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1 -  INTRODUCTION 

The optimization process related to the design of a tunnel and 
described in this paper is based on the evaluation of the costs and 
the time foreseen for the construction of the tunnel itself. It is also 
related to the prediction of the sustainable “risk” during the 
construction phase of the tunnel and that is connected to the 
uncertainties on the geological and geotechnical data of the rock 
masses. 
The optimization tool used to obtain the results shown as follows, is 
called modeFRONTIER and it is a software that allows to track the 
steps involved in the optimization process of any design, by means of 
an integrated multi-objective design environment. 
The software modeFRONTIER was firstly released in the early 90’s 
and strongly developed in the last ten years. It was successfully used 
to optimize several industrial engineering processes. 
In the last three years, it has been also applied, as a research topic, 
to optimize civil engineering problems; in particular the research 
focused on those problems where the link between time-cost-risk is 
highly important and affects the design choices. 
In the next paragraphs, some results obtained by means of the 
optimization process of the Brenner’s tunnel design are shown. The 
design of this European-importance tunnel was released some time 
ago and the construction of the tunnel (starting from the service 
tunnel) will begin as soon as the governments of the interested 
countries approve the design. 
It is important to notice that the implemented analysis has to be 
considered as an example of an optimization process managed by 
modeFRONTIER; being an example, only a few of the most important 
optimization parameters were considered during the analysis. 
To help the reader in the overall comprehension of the methodology 
and the results explained, a brief description of the Brenner’s tunnel 
design is provided in the next two paragraphs. 

2 -  THE BRENNER BASE TUNNEL 

The Brenner’s tunnel is about 57 km long and it constitutes the 
middle part of the high-capacity railway between Munich and Verona. 

It consists of two single track rail tunnels. The distance between the 
tunnels is 70 meters for nearly their whole extension and decreases 
approximately to 40 meters approaching the portals. By-passes 
constructed every 333 meters link the main tunnels. A drainage 
tunnel completes the configuration of the system, it is displaced 
between the two main tunnels and about 10 meters below. During the 
construction phase, the drainage tunnel will be used for logistics. 
Three multi-function stations (Innsbruck, Steinach and Prati) will be 
built at a distance of about 20 kilometres from each other. Every 
multi-function station provides emergency stops to collect the 
damaged trains and to rescue their passengers and will be equipped 
with systems to manage the railway traffic and for the maintenance of 
the tunnels; further more the stations are accessible from outside by 
a car tunnel. The Innsbruck multi-function station will also provide 
two external tunnels connected with the two-tracks Innsbruck ring 
railway. The Steinach multi-function station will be completed with the 
construction of two tunnels that will allow high-velocity passenger 
trains to overcome slow carrying goods trains. 
The base tunnel is mainly straight, except for its southern part, near 
Fortezza, where the tunnel is approaching the portal and the Fortezza 
train station. The slope is constant both in Italy and in Austria, the 
lowest design quotes are reached at the two portals, whereas the 
highest is reached in correspondence to the border between Italy and 
Austria. The depth of the tunnel is huge; the maximum coverage is 
about 1600 meters, the average coverage is nearly 900 meters. 

3 -  GEOLOGICAL GEOMECHANICAL SETTING 

Due to his considerable extension the Brenner Base Tunnel 
crosscuts numerous rock masses with different lithological and 
geological characteristics. Usually the rock mass quality of the 
crosscut rock masses is good and their geomechanical behaviour is 
poor only in zones with peculiar characteristics, mostly related to 
faults or stretches with high values of the hydraulic load. 
The main lithologies crossed by the tunnel from north to south are: 
• Innsbruck quartz phyllites with variable metamorphism (L ≈ 13 

km); 
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Figure 1 –  Brenner’s tunnel geologic profile 

• Carbonatic calcschists with interbedded exhotic slices (L ≈ 9 km); 
• Lower calcschists with elevated percentages of carbonatic 

phyllites, black phyllites, calcitic phyllites and calcareous schists 
(L ≈ 6 km); 

