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Abstract
The work developed concerns the evaluation of underground structures, more specifically, a case
study is presented, portraying the construction of a tunnel at Oporto’s metropolitan area. This
project was developed due to the necessity of an expansion of rows in A4, Oporto/Amarante
highway, and was implemented in Águas Santas, Ermesinde. The tunnel construction was
supported by the NATM method, being its excavation developed in two successive phases: upper
tunnel cap and execution of the recess.
The behaviour of the granitic rock mass was evaluated taking into consideration the data attained
during the monitoring phase, complemented with data from the construction phase, namely the
estimation of the RMR at the excavation front. A detailed analysis was performed on a single
tunnel section, and a back analysis, using the finite element method, was performed. The results
from this back analysis were used to compare the estimation of geotechnical parameters during
the design phase, with the parameters obtained from the real behaviour, during the construction
phase.
The numerical analysis was performed using Plaxis 2D software and assuming Hoek-Brown’s
yield criterium. The final result allowed to conclude that the modelled behaviour was compatible
with the instrumentation measurements on the rock mass, for the evaluated section.
The work developed allows to recognize the undeniable importance of observational methods in
geotechnical structures, acknowledging its crucial role in reducing risks and unanticipated
problems closely linked to this field’s projects unavoidable uncertainties.
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1. Introduction
1.1 General framework
When studying underground constructions
in civil engineering it is usual to consider
more strict safety criteria due to their higher
complexity, particularly, on the analysis of
the geological conditions on the intervention
area. Commonly, both resources and time
are scarce, preventing a deep geological
study [1].
The
main
difficulties
in
designing
underground structures is the definition of
the massif’s initial stress state and its
properties, mainly due to its non-linear
behaviour and heterogeneity combined with
the difficulty of attaining real and unaltered

samples that can represent the massif at
great depth. Additional problems are related
to the simplification to a bi-dimensional
representation, which require a careful
analysis of three-dimensional equilibrium,
and the possibility of not knowing in advance
the construction technique and its quality [1].
1.2 Main goals
The work developed began with a study of
the excavation of an underground
construction, specifically, a tunnel in urban
environment using the NATM (New Austrian
Tunneling Method). The analysis is focused
on a practical case study of a tunnel 370 m
long, built between 2015 and 2016,
developed to enlarge A4, Oporto-Amarante
highway. Figure 1 represents its general
layout and the tunnel section, represented in
1

red dashed line, where a detailed analysis
was performed, located in pk 8+896 m.
Figure 2 presents the view of west side
entrance during construction.
The main goal was to find the link between
the design project and the construction
methods through a parametric analysis
based on the finite element method, based

on in situ observation and gathering of
instrumentation data, during the execution
phase. Supported by the numerical analysis,
it was possible to compare the deformation
registered during the construction with the
ones predicted by the initial design, allowing
an
estimation
of
the geotechnical
parameters of the massif surrounding the
tunnel.

Figure 1 - General layout of the case study [2]

As a remark, the comparison between the
measured and the modelled deformations
was possible due to an extensive analysis of
the instrumentation data, in order to find the
optimized way to interpret them and,
therefore, to relate them.
1.3 Geotechnical Characterization

Figure 2 - View of the west side
entrance during construction

To this purpose, a back analysis was
performed on a single section, located at
PK 8+896 m. This section was chosen
based on different criterion: sufficient
distance from the portals; observation,
during the construction work, of the
implementation of a different solution from
the one defined during the design phase,
being that the geological characteristics at
the excavation face were weaker than the
ones assumed during design. Finally, it was
one of the tunnel sections with a more
detailed monitoring and instrumentation
plan, essential tool to the back analysis.

The tunnel’s implementation is mainly in an
Oporto’s granite region. This granite is from
the Hercinian period usually characterized
by medium size grains with two mica. It is
common to find granite subjected to
significant weathering for low depts and
more conserved rock at higher depts [3].
In this sense this region can be composed
by a complex geotechnical material with high
irregularity, being customary to find large
portions of fragmented rock combined with
massif granite blocks or partially weathered
blocks. The highly developed geological and
geotechnical campaign lead to the definition
of three geotechnical zones, on the
intervention area, ZG1, ZG2 and ZG3.
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Table 1 - Geotechnical zones’ characterization
(Adapted from [2])
Geotechnical
Zone
Weathered
Class
Degree of
Fracturing

