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ABSTRACT

Protection of the lagoon of Venice against higliests is a major objective for the Municipality of
Venice. Design of a gates system has been selaogt@onstruction has been engaged since two
years. The gates system is composed of a barrielenfientary gates which cdre closed to
maintain the maximum allowable water level inside kagoon.

A key pointof the project is the hydrodynamic behaviour oftbah elementary gate and a gates
barrier through which water circulation could besgible even with sea states less severe than the
maximum design condition. The objective of the prgsstudy is to compare the dynamic
behaviour of two gates barrier systems based offiesaht elementary gate design.

The main differences between the two gate barieesthe basic principle of the gate and its

orientation of within vertical :

* the MoSE gates contrast the difference of levéls the gate buoyancy. The gate is inclined to
the lagoon

» the Gravity gates contrast the difference of lewvdth the gate weight. The gate is inclined to
the open sea.

The case study refers to the Malamocco inlet. BEaohier is composed by 20 gates of 20m large
pined at the bottom level. Comparison will be coned performance of, first, a single gate (2D
and 3D analysis) and then a complete barrier (3iyais).

The document describes the:

* Methodology, assumptions and numerical tools useddmparisons

* Comparison of the numerical tools used and exjdtibliography

* Input data: environmental conditions to considateg characteristics

* Analyses performed and main results

» Comments on the main results : gates motions amkltransferred to the foundation.

Main conclusions:

Methodology
The methodology, numericalssumptions and tools used for the analysis reprabe most

advanced state of the art in the non linear hydmadyc modelling and multi-body interaction in
waves. Specific task on the matter has been giwegmdfessor B. Molin of Marseille University.
For the response of the gate barrier, the resalieeed by professor B. Molin (Ref.4), with linear
analysis, are in agreement with the results pudtidsy professor C.C. Mei (Ref.5, 6).

For a full understanding of the dynamic behavidowith an approximate linear analysis and
subsequently non-linear calculations that repregeneffective mechanical model of the gates and
of the barrier have been performed.

Isolated gate

* The comparison between linear and non-linear caticuls shows that non-linear hydrostatic
effect has a major influence both for MOSE and @yagates. Then conclusions are derived
from non-linear calculationgerformed for two spectra having Hs=3.2m and Tgs@nd 8s.
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» Considering the 1000-years wave conditions, Hs=3Dm= 9.3s. Gravity gate leads to 10% to
20% larger oscillation angles compared to MoSE .g¥ttical force at the pined point is
reduced for Gravity gate and horizontal componangssimilar for the two design. Mean drift
imposes a modification of the mean inclination ldemn 4°: down-lift for MOSE and up-lift for
Grauvity.

» For the MoSE gate, fahe lowest wave peak period, an unstable behavwiasiheen observed
depending on the significant wave height Hs. A gpmeanalysis has been followed for Tp=8s,
decreasing Hs. The limit of stability has beennibdor Hs=2.0m. For larger value the gate
oscillates between the two unstable equilibriumimations with amplitudes not compatible
with the geometry of the inlet mouth and that cdarberepresented with the state of the art of
modelling and analysis. Occurrence of unstable Wieba is very sensitive to the mass
distribution (and ballast).

Fx N} Fz (N} Total Pitch (%)
Min | Max Min | Max e Min | Max

Tp=5.0 M ose ML UNETAEBELE BEHAVIOURE — WNON EEALISTIC RESULTSE

Tp=0.0 |Gravity NU| -7 .82E+05] 7 40E+05] -4 78E+05] 4.74E+05] 517E+08] 80 | g5

To achieve readable results with Hs=3.2m, for aadamic exercise, it has been imposed an
additional quadratic damping corresponding to 19%ritical damping (added to wave radiation
damping) which seems quite larger that real visd¢lmwg could do.

The results obtained are in the table:

Fx N} Fz (N} Total Pitch (%)
hin [N hd it b & =6 Min [EES
| Tp=2.0 [ MosenL | -1.86E+06] 1.53E+06] -9.47E+05] 7.71E+05| 2 09E +06 -17.9 18.9

The obtained values can not be compared with Gralit

As matter of fact, for systems such as the MOSE, galtere the viscous damping is determinant, it is
very difficult to define a mathematical model tlzan represent the real behaviour of the unstable
gate. In these cases there is also the difficaltytllize scaled model testing results that follthe
Froude similitude and not the Reynolds one forwiseous forces, and therefore the forced dumped
behaviourduring the tests, does not permits a correct dyondmhaviour of the model and, as
consequence, it is not possible the direct traraffereasured data to the real prototype.

Gate barriers

* The comparison of the behaviour foroBE and Gravity barriers has been done tacking into
account the hydrodynamic interactions between thesy to avoid enormous calculation
difficulties, primarily due to the already experexd dynamic instability of MISE gate, a linear
elastic spring has been assumed (linear analysis).

