
1 INTRODUCTION 
 
In 2003 the District of Genoa entrusted us with the 
final design of important structural interventions and 
upgrading on the Bisagno River, in order to preserve 
the safety of urban areas in the city, which were of-
ten flooded. Given the position of the river from the 
geographical and urban/spatial standpoints, the flood 
events caused by the water overflow seriously im-
pacted on both the environment and the residential 
areas nearby. According to the studies performed by 
local River Basin Authority, the Fereggiano, Rovare 
and Noce tributary streams were also involved in the 
risk of flooding of Genoa. Consequently, the River 
Authority planned a series of measures to minimize 
the risk of flooding. Among the main measures, a 
diversion tunnel was proposed to reduce the peak 
flow in the original river bed of Bisagno and side 
creeks. 

The final project (2007) of the diversion included 
the following works: an intake system with a river 
barrage and a lateral spillway, a tunnel able to drain 
a portion of the discharge into the Tirreno sea, three 
minor intakes (vortex drops) on the Fereggiano, 
Rovare and Noce streams connected to the main 
tunnel, a sea outfall structure and two access and 
maintenance tunnels (Figure 1, Figure 2).  
 

The estimated cost of the total works was 153 mil-
lion Euro. 

In November 2011 the city of Genoa was hit by a 
devastating flooding event, causing several deaths 
and strong damages to infrastructures, buildings, 
private and public goods (total damages: about 200 
million Euro according to the legal report). The most 
disastrous effects were due to the flooding of 
Bisagno River and, especially, of Fereggiano creek. 
In particular, the Fereggiano estimated peak flow 
was in the range of 140 m3s-1, corresponding to a 
discharge flow with an associated return period T 
larger than 200 years. 

After this event, in 2013 the City of Genoa grant-
ed the first allotment contract that includes the safety 
measures for the Fereggiano creek and for the 
Rovare and Noce streams: among those, the 
Fereggiano tunnel to the sea outfall (diameter: 5.2 
m; length: about 3700 m) and the catchment works 
by the Rovare and Noce streams.  

In this paper, the general layout of the 2007 pro-
ject will be firstly given; afterwards the 2013 revised 
project will be presented. In particular the main dif-
ferences from the 2007 project will be highlighted, 
with a special focus on the Fereggiano vortex shaft. 
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Figure 1. Overall arrangement of the flood protection works at city of Genova. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Bisagno diversion tunnel – profile. 
 

 
2 THE BISAGNO RIVER DIVERSION 

2.1 Short description of the 2007 project 

In the 2007 Bisagno River Diversion final project, 
the total length of the diversion tunnel was 6650 m 
and the polycentric section had a diameter of 9.5 m. 
The tunnel had a slope of 0.61% upstream, a 0.9% 
shortly in the middle and 0.4% downstream (Figure 
2). 
The infrastructure had been designed with reference 
to a 200-year return period, for a total design dis-
charge of 513 m3s-1. 
The tunnel had a smooth concrete lining with a sig-
nificant roughness  ≈ 0.4 mm (Gauckler Strickler ks 
= 75 m1/3s-1). 

The three diversion tunnels from the Fereggiano, 
Rovare e Noce intake vortex shafts to the main tun-
nel showed polycentric sections with D = 5 m 
(Fereggiano) and 3.2 m (both Rovare and Noce), and 
a length of 300 m each. 

In particular, the Bisagno river intake system had 
a maximum discharge of 420 m3s-1. The three sub-
catchments were planned to a maximum discharge 
of 80, 26 and 23 m3s-1 for Fereggiano, Rovare and 
Noce, respectively.  

In addition, two upstream and downstream access 
tunnels were planned for inspection and mainte-
nance, having the former a length of 150 m and a 
section of 7.30 m, and the latter a length of 1670 m 
and a section of 5 m. Concerning the downstream 
inspection tunnel, 910 m out of 1670 m of total 
length were already existing from previous works. 

For all discharges the tunnel had to operate under 
free flow conditions and, especially for large dis-
charge, with slightly supercritical flow. The mini-
mum Froude number under uniform flow was 1.2 for 
the design discharge and slope 0.4%, with a filling 
ratio of Y = h/D = 0.71. 