ZG1

ZG2

W 2-3

W 3-4 a W 3

F2 a F3

F3-4 a F4

GSI

> 55

25 - 55

Basic RMR

> 60

30 - 60

Class

II

III-IV

Table 2 - Basic geotechnical parameters for
each zone (Adapted from [2])
Geotechnical
Zone

ZG1

ZG2

Depth (m)

30,0

30,0

γ (kN/m3)

25,0

24,0

mb

6,014

3,520

s

0,0067

0,0013

a

0,5

0,5

v

0,2

0,2

Specifically, the ZG1 geotechnical zone is
identified by a good quality rock mass, with
the best geotechnical characteristics. The
RQD (Rock Quality Designation) index is
higher than 50% and its fractures are
medium to largely spaced. On the other
hand, the geotechnical zone ZG2 represents
a more altered region with a RQD lower than
50%, being an intermediate classification
between the good quality granite and the
completely decomposed granite [2]. The
studied
section
intersects
layers
characterized by both ZG1 and ZG2, being
the geotechnical characterization of each
zone summarized in table 1, complemented
with table 2 which indicates the basic
parameters for the studied zones.

2. Numerical back analysis
Following the instrumentation’s data
analysis for section PK 8+896 m, a back
analysis was performed aiming to estimate
the geotechnical parameters that lead to a
displacement response coherent with the
magnitude recorded by the multipoint strain
gauges.

This analysis was developed using Plaxis 2D
software,
an
automatic
numerical
computation program which can be used to
investigate
the
bi-dimensional
displacements and stability in geotechnics.
Since cases with geotechnical application
are normally highly complex, advanced
constitutive models might be required to
accurately portrait soil’s behaviour [4].
The geometry considered for the studied
section was based on the one considered,
during the design phase, for ZG2 sections.
Some simplifications were performed on the
geometric level since its high complexity led
to the creation of critical points during the
numerical analysis that was not related to
the real behaviour of the rock massif.
Considering that, during construction, the
observation of the excavation face showed
that the characteristics for the studied
section were weaker than the ones defined
during design, the structural solution was
changed to type ZG2. With this in mind,
when defining the layers for the Plaxis
model, the geotechnical zoning was
considered compatible with the design
typology ZG2. However, the modelled
geotechnical zoning considered the design
ZG2 layer a mixed layer, defined as
ZG1/ZG2. It is this layer that will be
subjected to the back analysis, seeking the
definition of the geotechnical parameters
that represent the real behaviour of this
portion of massif. This mixed layer is
covered by 3,0 m of a superficial layer with
typology ZG2 in which a vertical uniform load
was applied to represent the embankment
layer.
2.1 Material characterization
The structural elements of the temporary
support were simulated through clusters
based on the characteristics defined during
the design phase (table 3).
Table 3 - Material properties of the
temporary support
Cluster

CL1

CL2

CL3

E (GPa)

5,0

5,0

33,0

d (m)

0,3

0,2

0,5

3

Cluster
A/m
(m2/m)
EA /m
(kN/m)
I (m4)
EI /m
(kN.m2/m)
w
(kN/m/m)
v (-)

CL1

CL2

CL3

0,3

0,2

0,5

1,5 x 106

1 x 106

16,5 x 106

22,5 x10-4

6,67x10-4

104,17
x10-4

11250

3333

343761

7,5

5,0

12,5

0,2

0,2

0,2

The micropiles were simulated based on the
Embedded Pile Row tool (table 4), in which
a simplified behaviour of its behaviour is
created under a plane stress assumption.
Through the input of the spacing between
micropiles, this tool is able to reproduce their
3D behaviour. Taking this into consideration,
the
soil-micropile
interactions
are
automatically generated by the software [4].
Table 4 - Material properties of the micropiles
E

206 GPa

Diameter

0,168 m

γsteel

78 kN/m3

Thickness

0,01 m

Lspacing

1,50 m

Tskin

703,7 kN/m

Being the case study located on a region
typically characterized by rock massif, the
constitutive model chosen to portrait the
massif’s behaviour was Hoek-Brown’s
model, an elastic perfectly plastic model, that
hypothesises an isotropic behaviour of the
material and is based on Hoek-Brown’s
collapse criteria [5], defined by the general
equation 1:
𝜎 = 𝜎 − |𝜎 | 𝑚

+𝑠

[1]

