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ABSTRACT: The TOULON highway tunnel is located in a very dense urban environment, and a much complex geology. The excavated 
section is about 120 m2 and the depth is in the range 15-35 m. The aim of the paper is to show how a great attention was paid to the 
settlements control: at the design stage through soils investigations, survey of existing constructions in regards to their sensibility to tunnel 
induced settlement, definition of settlements thresholds, and choice of ground pre-reinforcement techniques; during the construction, by 
heavy monitoring of deformations and continuous adaptation of the supports to the actual settlements and buildings behavior. This case 
history is an illustration of how the settlements induced by tunneling can be managed for any urban tunnel, mainly in old cities. 
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1. INTRODUCTION 

Many cities in Vietnam have a very dense and ancient urban 
development, but also a urge need for infrastructure projects, 
particularly metro lines. Such developments require underground 
works, which are as much difficult as the ground is often of poor 
geotechnical quality and the existing buildings at ground level much 
sensitive to deformations induced by tunneling. Underground 
projects will therefore require a good management of the 
settlements. This paper presents a case history of a tunnel in south of 
France which was built between years 2007 and 2011, with many 
similarities to Vietnamese projects: difficult ground conditions, old 
urban environment. 

The south Toulon tunnel connects motorways A50 and A57 
from Nice to Marseille (Figure 1). It is parallel to the North tunnel 
previously built between 1994 and 2000, during construction of 
which large settlements were observed, inducing some cracks in the 
buildings, and a sinkhole occurred fortunately in a non constructed 
area. The question of how to control the tunnel induced settlements 
was therefore an outstanding priority for the south tunnel. 
 

 
 

Figure 1 Toulon South tunnel location 
 

The tunnel has a 120 m2 section and is 1820 m long. The 
overburden is rather small, between 15 m and 35 m maximum, and 
the tunnel is below the sea level. 

The tunnel construction presented from the design stage high 
difficulties, starting from the poor characteristics of encountered 
ground, very difficult heterogeneous and tectonized soils and rocks, 
and due to the very sensitive urban environment, with narrow streets 
and old buildings all along the alignment. 

 
 

In this context the choice was done for the construction method 
of a full face conventional excavation associated with ground 
reinforcement ahead of the tunnel face by pipe umbrellas and face 
bolting.  

This construction technique induces complex interactions 
between the ground, the support of the tunnel (steel ribs and 
shotcrete), the ground reinforcement ahead of the face (umbrella 
pipes and face bolts), and the surrounding existing structures. In 
such conditions it is much difficult to accurately predict the induced 
settlements and their effects on the existing buildings.  

It is the reason why a great attention was paid to control the 
settlements, both at design stage by detailed investigations and 
modelizations, and during construction by developing a efficient 
system of monitoring and methods for adapting in real time the 
construction sequences and the amount of reinforcement to the 
measured settlements. 

It is hoped that such case history can be useful for the new 
tunnels to be built in Asian old cities, where both the sensitivity of 
existing constructions and the poor quality of ground is a major 
challenge for geotechnical engineers. 
 
2. DESCRIPTION OF THE PROJECT 

2.1 Geology 

One of the most important difficulties of this project is the Toulon 
geology. A large number of geological investigations (core and 
destructive drillings, in situ testing and laboratory tests) were 
performed, which showed very heterogeneous ground all along the 
tunnel layout (Figure 2) and even at the tunnel face scale (Figure 3). 

 

 
 

Figure 2 Simplified geological profile 
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The observed ground response is compared to the predicted one 
and necessary adaptations (on support and pre-reinforcements) are 
done to guarantee the excavation stability and limit the surface 
settlements.  

 
3. MAIN DESIGN CRITERIA OF THE PROJECT 

Moreover than simply ensuring the stability of the tunnel, the main 
design criteria were the limitation of induced deformations to values 
allowable for the buildings existing at the ground level. 

As a large part of these buildings are old ones, they are more or 
less sensitive to settlements. Therefore an intensive structural survey 
of all the constructions located in a 100 m wide range above the 
tunnels was performed, in order to check their foundations, the 
possible existing damages (cracks, tilts, etc) and to classify these 
buildings. 

Then thresholds for total and differential settlements were 
proposed for each one of the 15 « homogeneous » area selected 
according to: (i) the sensitivity of the existing constructions, (ii) the 
depth of the tunnel (iii) the geotechnical behavior of the ground, 
mainly the stiffness of the different layers.  Three kinds of 
thresholds were defined, “Vigilance – Anomaly – Alert”, with 
values varying on the different area of the project, and actions were 
proposed for each level (see Table 2). 
 