2.2 Hydraulic models: 2007 layout 

In order to check the hydraulic behavior of the major 
works planned in the 2007 project, a hydraulic la-
boratory investigation was performed with regard to 
the intake system, the three shaft drops, the junction 
between the main tunnel and minor one coming from 
the Fereggiano creek, and the work at the sea outfall. 
The tests on physical models were performed at the 
laboratory of Sogreah, in Grenoble (France). 
The model involved Froude similitude with a model 
scale of 1:50 for the Bisagno intake, from 1:20 to 
1:38.7 for the vortex drops, of 1:66 for the junction 
and of 1:62.5 for the outlet. 

The tests performed on the physical model for the 
Bisagno intake system were aimed at the examina-
tion of the hydraulic behavior of the work under 
both “fixed bed” and “mobile bed” conditions to 
study, in particular, the partition of the discharges 
and to limit the debris in the tunnel.  

The three physical models of the Fereggiano, 
Rovare and Noce intakes tested the overall issue of 
the devices, with particular reference to the partition 
of the discharges, the extreme discharge, the pres-
sure of the flow on the shaft’s wall, and the pressure 
of the water jet on the bottom of the dissipation 
structure. 

The junction test was aimed at estimating the ef-
fects of the confluence of the two tunnels-flow. In 
particular it was intended to observe whether hy-
draulic jumps may occur causing pressure flow con-
ditions for the main tunnel. 

For the sea outfall the tests were aimed at evaluat-
ing the waves in front of the structure, the stability 
of the coastal protection next to the outfall, the hy-
drodynamic conditions at the outfall for high flow 
rates exiting the tunnel and the stresses related to the 
extreme waves on the structure. 

The Bisagno intake system layout is shown in the 
following Figure 3 and Figure 4, together with the 
physical model. 
It consisted of a river barrage equipped with three 
radial gates and two access footbridges. A lateral 
spillway, with overflow Creager type profile, was 
placed on the left bank of the stream to drain a por-
tion of Bisagno discharge and to direct the flow into 
the main diversion tunnel. The spillway was about 
110 m long and had an U shape variable width from 
6 to 12 m. 
The works along the Bisagno river bed included also 
a check dam, for bed and suspended load manage-
ment, placed about 200 m upstream of the dam, the 
reshaping of the riverbed trapezoidal cross section 
for the entire length occupied by the works and a se-
ries of reinforced concrete thresholds for the bottom 
(Figure 3). 

 
 
 

 
 

 
 
 
 
 
 
 
 

 
Figure 3. Bisagno intake system – Layout. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Bisagno intake system – 2007 Physical model. 
 
 

3 THE BISAGNO RIVER DIVERSION: 
CURRENT LAYOUT 

3.1 Description of the 2013 project revision 

Despite the technical approval of the 2007 final pro-
ject by the Superior Council of the Public Works, 
Ministry of the Public Works and Infrastructures, the 
works didn’t start pending appropriate budget. 

Following the November 2011 flooding event in 
the city of Genoa, fundings of about 50 million Euro 
were allocated to solve the major hydraulic prob-
lems. 
Accordingly, the City of Genoa granted the first al-
lotment contract: it was necessary thus a revision of 
the 2007 project that included the first safety 
measures for the Fereggiano creek and for the 
Rovare and Noce streams. Among those, a first por-
tion of the tunnel from the Fereggiano intake to the 
sea outfall, with a decreased diameter of 5.2 m and a 
total length of about 3700 m, and the catchment 
works at the Rovare and Noce streams. 

For budget reasons, in the 2013 project revision 
an already existing tunnel, used in the 2007 project 
for access only, was restored. The tunnel, placed 
next to the 2007 main diversion tunnel, with similar 
slope, and a small positive offset, is about 910 m 
long. For restoring, the existing tunnel has been 
lengthened upstream and reconnected to the 2007 
project plan of the Bisagno diversion tunnel. 