* The analysis of the barriers has been perfornmaiiiding hydrodynamic interactions between
the 20 gates and assuming 2 meters difference betaea-side and lagoon water levels. No-
symmetric waves field is obtained by modelling Hwaindary walls of the barrier and a small
wave incidence.

» Hydrodynamic interactions have a major influencelmglobal behaviour of the barrier. Then
tentative to define natural periods seems quitealistic as hydrodynamic coefficients are too
sensitive to the relative motions between gatesdad by waves.

* For wave periods corresponding to the 1000-yearsliions (Hs=3.2m, Tp=9.3s), limited
absolute rotation angles are obtained close toetbbsained for an isolated gate but higher for
MOSE gates (sepoint 6.3.1) and with larger difference in the preabetween adjacent gates.

C:\Affaires\berhault\Projets\Venise\Venice_Repori.dbc 8
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The relative rotation angles increase to 10° fer Gravity gate and to 25° for the MoSE gate.
For larger wave periods a “snake” behaviour is iolewith large rotation angles.

Loads at the pined point take similar values asfoirsolated gate.

The linear analysis of the gate barrier has shavet their interaction greatly influence the
relative motions between adjacent gates and daastnaduce sub-harmonic response of on the
gate behaviour and on the barrier.

As conclusion of the study a non linear analysitheftwo gate barriers has been performed for
the starting condition of the closure of the imteuth for the spectrum Hs = 3.2m, Tp = 8 sec.
A simple configuration composed of two moving gatésse to the channel wall has been
considered. The non linear analysis of the behawbthe two gates has demonstrated that the
presence of the wall influence the dynamic behavaiuhe gates adjacent the inlet mouth for
both the gates MoSE and Gravity. In particulardiieamic behaviour of the first MOSE gate is
regular and is possible its modelling, but theaa€ept gate shows also in this case an irregular
behaviour with not reliable results. The same aedyperformed for the Gravity gate show a
regular dynamic behaviour of the two gates withat#é results. Based on these results it has
been deducted that is useless to continue the sasaby the whole MoSE barrier, being
impossible its modelling with the mathematical miedexisting in the state of the art, and not to
continue the analysis for the Gravity gate baragrt is impossible a comparison between the
two solutions.

The results achieved show that, for the projedhefsystem for the closure of the inlet mouths,
it is necessary to perform the non linear analgdishe whole barrier, and in particular the
results achieved for the Gravity solution with thelated gate and the couple of gates adjacent
the inlet mouth wall, show that it is necessaryria a 3D analysis of the whole barrier.
Simplification with 2D model or with limited numbef gates do not represent the real dynamic
behaviour of the gate barrier.

General Comment

The comparisons of the two isolated gates with dynaanalysis using linear hydrostatic
spring leads to similar behaviour with larger mosidor the Gravity gate but larger vertical
loads for the MOSE gate for the extreme wave cantHs = 3.2m and Tp = 8sec and 9.3sec.
With the effective non linear hydrostatic spring thehaviour of the two gates is significantly
different, MOSE gate shows an unstable behavioupnly with maximum design spectrum Hs
=3.2m, Tp = 8 sec but also with less severe tsdass

The linear analysis out-phase motions shows, ftin barriers, relative angle between adjacent
gates, limited to 10° in the 1000-years sea-saighdt relative angles are obtained but only for
wave periods larger 13s (not in the range of tlkenmng wave periods)

The unstable behaviour, induced by non linear hstata spring, is obtained for the MoSE gate
for steep waves, i.e. Tp=8s corresponding to Tz=7ahd Hs>2.0m. A preliminary sensitivity
analysis shows that instability is highly sensitieethe gate mass and inertia, the wave energy
distribution and to the fluid flow damping. Thisa$ particular interest because during the wave
measuring campaign at the installation site ofldagier of approx. 4 years at the Malamocco
inlet there is evidence of at least one storm Wish= 2.5 and Ts = 7.5 sec corresponding to a Tp
= 8 sec has occurred at site.

Due to the limited scope of the work of the presantlysis using the state of art in
hydrodynamic modelling, these are the achievaldelt® a deeper analysis on the damping
mechanism taking place between a set of gatesd dmilrequired to better define limits and
range of the instability occurrence.