• Calcitic marbles, calcitic phyllites and quartzites (L ≈ 2 km); 
• Gneisses (Central Gneiss) and pre-granitic basement (L ≈ 6 km); 
• Interbedded micaschists, calcitic marbles, pure and impure 

dolomitic marbles, quartzites and locally anhydrites (L ≈ 1 km); 
• Carbonatic calcschists, marbles and prasinites (L ≈ 3 km); 
• Marbles (mesozoic in age), granitic and granodioritic gneiss (L ≈ 3 

km); 
• Terrigenous and carbonatic calcschists (L ≈ 3 km); 
• Paragneisses (prevalent), micaschists, local interbedding of 

amphibolites, ortogneiss, impure marbles (L ≈ 3 km); 
• Tonalites, diorites and gabbroes (Periadriatic Line) (L ≈ 1 km); 
• Granites and granodiorites (Brixen Granite) (L ≈ 7 km). 
As already stated, the rock mass quality is usually good. With 
reference to the Bieniawski classification (1979 and following) these 
rock masses can be mostly referred to a class II or III. Only locally, in 
some zones of limited thickness, class IV prevails. The identified 
geomechanical parameters make reference to the previously 
indicated classes and to the related local topographic cover. 

4 -  PROBLEMS OF HIGH-COVERAGE EXCAVATIONS 

The Brenner’s tunnel is classified as one of the base Alpine tunnels.  
Previous experiences in high coverage tunnel excavations prove that 
the initial stress state highly influences the behaviour of the 
excavated rock mass. 

Considering the several different rock masses excavated during the 
construction of the Brenner’s tunnel and its high coverage, the 
behaviour of the excavated rock masses should be either elastic or 
elastoplastic. In the first case a sudden energy supply is possible; in 
the second case large convergences and squeezing phenomena 
have to be expected.  

5 -  THE RISK OF ROCK BURST 

The Rock Burst phenomenon is connected to high coverage 
excavation conditions and to the elastic behaviour of rock masses 
with high deformation module values. Such conditions are likely 
encountered along the extension of the Brenner’s tunnel. 
In the tunnel design process, the risk of Rock Burst was evaluated 
taking into account the observations made during the excavations of 
Monte Bianco and Lotschberg tunnels. In accordance with such 
observations, the risk of Rock Burst could be ranked in 4 different 
classes. The relationship between the vertical stress pz (o σv) and the 
uniaxial compression resistance of the undisturbed rock σci defines 
which risk class should be considered, as shown in Figure 2. 

6 -  THE RISK OF SQUEEZING PHENOMENA 

The squeezing phenomenon happens when the stress state of the 
excavated rock mass is far higher than the strength resistance of the 
same undisturbed rock mass, therefore generating a big plastic zone 
all around the tunnel and leading to considerable convergences.  
The first prediction of squeezing risk for the Brenner’s tunnel was 
evaluated making a comparison between the calculated deformations 
and the results by Hoek & Marinos (2000), calibrated



 

Figure 2 –  Rock Burst potential  

over different case histories related to several tunnels (Figure 3). The 
same results were compared also with other studies (Jethwa et al., 
1984) and the results of this comparison confirmed the conclusions 
reached analysing the squeezing risk by means of Hoek & Marinos’ 
experimental values. 

 

Figure 3 –  Squeezing potential in accordance to Hoek and Marinos 

(2000) 

The squeezing potential was finally evaluated in relation to the 
coverage values along the tunnel extension. The Figure 4 shows the 

squeezing potential for the part of tunnel approximately between the 
19th kilometre and the 54th kilometre of the tunnel. 

7 -  DESIGN CRITERIA 

Two criteria were used to choose the suitable excavation and 
consolidation methodology for every homogeneous part of the 
Brenner’s tunnel: 

potential risk of Rock Burst: 

integrative systems of protection and consolidation are prescribed in 
relation to the Rock Burst risk. Such systems are applied when the 
excavation advances both in a conventional way and by means of 
mechanized systems. 

potential risk of high-convergence phenomena: 

the following limits of convergence ε (defined as the total 
displacement multiplied by the inverse of the tunnel radius) were 
considered: 
• εεεε < 0.5 %  (equal to a total radial displacement of the tunnel wall 

of about 2.5 centimetres) 
• εεεε < 1.0 %  (equal to a total radial displacement of the tunnel wall 

of about 5 centimetres) 
• εεεε < 1.5 %  (equal to a total radial displacement of the tunnel wall 

of about 7.5 centimetres) 
• εεεε < 2.0 %  (equal to a total radial displacement of the tunnel wall 

of about 10 centimetres) 
• εεεε < 2.5 %  (equal to a total radial displacement of the tunnel wall 

of about 12.5 centimetres) 
• εεεε < 5.0 %  (equal to a total radial displacement of the tunnel wall 

of about 25 centimetres) 
• εεεε > 5.0 % 

The suitability of the calculated convergences according to these 
limits defines the excavation and consolidation methodology. In case 
of conventional excavation it influences the consolidation



 

Figure 4 –  Squeezing potential between the 19
th
 kilometre and the 54

th
 kilometre of the Brenner’s tunnel 

systems that have to be installed in the tunnel; in case of mechanized 
excavation it defines the excavation diameter. 