Table 2 Settlement thresholds 

Threshold VIGILANCE ANOMALY ALERT 

Diff. 
settlement 

1.2 to 1.5 
/1000° 

1.5 to 1.8 
/1000° 

1.8 to 2.0 
/1000° 

Total 
settlement  

22 to 44 mm 26 to 55 mm 29 to 66 mm 

Actions Check the 
measure and 
look for the 
causes 

Design and 
immplement 
additional 
reinforcements 

Stop the works 
to avoid 
damages and 
restart after 
reinforcements 

 
The principle of the work supervision was to analyze in real time 

the actual settlements measured through numerous monitoring 
equipment’s, and to adjust the reinforcement to be implemented to 
these actual settlements: increasing the amount of (pre)support when 
settlements tend to exceed the thresholds, or decreasing the 
(pre)supports when deformations are anticipated to be below the 
allowable values. 

Of course such goal required a very accurate system of monitoring, 
and to develop a method for estimating the final settlements as soon as 
possible, when only the beginning of the settlement curves  
is known. 

 
4. REAL TIME PREDICTION METHOD 

The settlement trough caused by the tunnel excavation is 
tridimensional. The traditional methods of settlements previsions are 
based on the study of surface subsidence in a transverse section 
perpendicular to the tunnel axis. During the Toulon tunnel works 
progress, such analysis on transverse sections is regularly made, 
especially when the excavation is done under sensitive buildings, 
but it was only possible in the few streets perpendicular to tunnel. 

This is why the pre-reinforcement and support adjustments are 
essentially based on the settlements previsions carried out from the 
movements observed ahead of the tunnel face. For this purpose, it is 
essential to find a way for estimating the final surface settlements, 
which includes an automatic system for measurements and a 
theoretical method for extrapolating the settlements curves. 
 

4.1 Automatic system for settlement measurements 

An automatic system of ground level and buildings settlement 
measurements has been set up by SOLDATA. These measures are 
combined with a regular control of tunnel deformations 
(convergence and face extrusion).  

The principal objectives of such monitoring are: (i) to guarantee 
the short term tunnel stability and therefore the workers security, (ii) 
to verify the impact of excavation on buildings and to avoid 
damages, (iii) to assure the long term stability and serviceability of 
the tunnel.  

The settlements monitoring system consists in automatic stations 
that measure the ground surface and building deformations with a high 
frequency. A transverse profile is defined every 9 m along the whole 
tunnel layout. There are two different approaches for measuring the 
ground settlement from the automatic stations (see Figure 6 and       
Table 3): 
 Recording the vertical movement Z of virtual points positioned 

on a horizontal grid without the need for targets, collected once 
per day through CENTAURE system, 

 Recording the whole movements in X, Y, Z directions of prism 
targets, fixed on buildings, every two hours with CYCLOPE 
system.  
The accuracy of both systems is about 0.5 mm. In addition, in 

order to avoid systematic errors, the automatic  stations are regularly 
calibrated against target prisms which are considered as fixed 
because far from the influence zone of excavation progress.  

 
 

Figure 6 CYCLOP and CENTAURE measurement systems 
(SOLDATA) 

 
Table 3 Automatic monitoring systems characteristics 

System CENTAURE CYCLOP 

Measure Z X, Y, Z 

Frequency 1 measure/day 1 measure/2 hours 

Accuracy ± 0.5 mm ± 0.5 mm 
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6. CONCLUSIONS 

The Toulon south tunnel was a very challenging project because of 
its difficult geological conditions and very dense and old urban 
environment, outstanding the question of settlements management. 

Actually the basis of the design was not the stability of the 
tunnel, but indeed the limitation of the tunnel induced deformations: 
heavy supports, detailed investigations of existing buildings, 
allowance for high level settlements, up to more than 5 cm, 
sophisticated monitoring system. 

The excavation was finally successfully achieved within about 5 
years, without any noticeable damages on the constructions, except 
in one case where the compensation grouting technique was finally 
applied and revealed much efficient. 

Such a success was only possible thanks to a strong cooperation 
between the Owner (French Public Road Authority), the Contractors 
(Bouygues, Solétanche Bachy…) and the Engineer (Setec TPI, 
Terrasol).  

It can be considered as a reference of how it is possible to 
manage extremely difficult excavation and environment conditions 
by developing: 

- Detailed ground and existing buildings sensitivity 
investigations, and modelization of the soil-structure behavior 
at the design stage, 

- Contract obligations regarding the thresholds for 
deformations, together with actions to implement in case of 
excessive movements (increase of (pre)supports) but also in 
case of movements smaller than anticipated (decrease of 
(pre)supports), 

- Thorough monitoring, at the construction stage, of the tunnel 
and ground level / buildings deformations, together with 
predictive models for final deformations calibrated in real time 
with measurements. 
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