C:\Affaires\berhault\Projets\Venise\Venice_Repori.dbc 9
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In any case the chaotic response with high dynamglification of the oscillations of the
MoSE gate that are not compatible with the geometrthe inlet mouth as drawn in the final
design and cannot be analysed with the modellingnigue possible with the present state of
the art, for several working conditions still remai
The utilization of structures dynamically unstabdethe waves action has no examples in the
marine and offshore engineering and therefore thte ©f the art does not permit to define a
reliable dynamic behaviour of the gate and consatyuea reliable design of the connection
system of the MOSE gate to the foundation baseduition it has to be considered that, in
presence of such amplification of the gate osalfgtthe formation of gates barrier should lose
the efficiency as barrier against the tide difféiarievel.
The Gravity gate does not show unstable behavieduded by the non-linedrydrostatic
spring for the design sea states.
The proximity of the MoSE gate to the mouth inletlintroduce significant variations in the
added mass and in the radiation matrices keepirg gate out of the instability, but it is not
sufficient to influence the dynamic behaviour oé tsecond gate as shown for case 3. This
confirm that the chaotic response, when exist®athe MoSE gate, it is introduced by the gate
into the whole barrier and not viceversa: if theéegs stable the barrier does not introduce
instability or sub-harmonics as demonstrated wite linear analysis of the complete gate
barriers.

The dynamic behaviour of the two Gravity gates eltwsthe mouth inlet wall is confirmed to be

regular.

Based on the above results obtained for the MoS&, ¢faat is the impossibility to perform its

dynamic analysisand considering that the scope of this study igsmgerform the design of the

gate system but only to perform the dynamic analgsid to compare the different dynamic
behaviour of the two gate concept, it has beendegelchot to perform the non linear dynamic
analysis of the whole barrier also for the Graviggte as it is not possible to compare a stable
system with an unstable one:

- the stable system can be analysed with standahditeees considering non linear dynamic
behaviour of multi-bodies interacting with wavedahis possible to achieve realistic and
reliable results for a proper design.

- the unstable system cannot be analysed even t@ngost advanced non linear simulation
software available in the market place and theeefbiis not possible to achieve reliable
results for a proper design.

In addition to the comparison of the dynamic bebawiin waves of the two gates, there is

evidence that with respect to tide variation, Majafee requires an active control system of the

water ballast to maintain the design working canditwhile Gravity gate does not need it.

Key Words

Venice lagoon, Gates system, Hydrodynamic analysis
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1 CONTEXT AND OBJECTIVES

Protection of the lagoon of Venice against highreéase of sea level is a major objective for the
Municipality of Venice. Design of a gates systens Heeen selected and construction has been
engaged since two years. The gates system is cechpds barrier of elementary gates which can
close to maintain a maximum water level insidel#g®on.

A key point is the hydrodynamic behaviour gatesribarcorresponding to the elementary gate
design within water circulation could be possibfeotigh the barrier even if maximum waves
conditions occur. The objective of the present wlisdko compare the dynamic behaviour of two
gates barrier systems based on a different elemyegdide design.

The main differences between the two systems arédkic principle of the gate and its orientation

of within vertical :

» the MoSE gates contrast the difference of levéls the gate buoyancy. The gate is inclined to
the lagoon

» the Gravity gates contrast the difference of lewvdth the gate weight. The gate is inclined to
the open sea.

The case study refers to the Malamocco inlet. BEaohier is composed by 20 gates of 20m large
pined at the bottom level. Comparison will be caned performance of, first, a single gate (2D
analysis and 3D analysis) and then a completedsgBD analysis).

Performance are defined as :

* Motions of an elementary gate : stable behaviowtjon amplitude

* Load induced on the gate articulation system antherioundation

» Capability to avoid water propagation through tharrier related to the global “snake”
behaviour

* Wauve elevations induced in the lagoon if the baaats as a wave-maker

The present design basis document describes the :

* Methodology, assumptions and numerical tools useddmparisons

Input data : environmental conditions to considates characteristics

Analyses performed and main results obtained

Comments on the main results : gates motions aatittansferred to the foundation.

2 REFERENCES

Ref.1 “Metocean report” — Extraction — 25/09/2002

Ref.2 “Study specifications”

Ref.3 Design Drawings of Mo.S.E. (Progetto defurji

Ref.4 Autocad Model of the Gate “Paratoia a Gedvit

Ref.5 “Hydrodynamic analysis of the Venice gatd?a+t | and II”, B. Molin

Ref.6 “Numerical solution for trapped modes aroumzdined Venice gates”, C.Y. Liao, C.C. Mei,
JWPCOE , October 2000

Ref.7 “Natural modes of mobile flood gates”, CG.Chiang, C.C.Mei, AOR, August 2003
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3 ENVIRONMENTAL CONDITIONS

The gates barrier is closed in severe environmeotaditions leading to prevent high water in the
Venice lagoon due ta large increase of the water level at the sea $iue objective is to maintain
a maximum water level of 15m at lagoon side in eoryditions.

The most severe working conditions of the gatesidyrasystem is governed both by the maximum
tide and by the wave conditions:
» water depth on the open sea side: 15m at the elosuthe gate barrier and 17m with the
maximum design tide (design tide = 2m)
* 1000-year waves conditions to be considered (extram the metocean report):
- zero-up-crossing period: Tz=7.5s s (correspondireg/15s)
- Significant wave height: Hs=3.2m
- JONSWAP spectrum withadjusted to fit the Tp/Tz ratio
- Wauve direction: assumed perpendicular to the dsdager.