8 -  DEFINITION OF RISK (GEOTECHNICAL AND 

GEOLOGIC UNCERTAINTY) 

As presented in the previous paragraph, the calculation of predicted  
convergences  leads  to  the  design  configuration of the

Brenner’s tunnel, since the foreseen convergences were used in the 
design process to choose the suitable excavation and consolidation 
methodology for each homogeneous part of the tunnel. 
Finite Element Models (F.E.M.) are useful to predict the 
convergence; the results of the calculations are directly related to the 
correctness of the geotechnical parameters, that are input data for 
the F.E.M. 

 

Figure 5 - Probability density function of a geotechnical parameter P for the four considered levels of geotechnical uncertainty 



Sometimes it could be difficult or anti-economic to collect several in-
situ data, useful to precisely predict the geotechnical parameters. 
This is the case of the Brenner’s tunnel, where taking samples of 
rock masses at the tunnel quote is really difficult because of the high 
coverage.  
In these conditions, the reliability degree of the geotechnical 
parameters (that have to be defined by means of geological 
considerations) is sometimes uncertain. A statistical approach that 
considers the parameters as statistic variables can cope with this 
uncertainty and  takes into account that the real parameters may not 
assume the predicted values, but vary within defined ranges. 
In the optimization process presented in this paper, the geotechnical 
parameters are considered as statistic variables with a triangular 
probability density function. The average value of each parameter is 
defined by means of geological considerations and the ranges of 
parameters value variation are proportional to the “geotechnical 
uncertainty level” (see Figure 5). The “geotechnical uncertainty level” 
can qualitatively be evaluated considering the quantity of in-situ 
collected data. 
In the optimization process of the design of the Brenner’s tunnel, the 
“method of the characteristics curves” was implemented to calculate 
the foreseen convergence, instead of using F.E.M. The “method of 
the characteristics curves” is a little less precise than F.E.M., but it is 
robust and good enough to meet the defined objectives. 
The “Monte-Carlo analysis” implemented in the “method of the 
characteristics curves” permits to cross the elements of the statistical 
populations during the calculations. 
The foreseen convergences evaluated by means of the above-
described methods is a statistic variable as well. This leads to the 
definition of risk. In fact a selected excavation and consolidation 
methodology is related to a suitability range of convergence (as 
shown in the previous paragraph). The risk is the area subtended by 
the probability density function of the convergence, between the 

upper limit of the suitability range of convergence and the infinite (see 
Figure 6). 
To be noted that the risk evaluated in the described way, represents 
the likelihood that the selected excavation and consolidation 
methodology is not suitable to sustain the total displacement of the 
excavation boundary during the construction phase. 
The given definition of risk is applied to a specific rock mass in local 
defined conditions. To evaluate the weighted risk along the tunnel 
extension, it is necessary to introduce also the geologic uncertainty. It 
considers the reliability degree of the geologic forecast and the 
uncertainty of the order definition in which the rock masses are 
excavated. The total weighted risk evaluated in this way measures the 
importance of the problems that can arise during the excavation (see 
Figure 7). 

9 -  OPTIMIZATION TECHNIQUES (PRINCIPLES) 

In this paragraph the principles of the optimization techniques are 
described, so to allow a better understanding of the results shown as 
follows and related to the application of the optimization process to 
the Brenner’s tunnel design. 
To optimise means to choose the best option in a group of possible 
options. This definition of optimization is strictly related to the 
possibility of drawing up a ranking of the possible options, based 
upon their measured performances. 
The evaluation of the design performances requires the definition of 
the objectives that have to be met. An example of a typical objective 
for a design is the minimization of the costs related to the 
construction. 
Note that it is quite simple to choose the best option when only one 
objective is considered. For example suppose to have 6 different 
designs of the same tunnel. For each design the cost of construction 
is in the column “C” of the Table 1. 