The design discharge is based on the 200-years 
flood of 136 m3s-1 to drain Fereggiano, Rovare and 
Noce streams. 
Considering the estimated peak flow of the 2011 
event (140 m3s-1 for the Fereggiano), the tunnel has 
to ensure an extreme flood (also denoted as EF) of 
160 m3s-1, including the Rovare and Noce creeks. 

The 2013 revised project has some relevant differ-
ences from the previous one. 
The main point is the hydraulic behavior based on a 
slightly pressure flow condition in the diversion tun-
nel for both the design and EF discharge. 
For this reason, some deaeration devices have been 
introduced using specific shafts along the tunnel ax-
is, with a spacing between two de-aeration points as-
sumed to be about 800 m. 
The deaeration system consists of vertical drill holes 
with a diameter set to 500 mm and an air longitudi-
nal conduit at the top of the tunnel connected to the 
vertical air shaft. The conduit is also connected with 
the ceiling of the tunnel at regular interval of 3 m. Its 
purpose is to ensure air ejection, especially under 
transition flow, and to prevent the flow to act as a 
two-phase flow. 
Such modification implies a laboratory investigation 
ongoing in Artelia (previously, Sogreah) Laborato-
ries, with a scheduled end within June 2014.  

Geometrically, the 2013 tunnel has a reduced di-
ameter (Figure 5) and a constant slope of 0.3%, ex-
cept for the downstream portion next to the outfall 
that requires a steep slope (5.1%) of about 100 m for 
reconnecting to the 2007 outlet structure. No chang-
es have been planned for the sea outfall. 
 The three drop shafts at the Fereggiano creek and 
at the Rovare and Noce streams undergo any chang-
es except for minor features. 
The outlet structure maintains the 2007 project lay-
out in view of the future allotments to drain the 
Bisagno river. It is however required to 
planimetrically connect the existing tunnel to the 
new outlet along the 2007 tunnel axis (deviation: 
about 13 m). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. Tunnel cross section. 

The outfall structure layout and physical model, as 
it was performed in 2007, are shown in the follow-
ing Figure 6, Figure 7 and Figure 8. 
The outfall consists of the extension of the main 
tunnel till the shoreline using an artificial section 
with the same dimensions (polycentric section D = 
9.5 m). 
In addiction several side works are included, among 
those a new coastal protection (Figure 6 and Figure 
8). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Diversion tunnel sea outfall – Layout. Works planned 
in 2013 revision are reported in yellow, previous works are in 
white. 
 

 
 
 
 
 

Figure 7. Diversion tunnel sea outfall – Cross section (up-
stream view). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Diversion tunnel sea outfall – 2007 Physical model. 
 

 
The 2013 revised project has already obtained the 
administrative and technical approval by all the Au-
thorities, including the Superior Council of the Pub-
lic Works. 
Works will start within the end of 2014. 



3.2 Fereggiano vortex shaft: description 

The intake on the Fereggiano river consists of an in-
let structure, a vertical drop shaft (identified as S) 
and an outlet structure, according to Vischer&Hager 
(1995). 

The drop has a height LS of 24 m, a diameter DS 
of 5.8 m and a design discharge QD of 87 m3s-1. 

The inlet (Figure 9) has been designed for a sub-
critical approach flow (Drioli 1969a, Hager 1985). 

The vortex drop shaft consists of a standard verti-
cal shaft without guiding elements (Figure 12). 

The outlet structure is made of a dissipation 
chamber, introduced to increase the stability of the 
shaft flow, to avoid fluctuations and to provide op-
timal air transport features. Taking into considera-
tion that the maximum total head is lower than the 
ceiling of the chamber, this acts also as a deaeration 
chamber especially in case of slight pressure flow 
condition in the downstream tunnel. The chamber 
has a polycentric cross section, a total length St of 
about 4 DS and an equivalent diameter Dt of about 2 
DS (Vischer&Hager, 1995). 

A deaeration conduit of 2.5 m diameter ending at 
the ceiling of the outlet structure is combined with 
the shaft as an air circulation system with a closed 
loop. The outlet structure is accessible for inspection 
and possible repairs using a helicoidal stair located 
in the conduit (Figure 12). In the 2007 project a bot-
tom offset was introduced to maintain a water cush-
ion in the dissipation chamber for the protection of 
the bottom. The step height was calculated as 0.1 LS 
(total drop height) to a final value of 3 m. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 9. Fereggiano intake. Inlet structure – Layout. 