Comment

* The metocean specifications does not give indinabio the peak period Tp to be related to Tz.
Then a range of Tp = 8.0s to 9.3s has been seléxtenver the expected sea-states, adjusting
for each Tp theg parameter to fit Tz.

* Unidirectional waves will be considered in the tfissep of the analysis considering that the
barrier is located in channel delimited by two flatavalls. In fact the right and left boundaries
of the channel are not identical, inducing a nomis)etrical wave flow.

» A critical point to assess is the capability offedesign to avoid any water propagation through
the barrier as the gates could move with diffepdrdse lags. Then a little wave heading and/or
waves spreading will be considered for the analysthe muti-gates configuration to reproduce
the effect of the non-symmetrical wave flow

» Steady waves could be also taking place:

- between the two boundaries (walls): due to the mblawidth and water depth, the lateral
modes excited by in-coming waves would be rapi@iyngded.

- in front of the barrier: combination of in-cominggflected waves and radiated waves
induced by the gates motions

C:\Affaires\berhault\Projets\Venise\Venice_Repoit.doc 13
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4 GATESSYSTEM DESCRIPTION

4.1 GLOBAL CONFIGURATION

The “Bocca di Malamocco” configuration will be cadered. The 20 gates, of 20m width each, are
distributed between the 2 walls of a channel opetiné¢ sea at its upstream entrance. Width of the

channel is then 400m.

Gates are notinked together which means that each gate is feegotate even if its own
hydrodynamic response is affected by the globalanaif the barrier and by the other gates.

BOCCA DIMALAMOCCO
SEQUENZA DI APERTURA DELLE PARATOIE

Figure 1 - Example of half of the barrier configtica using the gravity gates design

4.2 GATESDESCRIPTION

421 General arrangement and principle

General schemes of the gates are given on Figure 3.

C:\Affaires\berhault\Projets\Venise\Venice_Repori.dbc
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- Wawwe propagation from apen sea to the barrier

GRAVITY GATE Mo.S.E. GATE

A
LEGENDA: LEGENDA:
1-Tide Hyds “'5'f'ti'3 Pressure Force 1- Tide Hydrostatic Pressure Force
2- Gate Net Weight 2. Gate Net Buoyancy
1. Force on the Hinges 3- Force on the Hinges
[ WATER BALLAST ( FIX ) . WATER BALLAST { VARIABLE )
. AlIR COMPRESSED . AIR. COMPRESSED

MoSE gate (or buoyant gate)

The gate is composed of a steel hull partiallyefilwith water and compressed air. The working
inclination (45° to the laguna side) is given by thuoyancy moment corresponding to the water
level difference between the sea level and the mzd#ast level inside the Gate. Internal water
level is adjusted as function of the tide differahlievel to provide the proper buoyancy insurihg t
required constant inclination. An active controlsteyn is required to maintain the specified
inclination by adjusting the water level in theemial tank (ballast).

The gate is articulated on a sea floor concrete basich is shaped to integrate the gate in its
removing position. Gate is raised by ballastingrappen and is deployed by de-ballasting with
compressed air. In absence of mass characteristithe gate, autocad model has been done, a
section is reported below.

In working position buoyancy induces up-lift load the articulation fitting and on the concrete
base.

% = < e o = e
\'s! %ﬁ DO O OO OO TONTOTOTOTONT O TONTOTO FO O —
\ A . h . . it ot
% 21| L L || L A L2 L 2 i” L L T “i SRS Hi‘J///
\ ATTAlTalNal Falran Ealrfan Ealia AITAN Ealia L0 5
=] R I || 7 k 7 - \,. L ”J\ e’ \,_).- | o _:” - fI S,
1. 5 O S e e s o S 6 s e =
Gravity gate

The gate is composed of a steel reinforced stractanticulated at the sea floor level and a tank
(ballast) completely filled with water and a sugpt manoeuvring tank on top.

The working inclination (at start 32° to the opa&a side) is given by the weight (water ballast +
structural weight) moment. Theanoeuvring tank is initially de-ballasted to pawithe required
inclination and stability independently of the tidBhe maximum inclination, obtained for the
maximum tide, is close to 46°.

C:\Affaires\berhault\Projets\Venise\Venice_Repoit.doc 15
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Gate is raised empting only the manoeuvring tarkabtive control system is required to maintain
the specified water level in the internal taBlection of the autocad model is shown below.

In working position water ballast induces down-ldad on the articulation fitting and on the steel
base.