 

Figure 6 - Definition of risk 



 

Figure 7 - Calculation of the risk, considering the geologic uncertainty along the tunnel 

If the minimization of the cost is the only objective considered, the 
design number 3 is clearly the best option, as it is the cheapest. 
The optimization process is more difficult if more than one objective 
is considered. Now take into account also the time related to the 
construction given in the column “T” of the Table 1for each possible 
design and measure the performance of the tunnel by means of two 
objective: the minimization of the cost and the minimization of the 

time. 

 

Table 1 - Cost and time of construction of six different designs for 

the same tunnel 

Under these conditions, the design number 3 could not be the best 
option anymore, because it is the design that requires the longest 
time to be constructed. Have a look to the Figure 8 that represents 

the cost and the time values for each design considered on the 
objective-plane. In the Figure 8 the Pareto’s frontier is drawn with a 
hidden line. It is the line that passes through all the optimum 

solutions in the case of two-objectives optimization.  
Note that in Figure 8 the Pareto’s frontier passes through three 
possible designs: 
• design number 3: it minimizes the cost, but it is the design that 

requires the longest time for the construction; 
• design number 6: it minimizes the time of construction, but it is 

the most expensive option; 
• design number 4: it is the trade-off design proposing average 

values for the cost and the time while the combination of these 
parameters is better than the same combinations for the other 
designs (number 1, 2 and 5). 

The options that belong to the Pareto’s frontier are called Pareto 

optimum, and they are more than one in every multi-objective 
optimization problem.  
The dimensions of the Pareto’s frontier depend on the number of 
objectives of the optimization problem. It is a line when two objectives 
are considered, it is a surface if the objectives considered are three; 
in general, the Pareto’s frontier is a hyper-surface with n-1 
dimensions, where n indicates the number of objectives of the 
optimization problem. 



 

Figure 8 - Cost and time values on the objective-plane of the six options shown in Table 1 

It is shown that it is simple to find the Pareto optimum when only one 
objective is considered (the Pareto optimum is constituted by only 
one option). If the optimization problem requires the definition of two 
objectives, the Pareto optimum is constituted by more than one option 
and the principles, that permit to find it, were shown as well. It is clear 
that in case of two objectives it is more difficult to draw the Pareto’s 
frontier. It is possible to guess that the optimization process (i.e. the 
search of the Pareto optimum) gets exponentially difficult, according 
to the rising number of considered objectives. 

10 -  OPTIMIZATION TOOL: modeFRONTIER 

The optimization process of the Brenner’s tunnel design was carried 
out with modeFRONTIER. It is a software produced by ES.TEC.O. 
that can define the Pareto optimum for every kind of optimization 
problem. 

It is a multi-objective design environment by means of which it is 
possible to control the various steps of the optimization process: 
• modelling of the problem, with the objectives definition; 
• managing of the experiments, storing in databases the information 

related to each option analysed; 
ranking of the considered options, based on the search for the Pareto 
optimum. The software modeFRONTIER provides the user with a 
friendly graphic editor. Using the graphic editor is quite easy to define 
the optimization problem. In the Figure 9 the optimization problem 
related to the Brenner’s tunnel design is shown, as it is modelled 
using the modeFRONTIER graphic editor. In the Figure 9 all the 
input variables are on the left while the objectives are on the right. 
Due to the high complexity of the optimization problem, the number of 
input variables is very high (more than 150 input variables were 
considered) and the highest part of the Figure 9 is cropped, to make 
the rest of the picture easier to read. 

 

Figure 9 - The optimization problem related to the Brenner’s tunnel design, as it is modeled using the modeFRONTIER graphic editor 



11 -  OPTIMIZATION PROCESS OF THE BRENNER’S 

TUNNEL DESIGN AND RESULTS 

The optimization process applied to the Brenner’s tunnel design 
aimed at the search for the cheapest design configuration that 
requires less time for the construction rather than the initial design 

configuration. 
The results proposed in this paragraph, are to be considered as an 
example. In fact they are not really usable (i.e. the optimum design 
configurations proposed have to be considered as suggestions of 
possible optimum configurations), since they are based on a 
simplified model of the problems involved in the construction of such 
a big tunnel. 
On the other side, the proposed results show the application potential 
of the optimization techniques in tunnels design. The optimum 
configurations proposed highlight considerable time and money 
savings compared to the initial design configuration. 
The optimization process of the Brenner’s tunnel design described in 
this paper, considered the following optimization parameters: 
• excavation technology: conventional or mechanized; 
• direction of excavation: considered as variable in each 