 
 
 
In the 2013 project revision the chamber has been 

modified to obtain smaller dimensions, on account 
of geotechnical reasons and to minimize the total 
cost. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 10. Fereggiano intake. Inlet structure – 2007 Physical 
model. 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 11. Fereggiano intake. Inlet structure – 2007 Physical 
model. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

Figure 12. Fereggiano drop shaft. Cross sectional view (2007). 
 

 
Due to the lack of scientific knowledge about out-

let structures, in a first moment several possibilities 
were considered, including a direct connection of the 



shaft to the tunnel. In spite of a great number of sci-
entific studies addressing inlet related issues (Hager 
1985, Jain&Ettema 1987), the outlet has not yet re-
ceived a similar attention in the literature. As a con-
sequence, we have examined the available data 
about implemented works as case-studies (Drioli 
1969b, Pfister 2011). 
None of the considered examples is however compa-
rable to the Fereggiano intake in terms of head and 
maximum discharge, dissipation and sediment 
transport conditions. In addition, the approaches ad-
dressed in those cases are not recommended for the 
Fereggiano intake also in consideration of the non-
optimal air transport features and the possibility of 
fluctuations.  

As a consequence, a new design was developed 
following the approach reported by Kellemberger 
(1988) and Vischer&Hager (1995). 
In the outlet structure, the layout of the chamber has 
been thus optimized as described below and reported 
in the following figures. 
Firstly, the bottom step has been substituted with a 
Venturi flume which provides the same advantage 
(water cushion) allowing also a decrease of the 
structure diameter. In addition the Venturi flume 
prevents from keeping sediments in place, which can 
also cause abrasion at the bottom. The position and 
the design of the Venturi flume was preliminary de-
veloped according to Hager (1993; 1995). 
Furthermore some maintenance and access elements 
have been reanalyzed with a final purpose to obtain 
a smaller dimension of the dissipation chamber. 

As reported in Table 1, the new dissipation 
chamber to be tested on physical model has a length 
of 26.5 m and height of 12 m, in comparison to the 
2007 layout having dimensions of 32.7 m and 15.8 
m, respectively (Figure 13, Figure 14 and Figure 
15).    
 
Table 1.  Comparison of 2007 and 2013 features. 

Design 
QD 

(m3s-1) 
QEF 

(m3s-1) 
DS 
(m) 

LS 
(m) 

St 
(m) 

Dt 
(m) 

2007 80 - 5.8 17.8 32.7 15.8 
2013  87 111 5.8 24.0 26.5 12.0 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
Figure 13. Fereggiano intake. Outlet structure - Cross sectional 
view. Comparison between old (dashed) and new (solid) lay-
out. 

 
 
 
 

 
 
 
 
 
 

 
 
Figure 14. Fereggiano intake. Outlet structure - Cross sectional 
view. Comparison between old (dashed) and new (solid) lay-
out. 

 
 
 
 
 
 
 
 

 
 
 
Figure 15. Fereggiano intake. Outlet structure – Layout (Com-
parison between old (dashed) and new (solid) layout. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. Fereggiano intake – 2007 Physical model. 
 

3.3 Fereggiano vortex shaft: 2013 physical model 

The modification described above implies a new 
laboratory investigation. The experiments are cur-
rently ongoing at Artelia Laboratories (Grenoble, 
France). The new tests are performed at a model 
scale of 1:20 and take into consideration also the air 



transport, the capacity of the system to eject the air 
and the fluctuations, especially under transition flow 
and pressure flow conditions. 

To properly represent the air entrainment and to 
verify the function of aeration, the model reproduces 
not only the drop shaft, but also the first part of the 
tunnel for a significant length (100 m at the proto-
type scale).  