T

C:\Affaires\berhault\Projets\Venise\Venice_Repori.dbc
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4.2.2 Gatescharacteristics

The following table provides the main charactecsiof each gate design. Values are referred to a
frame centred at the articulation point and aregifor the mean working position of the gates for
15m water depth on the lagoon side and 15m to bn the sea side.

Main dimensions:

Gate Gravity MoSE
Total length 31.5m 29.6 m
Total width 20m 19.9m
Tank width 3.8 m 45 m
Tank length 16.1m 26 m
Total structural mass 236.15 tons 257.88 tons
Total mass in start working conditions 1469.80 tong 1767.00 tons
Total mass in maxwvorking conditions 1469.80 tons 1079.40 tons
Working inclination / horizontal + 46° to seasi 45° to lagoon

Stability curves for the two designs are provide@ppendix. It could be concluded that hydrostatic
restoring moment is highly non-linear and non syrmimexrround the working inclination, i.e. up
and down rotations are anticipated quite different.

Based on these data rotation stiffness, tentabvdetive resonance periods are made with free
oscillations tests (decay curve) for an isolatedegand from RAOs for the multi-gates
configurations. Quite different results are obtdimepending on the considered configuration: 2D
isolated gate (or all gates of the barrier movingphase), 3D isolated gate, 2D multi-gates
(including hydrodynamic gate interactions). Thesmais in the high sensitivity of hydrodynamic
coefficients (added mass) to the configuratiorcailh be noticed also that high variation of added
inertia with oscillation period could lead to difémt resonance period, even if linear hydrostatic
stiffness is considered. The following Table gikie tange of values obtained :

Configuration 2D isolated 3D isolated 2D multi-gate
Gravity gate 11sto 12s > 18s 4s << 153
MoSE gate 5s to 6s > 14s 4s < < 155

Lower values are obtained for a pure 2D gate argktavalues are obtained for a 3D isolated gate
for which 3D wave radiation is dominant. In face tmulti-gates reality included the two “extreme”
conditions depending how adjacent gates are moamdy the response depends mainly on the
number of the gate that in this analysis are theesa

Range of periods of resonance must be compardtetpdak period of the 1000-years sea-sate, i.e.
Tp=9.3s- 8s for Tz=7.5s. In any case the natural periothefisolated Gravity gate are higher and
outside the range of periods of the design speetth significant energy. As wave radiation
damping is generally high for small period, it itieipated that occurrence of “pure” resonance will
be small.

C:\Affaires\berhault\Projets\Venise\Venice_Repoit.doc 17
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When several gates are considered moving, eachngat®n induced excitation on the others

leading to a set of near field modes. Semi-analBolution derived for a set of inclined articelt

flat plates gives response for periods from 4s8e (see results given by Li & Mei confirmed by
Molin in the present study). However it will be sltohereafter that motions amplitude are less than

10° for wave periods lower than 12s.

“Pure” resonance is defined as resonance obtamoaa & standard linear mechanics, i.e. balance
between inertia and linear hydrostatic stiffnesenfinear component could lead to “indirect”

resonance as the well-known “Mathieu instability”.

C:\Affaires\berhault\Projets\Venise\Venice_Repoit.doc 18
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5 METHODOLOGY AND ASSUMPTIONS FOR ANALYSIS

5.1 GATESBEHAVIOUR AND EFFICIENCY IN WAVES

Wave action induces dynamic rotation of the gatemirad their hinge points. Several kind of

behaviour have to be considered :

* Dynamic rotation at the wave frequency, which ireljcradiated waves inside the lagoon
(similar to a wave maker). This effect could bedicted using classical linear diffraction /
radiation analysis (wave excitation load and adaeds), including hydrostatic loads and gate
inertia. Boundary conditions are not the same fotha gates of the barrier depending on their
location from the walls of the channel. Then eaategnoves with its own phase which leads to
a “snake” behaviour or an “erratic” behaviour oé tharrier. Gates are not connected together
which could induce fluid flow passing through therrdter (through the gates spaces) depending
of difference in amplitudes and phases of adjagatss.

* Interaction between in-coming waves and reflectestes could induce trapped modes (steady
wave fields) which could lead to harmonic excitai@t frequency close to the natural period of
the gates. Corresponding response is well estimesied) a near field diffraction

* In case of large rotation amplitude hydrostati¢caesg moment becomes non-linear and could
lead to unstable response (like parametric res@)anc

» Transverse steady waves could also occur betweewdls of the channel which could induce
additional out of phase excitations on the gatesvéver the channel is 400meters width and
the corresponding first modes have largest wavébsnthan the in-coming waves. Then this
effect could be neglected.

The present study is focused on the influence e$d¢hphysical phenomena on the gate barriers

behaviour both with Gravity and MoSE elementaryegat

Comparisons are provided for the following desigrgmeters :

* Maximum absolute amplitude of rotation of a gatenglthe barrier

* Relative rotation amplitudes between two adjacetes

* Induced forces and momeattthe pin level

The analysis will be performed for the two extrenaking conditions: at closure of the barrier (w.
d. 15 m) and at the maximum expected tide (w. dnl&goon side, 17 m sea side).