Being,
σ’1 and σ’3 the effective principal stresses;
σci the uniaxial strength of an intact rock;
mb, s and a constants that depict the rock
mass.
There are several fundaments for the
constitutive model choice. First and
foremost, it was the assumption used for the
original design of the studied tunnel, so, in
conformity with the definition of back
analysis, it is sensible to assume the same
premises. Furthermore, according to Plaxis
manual [6], this is an adequate relation to

model rock mass’ behaviour, which is
coherent with the Oporto’s granite from the
case study. An observation must be made
to the fact that, the choice of Hoek-Brown’s
model implies the simplification of the
massif’s behaviour to an isotropic one.
Finally, this model allows the definition of a
direct correlation between GSI (Geological
strength Index) and the stress-strains to
which the rock mass is subjected.
It is possible to relate the GSI with the
massif’s Young modulus (Erm) depending on
the intact rock modulus (Ei) and D (massif’s
disturbance factor). This relation can be
expressed as seen in equation 2 [7].
𝐸

(𝑀𝑃𝑎) = 𝐸 . 0.02 +

[2]

Taking as a starting point the uniaxial
compression tests the value assumed for
deformation modulus of the mixed layer
ZG1/ZG2 was Ei=12 GPa. For the ZG1 and
ZG2 layers several assumptions were made.
 For the elastic modulus of ZG1 a value of
6,24 GPa was considered, this is the
result of equation [5] for a GSI of 60. Note
that the value assumed during the design
phase was 6,0 GPa. For ZG2 a value of
0,03 GPa, defined during the design
phase, was considered;
 The mean uniaxial compressed strength
was computed through the tests
performed during the preliminary design:
60 MPa for ZG1 and 28 MPa for ZG2;
 The estimation of mi was performed
assuming
the
simplified
method
presented by Marinos and Hoek [8] equal
to 30, the minimum value for a granite.
 Being the GSI range, assumed during
design for ZG2, between 55 and 25, a
mean value of 35 was considered for this
layer, while the value presumed for ZG1
was 60.
2.2 Construction stages
The modelled construction stages were
based on the design stages developed for
the new solution. In fact, the construction
stages defined for the studied section were
not the ones defined for the typical solution
from the initial design but a mix between the
solution designed for ZG1 and ZG2. Hence,
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the final solution has a temporary support
made with shotcrete and steel ribs founded
in micropiles. Being the numerical model bi-dimensional, the heading reinforcement,
using glass fibres, was not considered.
Plaxis has a simulation module that allows
the three-dimensional arch effect to be
considered as well as the deformations
around the tunnel’s contour. Accordingly, for
the numerical phase corresponding to the
excavation, a ΣMstage<1 is defined. This
factor takes into consideration that the
excavation process is not completed until the
next step – placement of the temporary
support. To sum up, the stages considered
for the numerical analysis were as follows:
1. Implementation of the initial stresses
(Ko Procedure);
2. Application of the superficial vertical
load and simulation of the existent north
tunnel, activating CL3;
3. Simulation of the excavation removing
the material inside the top heading
(ΣMstage=0.6);
4. Activation of the temporary support, CL1
for the crown and shoulder, CL2 for the
invert and the Embedded Pile Row for
the micropiles’ simulation;
5. Deactivation of the invert’s CL2 and
simulation of the bench’s excavation
(ΣMstage=0.6);
6. Placement of CL1 on the shoulders.
2.3 Monitoring and Instrumentation
When dealing with the construction of a
tunnel, safety is closely related with the
displacements and deformations monitoring.
One of the reasons is related to the pressure
acting on the temporary support during the
construction stage, which may lead to tunnel
collapse or damage. Moreover, by analysing
the deformation’s history it is possible to
evaluate the tunnel’s behaviour, and, if
necessary,
anticipate
occasional
interventions such as structural rehabilitation
interventions. The “observational method”
consents a correlation between a geological
and geotechnical observation and the
instrumental data, such as the measurement
of displacements inside the tunnel and on its
heading, allowing a prediction of the tunnel’s
behaviour and, therefore, the application of

the structural solution most adequate. It is
particularly advantageous in regions with
heterogenous terrains [9].
The case study was not an exception and in
figure 3 it is possible to present the
monitoring and
instrumentation plan
implemented on the analysed section.
For the studied section the measured data
where analysed for the period associated
with the top heading (around the 17th of May
2016) and the bench (between the 7th and
the 14th of September 2016).