To study the air related processes, a drill hole at a 
virtual distance of 70 m from the beginning of the 
tunnel has been implemented. This is actually im-
portant especially considering that, under transition 
flow and pressure flow conditions, the vertical shaft 
might not be disconnected from the downstream 
tunnel and the discharge might act as a two phase 
flow. 

Another important point to be considered is the 
partition of the discharge between the natural river 
bed and the vortex shaft. For environmental reasons, 
it has been actually decided that a part of the up-
stream flow should be maintained in the natural riv-
erbed. This is achieved by means of a control gate in 
the inlet structure and, in case of high discharge, of 
lateral weirs connecting the channel approaching to 
the shaft to the river (Figure 17). The position of 
these devices should thus be carefully calibrated for 
both design and extreme conditions. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 17. Fereggiano intake. Inlet structure – 2013 Physical 
model. 

 
The experimental setup includes two magnetic 

flow meters to measure the upstream discharge and 
the discharge in the downstream natural riverbed; an 
anemometric hot wire probe to measure the mean air 
velocity flow; pressure taps to evaluate the stresses 
on chamber bottom. 

As far as the flow partition, an optimal configura-
tion have been reached to limit the increase of water 
level before the inlet and to ensure the partition of 
the discharge, in particular the downstream maxi-
mum discharge of 27 m3s-1. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18. Fereggiano intake – 2013 Physical model. 
 

From preliminary tests the appropriate dimension 
of both chamber and Venturi flume, to ensure a 
proper cushion, was confirmed, being the cushion 
crucial for avoiding structural damage at the cham-
ber bottom. The water levels (prototype values) ob-
tained at the measuring points for three tested dis-
charge value are reported in Figure 19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. (A) Water levels recorded at three different dis-
charge values (m3s-1) at the bottom chamber; empty markers 
indicate data affected by high turbulent flow. (B) Scheme of 
the measuring points at the bottom chamber. 
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The plot in Figure 19 is significant for low dis-
charge value, while at higher values the data con be 
spoiled by turbulence effects (fluctuations, air bub-
bles, and asymmetry of the jet entering from the 
shaft). Nonetheless the measures are representative 
of the water level observed in the chamber and, in 
particular, at low discharge, they confirm the proper 
action of the Venturi. 

In respect of the initial concept, changes in the 
deaeration device are under evaluation. These 
changes are aimed at removing air from the flow and 
at decreasing the air entrainment processes into the 
downstream tunnel. Similarly it will result in avoid-
ing swell and high fluctuations of the water level in 
the drill hole due to the upward airflow. According 
to Sigg et al. (2004), the enlargement of the ID of 
the vertical hole as well as the insertion of a cham-
ber between the ceiling of the tunnel and the drill 
hole, have been proposed.  

Conclusive data about the technical feasibility of 
the layout will be obtained only from physical mod-
els that are currently ongoing. These results, togeth-
er with the layout described herein, will provide fur-
ther improvements in aspects not fully elucidated in 
the scientific literature so far. 
 
 
4 CONCLUSIONS 
 
A first project about the implementation of a diver-
sion tunnel on the Bisagno River to protect from 
flood the City of Genoa has been approved in 2007. 
Due to hydraulic and economic reasons, a deep revi-
sion of this project has been performed in 2013.  In 
this paper, the major critical points related to the re-
vision of the diversion tunnel have been pinpointed 
and discussed. The revision process has actually re-
quired the in-depth analysis of some hydraulic fea-
tures, in particular the hydraulic behavior of the tun-
nel and the intake system. This analysis implies to 
carry out new experiments on physical models rep-
resenting the air ventilation system and the vortex 
shaft, that will be concluded in June 2014. Although 
conclusive data are still to be obtained from the 
modelling process, general recommendation and de-
sign criteria can be derived from the layout present-
ed herein to be used in situation requiring similar 
hydraulic intervention. 
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NOTATION 
 
The following symbols are used in this paper: 
 

D = diameter 
ks = Gauckler Strickler coefficient 
ID = internal diameter 
L  = height 
S  = length 
Y = filling ratio = h/D 
T  = return period 
  = surface roughness 
 

Subscripts: 
 
D = design 
EF  = extreme flood 
S  = shaft 
t  = tailwater 
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