52 NUMERICAL MODELLING
The global approach is based on existing hydrodyné&wols :

* Fully 3D radiation / diffraction method :

— First wave excitation loads and added mass are gmwdpwith the 3D linear wave
diffraction code Diodore (potential flow theory ged by a standard panel method in
frequency domain). Mean wave loads and wave fregjueomponents are derived for a
range of wave periods

— The water channel bottom is firstly considered frathe diffraction analysis. Upstream
and downstream water depth are assumed equal f@& vads prediction.

— Added mass and wave loads are transferred to adiommain mechanical DeepLines model
including exact gate inertia and hydrostatic logaldng into account the difference in
upstream / downstream water levels.
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— Time domain simulations are performed in irreguaves to obtain the angular motion
around the static equilibrium position. A pure mineondition is assumed at the bottom
level (no friction at the hinges).

— Both linear and non-linear hydrostatic stiffness eonsidered imposing in the time domain
model a non-linear restoring moment derived froma #tatic analysis. The goal of the
linear approach is to understand the influenceftérént parameters affecting the dynamic
of the gate barrier. The goal of the non-linearrapph is to simulate a more realistic
dynamic behaviour of the gate system (motions avabld) and to check possible
occurrence of parametric resonance.

— Several configurations are analyzed dependinghengates configuration and location
considered : an isolated gate, an isolated gatengalose to a channel wall, set of gates
moving in phase between the channel walls.

* 2D semi-analytical model :

— the specific aspects of the gate barrier configomaare included : the water level may be
different on the two sides of the barrier, the ilearis considered as a multi-mobile flap
with hydrodynamic interactions between the gates

— each gate is modelled as an inclined thin platé,vth a correct the correct mass and
buoyancy

— angular motions, loads and corresponding phaseamputed for each gate of the barrier
in frequency domain (RAOS).

Gate moving with significant amplitude induces earshedding on its sides leading to viscous/drag
damping in the rotation motion. This damping canebsily estimated using existing data for drag
loads on a plate for an isolated gate. An estimatiiodrag damping is included in the models even
if wave radiation damping is dominant.

A set of validation tests have been performed lee$tarting the study:

— comparison between 2D semi-analytical method whi 3D numerical tool Diodore for an
infinite width gate

— comparison of the 2D semi-analytical method witbuits provided by Li & Mei for a set of
vertical flat plates.

Comparisons have been focused on the hydrodynawaitsi added inertia, damping and wave

diffraction. Results are provided in appendix ofdy verification of the software used for the

analysis.
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6 GATESSYSTEM RESPONSE

6.1 PRELIMINARY HYDRODYNAMIC ANALYSIS

The analysis follows two main stages:
* Dynamic analysis of an isolated gate for the 2glesi
* Dynamic analysis of the global barrier configuraaorresponding to the two gate designs

However a preliminary analysis has been performad different configurations for a better
understanding of gate systems response (illustra@oe provided in appendix) :
* Hydrostatic loads :

— mean gate inclination is highly sensitive to the@GCand CoB locations. Accurate
buoyancy meshing of the hull has been done tarotita correct inclination in the working
conditions (2 meters difference in water level®) the MoSE gate, fitting the ballast mass
has been also needed.

— Non-linear GM curve is not symmetric (or anti-synin® around the mean inclination
which means that “going-down” and “going-up” motsoare of different behaviours.

» Added inertia and radiation damping :

— Large variations with the motions period (and tingtin the wave period) are obtained which
leads to difficulty to estimate a natural periodhinlassical way.

- Both added mass and damping are different for a pDrgate and an isolated 3D gate. This
means that the motion amplitudes of a full “in-pfaset of gates is quite different that an
isolated gate or a “out-of-phase” set of gates.

- For a multi-gates configuration, hydrodynamic iatgions between gates governed the
added mass and damping.

* Hydrodynamic interactions leads to gates motiont wifferent amplitudes and phases along
the barrier, between “in-phase” and out-of-phasgieshding on the wave period :

— For small wave periods some “erratic” behaviourolstained but with small angular
amplitude

— For long wave periods a “snake” behaviour is oladimwith as large amplitudes as wave
period is close to natural periods of the gates

— Most of the gates “resonance” or, betteisponse periods in the barrier appears in theerang
of 12s to 18s, i.e. outside of the wave spectralwhmits the occurrence of large angular
amplitudes (the instability is not considered iis ttype of analysis).

6.2 DYNAMIC ANALYSISOF AN ISOLATED GATE

Results obtained for 3D isolated Gravity and MoSieg are compared. The meshes of the gates
used for diffraction radiation analysis are giverappendix.