homogeneous part of the tunnel; 
• excavation and consolidation methodology: connected to each 

different lythotype excavated. 
The objectives considered in the optimization process were: 
• minimization of the cost; 
• minimization of the time; 
• minimization of the risk. 
The results of the optimization process are shown in the Figure 10 

and in the Figure 11. 
The Figure 10 shows the “bubble chart” on the objective-plane with 
the 69 analysed design configurations. Note that on the x-axis the 
cost is normalized over the cost of the initial design configuration. 
Each analysed design configuration is a bubble in the Figure 10, the 
bubbles diameter is linear dependant to the risk value of each 
configuration. The configurations that belong to the Pareto’s frontier 
are green bubbles, whereas the others are blue bubbles. 
The  directions  and the  technologies of  excavation related to the 

configurations included in the hidden circles in the Figure 10 are 
schematised in the Figure 11. 
The configuration that minimizes the time of the tunnel construction 
is the one that implements the larger use of TBMs. 
Note that this configuration was not considered when the initial 
design configuration was defined, since the uncertainty of the 
geological information was too high and the excavation by means of 
TBM in rock masses with a bad mechanical behaviour (for example in 
the tunnel part between the northern portal and approximately the 13th 
kilometre) was considered too risky. In the last years, the collection of 
other in-situ data allowed to increase the reliability degree of the 
geologic information and the mechanized excavation of critical parts 
of the tunnel like the one in question could be considered sustainable. 
On the other side, note that the configuration that minimizes the time 
of construction implies a quite long conventional excavation in a rock 
mass with a brilliant mechanical behaviour as the Brixen Granite 
(approximately between the 48th kilometre and the southern portal of 
the tunnel). Even if the mechanized excavation provides sustainable 
risk values in this part of the tunnel, this is not inserted in a time 
critical path and modeFRONTIER proposes then the cheapest 
choice (i.e. the conventional excavation). 
The configuration that minimizes the cost of construction implies the 
excavation by means of TBM only for a short part of the tunnel, 
approximately between the 42nd and the 48th kilometre (see Figure 
11). Obviously the time of construction related to this configuration is 
one of the longest in comparison with the time values of the other 
optimum configurations (see Figure 10). 
To fully comprehend the results related to the configuration that 
minimizes the risk, please have a look at the Figure 10. This 
configuration proposes very high cost and time values if compared to 
the other configurations values. If the excavation technology is 
conventional, the installation of important consolidation systems leads 
to a slower and more expensive construction on one side, but it offers 
also safer warranties in relation to the excavation stability on the other 
one (i.e. the risk value decreases). In  case of a mechanized 
excavation technology, by means of shielded TBM, the over-
excavation implies a little increase in time and cost and a sensible 
decrease in risk. 

 

Figure 10 - Bubble chart on the objective plane of the 69 analysed design configurations. 



 

Figure 11 - Schematisation of the directions and the technologies of excavation related to the design configurations included in the hidden 

circles in the Figure 10 

In conclusion, please consider that the input data of the Brenner’s 
tunnel project, especially the ones related to the geology and the 
mechanical behaviour of the excavated rock masses, are now less 
uncertain in comparison to the data used by the designers to define 
the initial configuration design. The results proposed by the example 
described in this paragraph show that the optimization techniques are 
a useful support as decision tools. Designing the tunnel by means of 
an optimization process can lead to the definition of the design 
configuration that fully satisfies the objectives of the problem. 

12 -  CONCLUSIONS 

The example proposed in this paper underlines the utility of the 
optimization techniques especially when they are applied in huge 
projects such as the Brenner’s tunnel design. 
The optimization of the design in terms of cost, time and risk is a 
helpful step in the process that leads to the choice of the best design 
configuration in relation to the Committee needs.  
The optimization process could be even more useful if the modelling 
of the construction phase of the tunnel could become more reliable, 
for example with the introduction of the geological uncertainties not 
considered in this example and/or considering also the environmental 
parameters within the optimization process, by means of an 
“environmental risk matrix”. 
Finally, the evaluation of the risk related to the configuration design 
allows the Committee and the Contractor to consciously choose the 
trade-off equilibrium between money and time savings and the risks 
to be taken during the construction. 
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