Figure 3 - Instrumentation layout for the studied
section [Adapted from [2]]

Besides the instrumentation, during the
construction phase, another monitoring
method
was
the
observation
and
classification of the excavation face trough
the RMR (Rock Mass Rating) index. The
results from this analysis are partially
presented in figure 4, next to PK 8+896 m.
The area in green corresponds to the range
of RMR values used during the analysis. It
was this monitoring method that allowed the
estimation of the GSI range.
Using the relation defined by Bieniawski [10]
(GSI=RMR89-5) it was possible to attain a
GSI range between 41 and 60,
corresponding to a RMR range between 46
and 65. Consequently, the Young modulus
assumes values between 6,24 GPa and
2,05 GPa.
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2.4 GSI Variation
From the GSI range computed through the
RMR analysis the model was subjected to 10
iterations. Moreover, in order to complement
the sensitivity analysis, two extra iterative
steps were performed, for a GSI of 37,5 and
35,0. As an example, in figures 5 and 6 the
analysis resulting from a GSI factor of 41 are
presented [12].
Figure 4 - RMR range (adapted from [11])

a) Phase 4 (lumaxl=2,06 mm)

b) Phase 6 (lumaxl=2,11 mm)
Figure 5 - Horizontal displacements GSI=41
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a) Phase 4 (lumaxl=6,16 mm)

b) Phase 6 (lumaxl=6,20 mm)
Figure 6 - Vertical displacements GSI=41

2.5 Results analysis

In order to verify the suitability of the
displacements arising from the numerical
analysis, an average value was estimated
for the strain gauges measurements. This
value was computed assuming a mean
value between the initial and final point of
these instruments with the goal to reduce
data noise. These results are summarized
on table 5 [12].

Table 5 - Mean value for the vertical
displacements – Strain Gauges
Strain Gauge

uyaverage (mm)

1

5,59

2

4,92

3

3,29

Taking into account the considerable waiting
period between the top heading and the
bench excavations, and reiterating that the
first excavation stage is the most critical for
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the rock mass, the presented results
concern the period immediately after
May 17th, 2016 (considered as the date in
which the top heading excavation for the
studied section occurred). In this way, it is
possible to minimize the effect of the
adjacent section’s excavation due to the
consideration of short-term deformations.
Additionally, choosing this period for the
analysis is also supported by the results
arising from both the behaviour in situ of the
rock mass and the numerical model.
In order to compare the displacements
measured during the construction phase and
the ones derived from the numerical
analysis, the displacement output, from the
nodes corresponding to the location of the
strain gauges, was analysed for a GSI
between 60 and 35. Subsequently, the error
associated with each iteration was
computed, being the sensitivity analysis
results expressed in figure 7.
From the previous analysis it is possible to
assert that there are values of GSI for which
the error may be acceptable. The trend line
presents a clear minimum error of 12% for a
GSI of 42. Recalling all the uncertainties
related with the geotechnical analysis,
combined with the modelling and the
complexity of displacement’s analysis, it is
considered that this is an acceptable error
for a civil engineering problem.

Figure 7 - Sensitivity analysis

Furthermore, besides the simplifications
assumed during the numerical analysis, the
discrepancies between the two sets of
values may also be related to several
factors, such as the assumptions from the
design phase and instrumental and
measurement errors, amongst others. The
values of the horizontal displacements were
coherent with the magnitude measured
during the excavation phase.

