ments. Also worth noting (Figure 8) that almost 80%
of the answers indicate the use of elastic-plastic mod-
els associated to the Mohr-Coulomb failure criterion.
The problem with this popular option is that consider-
ing that we are dealing with an urban tunnel, in which
considerable efforts are spent in reducing the degree
of ground stress relaxation and soil deformation, plas-
tic straining is usually prevented and ground response
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Figure 7. Account of pore water pressure on soil behaviour.

Figure 8. Type of constitutive models used for soil in
numerical analysis.

is reduced to a linear elastic behaviour, an oversimpli-
fied portray of a material known to exhibit non linear
behaviour even at small strain range.
Despite the 3D stress redistribution around a tun-

nel heading, rarely or never (55% of respondents) 3D
numerical analysis are performed in routine design.
When they are performed, they refer to tunnels inter-
sections or start up shafts of tunnels.When 3D analysis
are performed, the most frequently used type of anal-
ysis (in 32% of the answers) involve shell elements
for the lining and bars or springs to represent the soil.
3D finite element programs normally used are SAP,
Ansys, Plaxis and FLAC 3D. The more intense use
of 3D analysis already noted in the academy (see the
5th Proceedings of TC28 Symposium in Amsterdam,
2005), resulting from the availability of more powerful
PCs and more efficient numerical codes, will also be
note in industry in the next few years.

Figure 9. Choices for geotechnical investigations.

5 GEOTECHNICAL INVESTIGATIONSAND
MONITORING

One of the questions prepared referred to the prefer-
ence of practitioners with respect to different geotech-
nical investigations performed in the field and in the
laboratory.
They were asked to indicate, in a scale from 0

(never use) to 3 (always use), their choices regard-
ing each class of investigation. Results of this survey
are shown in Figure 9, from which it can be noted
that: a) standard penetration tests are always requested;
b) cone penetration testing and undisturbed sampling
followed by laboratory special testing are never or
rarely requested; c) disturbed sampling followed by
characterization tests in the laboratory are frequently
used; d) dilatometers, DMT, pressuremeters and plate
bearing tests are rarely used.
With respect to field monitoring, 81% of the

answers confirmed that this is always used in practice
or that it is frequently requested (19%). The answers
indicated also the frequency in using different instru-
ments (Figure 10). Leveling surface settlement points,
building leveling and convergence measurements are
performed in 100% of the cases. Deep settlement
points and lining levelings and the use of piezome-
ters or of water level indicators are observed in 85% to
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Figure 10. Frequency in using field monitoring.

90% of the cases. Inclinometers, load cells and strain
or stress meters are less frequently used.

6 SATISFACTIONWITH THE PRACTICE

Finally, the survey investigated the areas where prac-
titioners believe that there are needs for technical
developments to be introduced in their practice and
areas they are satisfied with the current practice and
new developments are less needed (Figure 11). The
highest levels of satisfaction refer to available con-
struction methods and lining types.The area with least
satisfaction refers to the prediction of pore water pres-
sure and water flow. Practitioners are also unhappy
with the available water proofing techniques and with
the available methods for stability analysis.

7 CONCLUSIONS

The conclusions found refer to the scenario of the prac-
tice in Brazil, defined in broad terms by the respon-
dents: large size tunnels, with equivalent diameter
larger than 6m, designed for rails, metros, highways,
driven under mixed face condition, in cohesive soils,
below water table using sprayed concrete as lining
(NATM).
Steel liner plates are not much in use, and are

being replaced by wet mix sprayed concrete or by
cast in place concrete as secondary lining. This may
be explained by the higher risks of corrosion of the
former in urban environments, but attention should be

Figure 11. Satisfaction with the current practice.

paid to problems related to alkali-silica reaction (ASR)
frequently overlooked in concrete lining design.
It was also noted that the old practice of using

unreinforced concrete secondary lining is declining,
possibly revealing a general perception that the design
should ensure an adequate ductility to the concrete lin-
ing, rendered by the steel reinforcement. On the other
hand, it should be arguedwhat is the impact of the steel
reinforcement in the lining safety when subjected to
the high temperatures of a fire.
A considerable increase in the use of water proof

membranes has been observed whereas until recently,
the control of water ingress through the lining was
exerted only by using low permeability concrete.
One wonders if this change may not be followed by
lessening of the concrete quality in the future.
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It is still high the frequency in the use of limit equi-
librium methods and of empirical methods to assess
the stability of the tunnel heading and face, though it
is reckoned that these approaches may provide unsafe
estimates.
Further, an unjustified posture and criterion regard-

ing the assessment of stability of a NATM and a TBM
driven tunnels were noted. For the latter, it looks like
that the tunnel designer delegates to the contractor or
to the machinery manufacturer, the responsibility to
ensure the tunnel face stability and, in general, they
accept it, inasmuch they may not have the technical
abilities to judgewhat is the best operational procedure
of the equipment at hand, for a certain geotechnical
scene. This subtle omission of the geotechnical engi-
neer is technically and professionally noxious. The
study of cases of frequent instabilities observed inEPB
shields may put some light on this issue.
The use of numerical methods (FE or FD) is

widespread in the local practice for settlements esti-
mates or for lining design. Equally widespread is the
assumption of reduced ground stresses in 2D tunnel
models. However, it is unjustified the persisting prac-
tice of using Terzaghi’s arching theory to estimate that
reduction on geostatic stresses, which is doomed to be
put aside in the practice of urban tunnels.
It is intriguing to observe that practitioners either

do not take into consideration the effect of pore water
changes in the soil behaviour or account only the
water pressure over the lining. FE numerical analy-
sis coupling generation of pore pressure and stresses
are infrequent.
The most used constitutive models in numerical

analysis are those with the elastic plastic behaviour
with Mohr-Coulomb failure criterion. These models
when applied to tunnels built with limited relaxation
of ground stresses, resulting from restrictive construc-
tion methods, used to inhibit ground movements and
associated damages in a urban scene, result in linear
elastic soil responses, with inhibited or limited plastic
zones. This is not in line with the reckoned non-linear
behaviour of soils even at small straining: there is a
clear need of using more adequate soil modeling in
the local practice.
The use of three-dimensional modeling in practice

is yet limited, but it is believed that the increased use
of this type of modeling, already noted in the academy,
will be seen in local practice soon.
A poor practice in geotechnical investigation for

tunnel design was noted. It tends to be limited to
soundings with SPT blow counts and simple lab test-
ing in deformed soil samples. This may be so because
we are focusing urban tunnels in environments which
are, in general, well known both in geological and
geotechnical terms, for which sizeable data bank is
available. Perhaps a way to compensate such defi-
ciency is to stimulate the use of in situ testing such
as the pressuremeters, the dilatometers and others.

A favourable situation is seen in the practice, in
terms of field monitoring. Field instrumentation is
always present. The noted deficiency is the lack of
measurements of lining loads. There are a number of
robust and reliable procedures to assess loads in con-
crete linings, using stress release techniques (see, for
instance, Negro, 1994) that could be used at low costs.
The respondents believe that the area in need for

further technical developments is that of pore water
pressure estimates and ground water flow. Moreover,
they are not satisfied with available techniques for
water proofing tunnels and for assessment of stabil-
ity analysis of tunnel heading and face. The survey
indicates areas in the practice where the academy may
contribute significantly for technology advancement.
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