Time domain simulations have been done with Deeg.ifor the 1000-years irregular waves
conditions assuming wave direction perpendiculah&barrier. In a first stelpydrostatic stiffness

is assumed linear (valid only for rotation angleaier than around 5°). As large rotation
amplitudes have been obtained, calculations inolythe non-linear hydrostatic restoring moment
have been performed.
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6.2.1 Linear hydrostatic assumption

Time duration is close to 1200 sec. centred onmtg&imum 3hr-wave height to be sure that the
maximum values of angular motion and forces ar@@ntered. A ratio of Hmax/Hs = 1.8 has been
imposed.

The following Table summaries the results obtaifeedHs=3.2m and Tp=9.3s, considering linear
hydrostatic stiffness. Only drift and dynamic campnts corresponding to wave excitation are
given.

MOSE

Variable Unit Min Tz Max Mean Std dev.
Force global Z N -4.29E+06 9.306| -7.40E+05| -2.36E+06] 5.77E+05
Force global X [N -1.42E+06 10.743| 1.10E+06] -8.23E+04| 3.96E+05
Global Force N 4.52E+06 1.33E+06 7.00E+05|
Pitch deg. -8.617 10.827 7.819 -45.08 2.785
GRAVITY

Force global Z N -2.54E+06 10.378] 1.61E+05| -1.18E+06| 4.43E+05
Force global X N -8.61E+05 8.772] 9.06E+05] 5.33E+04] 2.89E+05
Global Force N 2.68E+06 9.21E+05 5.29E+05|
Pitch deg. -9.524 10.397 10.825 46.32 3.337
[wave elevation |m | -3.07] 9.50| 3.02] -0.002] 0.807

The results show a better compliancy of the Gragdte i.e. a larger amplitude for the pitch that
correspond to a drastic reduction of loads at thedopoint)

Time series of the dynamic component (the firstsE@0 to 500sec. including Hmax) and response
spectra are compared hereafter considering a limghostatic restoring moment.

é:zz Waves —wawe|
) | el

oo ML s M [T RN Lam AARIR 0TI pf ARt e
-1_001“1!\"1,10 IS s MAE L \;uq W I o

Rotation angle is given around the static meanriatibn for each gate

15
= Rotation Angle —— Gravity
10 l ——Mose [
5
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1 MY,
5 }
-10
t(s)
-15
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Dynamic loads at the pined point on the foundation

2.E+06

=

Z

<

1.E+06

5.E+05 ]

0.E+00 J\M

1
-5.E+05 -

-1.E+06 A

-2.E+06

—— Gravity

-3.E+06 +

-4.E+06

-5.E+06

Even if rotation amplitude of the Gravity gate &der than the amplitude of the MoSE gate,
vertical force is smaller, mainly the mean wavdtdoirce.

From cross correlation analysis of the time sesfe®tation angles and wave elevation, RAOs have
been derived which clearly show 10% larger ampétdior the Gravity gate all other the period
range.
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The same conclusion is derived hereafter for thii+gates configuration.

6.2.2 Effect of non linear hydrostatic stiffness

For rotation amplitude larger than 5° it is expdcteat the variation of flotation and submerged
volume of gate have an influence on the hydrosatic

Calculations have been performed for the 1000 yeanslitions with two sea spectra having the
same Hs = 3.2 m and two peak periods: Tp = 9.28d@ sec.

For thelarger peak period, Tp=9.3s, comparisons of results obtained for Gravityegatd MoSE
gate are provided hereafter (only “dynamic” compuaneduced by waves) :

Fx Fz Total
Force (N) Min Max Min Max Max
MoSE Lin -1.33E+06| 1.18E+06 -1.93E+06| 1.62E+06 2.34E+06
MoSE NL -7.55E+05| 5.61E+05| -3.51E+05| 4.02E+05 8.33E+05
Gravity Lin -7.79E+05| 9.89E+05 -1.78E+05| 2.52E+06 2.71E+06
Gravity NL -1.04E+06] 1.23E+06| -4.55E+05| 4.94E+05 1.32E+06

Non linear hydrostatic component slightly decreadedoads compared to linear calculations. This
reduction plays in favour of the MoSE gate.

Considering the smaller peak period, Tp=8s, similar results can be provided only for the Giyav
gate, as instability occurs for the MoSE gate. Gravity gates show lower loads for Tp=8s than
for Tp=9.3s, even if rotation angle is quite simila

Fx (N) Fz (N) Total Pitch (9
Min Max Min Max Max Min Max
Tp=9.3 Gravity NL -1.04E+06| 1.23E+06| -4.55E+05| 4.94E+05 1.32E+06 -8.11 6.49
Tp=8.0 Gravity NL -7.82E+05| 7.40E+05 -4.78E+05| 4.74E+05 9.17E+05 -7.96 8.51
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Rotation angle for Tp=9.3s

30
o5 Hs=3.2m, T=9.3s, Rotation Angle — Gravity ||
20 ——Mose | |

-15 1(s)

Mean inclinations are obtained : 2° down-lift foetMoSE gate and 4° up-lift for the Gravity gate.
Down-lift reduces the free-board of the gate barue-lift increase the free-board.
Dynamic components are quite similar for the twtegavith a maximum amplitude of 10°.