3. Conclusions
Uncertainties are commonly associated with
geotechnical design, therefore, routinely, it is
necessary to link practical experience with
the theoretical component. It is always
desirable to perform a complex geotechnical
prospecting analysis with the goal to attain a
geotechnical zoning consistent with the real
boundaries. However, even with complex
and cumbersome studies, is it accepted that
the hypothesis considered during the design
phase might not be observed in situ.
The presented case study is a typical
example of these discrepancies. Despite the
wide prospection campaign, complemented
by the history investigation of the
underground constructions built in Oporto’s
granite massif, particularly, the two adjacent
tunnels, what was initially characterized as a
ZG1 section was indeed represented by
ZG2. Hence, for these reasons, aligned with
the necessity to predict risks and setbacks,
it is crucial to act on the monitoring and
instrumentation level.
During the case study it is clear the
heterogeneity of Porto’s granite massif, and
consequently, its incompatibility with a
precise geotechnical precision. In this
sense, one of the initial goals of this master
thesis is to alert for these unpredictable
situations in order to minimize the risk to the
safety of workers and adjacent services, as
well as, to reduce possible economical
setbacks. Manifestly, back analysis might be
one of the most useful tools in geotechnical
engineering, since this is a field where the
initial design and the final product might
have significant differences. Thus, back
analysis is a powerful tool to validate
decisions made on the field, ensuring the
interventions.
The work done shows how a simplified
bidimensional model may be a relevant and
adequate tool for an initial design and overall
understanding of the massif’s behaviour.
Displacements’ studies are an analysis that
is in general more sensitive to the modelling
and parameters used than the ultimate limit
state evaluation. Because geotechnics may
be considered as a “foundation” for the
different areas of civil engineering, massif’s
displacements
may
have
critical
consequences
for
the
different
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infrastructures it encloses. Consequently,
the serviceability limit states analysis may be
vital for the development of a fitting
geotechnical project.
Notwithstanding the importance of a study at
this level, it is incredibly hard to obtain a
precise displacement estimation. This
paradox is understandable trough the
presented sensitivity analysis, in fact, there
is a big discrepancy between the results
attained for the upper (GSI=60) and lower
limit (GSI=41) of the RMR estimated range.
Nevertheless, the analysis shows that
despite its accessibility, this parameter is
adequate for a bilateral transposition
between project and in situ observation.
It is important to notice that the minimum
mistake (12%) is associated with a GSI
value approximately equal to 42, value
belonging to the design range defined for
ZG2, this endorses the decision to change
the structural solution for this section. The
relevance of the analysis’ results combined
with the wide range of massif’s behaviour
data legitimizes the choice of study section,
being that it is a classic example of a section
where back analysis fulfils its goals.
Uncertainties will always be present in
geotechnics, leading to a critical necessity to
relate the scientific knowledge with empiric
data in a way that leads to the more realistic
prevision of the implementation of the design
project. Moreover, this duality between
theoretical and practical knowledge may be
decisive for both the safety and economic
viability of a project.
In order to enrich and deepen the knowledge
of underground constructions and the
evaluation of displacements through finite
element model, it may be relevant, in the
future, the analysis of the advantages of a
3D model. Considering a third-dimension
while modelling will allow a more complete
study of phenomena such as the longitudinal
arch effect and the three-dimensional rock
confinement, as well as, to consider
longitudinal reinforcement measures.
Furthermore, a more precise analysis of the
topography would also be relevant, allowing
the investigation of superficial settlements
associated with the tunnel construction
along with its influence in the surrounding
structures.

References
[1] Rocha,
M.
(2003).
Estruturas
Subterrâneas, (1ªedição). (LNEC) [in
portuguese].
[2] Geodata, (2015). Projeto de execução
do Túnel de Águas Santas [in portuguese].
[3] Viana da Fonseca, A., Topa Gomes, A.
(2016). Project and construction of
underground stations and tunnel (TBM and
NATM) in heterogeneous masses for Metro
do Porto, Jornada Técnica: Túneles en
Granito.
[4] Plaxis (2012), General Information &
Reference Manual. Plaxis Reference.
[5] Hoek,
E.,
Carranza-Torres,
C.,
Corkum, B. (2002). Hoek-Brown failure
criterion – 2002 Edition, NARMS-TAC
Conference, Toronto, 1, pp. 267-273.
[6] Plaxis (2018), Material Models Manual.
Plaxis.
[7] Hoek, E. (2007). Practical
Engineering. Canadá, V7R 4H7.

Rock

[8] Marinos P, Hoek E. (2000). GSI – A
geologically friendly tool for rock mass
strength estimation. Proc. Geo Eng 2000
Conference, Melbourne, pp. 1422–1442.
[9] Kavvadas, M.J. (2005). Monitoring
ground deformation in tunneling: Current
practice
in
transportation
tunnels
Engineering Geology, 79, pp. 93– 113.
[10] Bieniawski, Z. T (1989). Engineering
Rock Mass Classification. Mining and
Mineral Resources Research Institute.The
Pennsylvania State University.
[11] Luz, C. (2017). Contribuição para o
desenvolvimento de novos modelos de
previsão das amplitudes de vibrações
produzidas por detonações em maciços
rochosos. Dissertação para obtenção do
Grau de Mestre em Engenharia Geológica e
de Minas, Instituto Superior Técnico,
Universidade de Lisboa [in portuguese].
[12] Afonso e Cunha, M. (2018). Túnel de
Águas Santas: análise do comportamento
em fase de obra. Dissertação para obtenção
do Grau de Mestre em Engenharia Civil,
Instituto Superior Técnico, Universidade de
Lisboa [in portuguese].

9