Horizontal loads at the pined point:

2.E+06

=

s | | Hs=3.2m, T=9.3s, Fx — Grauiy
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Maximum force is comparable to the linear resukrevf contributions of mean component and
dynamic component are quite different.
Vertical loads at the pined point:

£ Hs=3.2m, T=9.3s, Fz

-1.E+06
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Both mean component and dynamic component are dlifferent compared to the linear
calculations. Dynamic component is drastically esth

For the lower peak periothe Gravity Gate shows a better response with otspeahe larger peak
period, the occurrence of instability fdre MoSE gate has been found. Based on these results a
sensitivity analysis to the significant wave heigbhditions has been performed for the MoSE gate.
The following conclusions have been obtained:

» Taking Hs=3.2m and Tp=8s leads to an unstable {ahalehaviour with large unrealistic
motions and loads. Viscous damping has been adde@ve radiation damping to reduce this
effect (see here-after).

* The sensitivity analysis has demonstrated thatrteimum value of Hs giving stable response
has been found close to Hs=2.0m. For Hs < 2.0m mnaxi rotation angle is lower than 6°
around the working inclination. For Hs > 2.0m véayge rotation amplitude (larger than 30°)
are taking place around both the working inclinatamd an another inclination of the gate close
to 10° towards the waves (see following figures).

Mean inclination of the Mose gate — Tp=8.0s
left: Hs=2.0m, right: Hs=2.2m

MoSE Gate — Tp=8.0s, Hs=2.2m — unstable response
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MoSE Gate — Tp=8.0s, Hs=2.0m — stable response
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For the same peak periddravity gate has a quite good response to Hs=3.2m with lower
rotation angle and similar loads than for Tp=9.8se( hereafter). Maximum wave height is

obtained at t=900s.
Gravity Gate — Tp=8.0s, Hs=3.20m - Rotation anghel load components at the pined point

;0 Hs=3.2m, T=8.0s, Rotation Angle —__ Gravity NL Tp=9.3
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Viscous damping influence on instability of the MoSE gate

Following these last results sensitivity of the tabte behaviour ofhe M ose gate to damping has
been analysed. Taking Hs=3.2m, stable responsebt@ined imposing a quadratic damping
corresponding to 15% of critical damping (addedvve radiation damping) which seems quite
larger that real viscous flow could do. Resultsgiven hereafter :

30
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o
‘”340\}\/\/\1\/\»“ v\/u\/\/v“v*

-20

-30

Rotation angle and loads at the pined point apdeagsr than hose obtained for the Gravity in the
same waves conditions. The following table compdhes dynamic component issued for each
parameter :

Fx (N) Fz (N) Total Pitch (9
Min Max Min Max Max Min Max
Tp=8.0 | Mose NL | -1.86E+06| 1.53E+06| -9.47E+05| 7.71E+05| 2.09E+06 -17.9 18.9
Tp=8.0 [Gravity NL| -7.82E+05| 7.40E+05| -4.78E+05| 4.74E+05| 9.17E+05 -8.0 8.5

Note: the values related to MOSE gate are not treomparable with the values of the Gravity
gate, where only wave radiation damping has beearsidered for the Gravity gate (viscous
damping ignored).

C:\Affaires\berhault\Projets\Venise\Venice_Repoit.doc 28



Comparison of two barriers of gate systems

RET.45.260.03

PRINCIPIA Hydrodynamic study Page : 29 / 46
MoSE gate - Load and pitch spectra for Tp=8s anditgwhal damping
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As it could be observed on the load spectrum thagtrof the energy is taking place at resonance
period of the gate and not at the wave periods d@atch reacts at the wave periods. It seems that
instability is reduced but not completely “killedt. confirms that an isolated MoSE gate remains

unstable for Hs starting from 2.2m (and Tp=8s).

The artificial additional damping introduced ingtgimulation, can be compared (only qualitatively)
to the artificial damping that the gate experieimcea model scale simulation that shadows the real

dynamic behaviour of the gate.
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6.3 DYNAMIC ANALYSISOF THE GATE BARRIER

In this section we compare the performances ofMb&E and Gravity gate barriers taking into
account hydrodynamic interactions between gates.cBasistency reason an linear hydrostatic
spring is assumed first. Then non-linear behavias @nalyzed for two gates close to the channel
wall.

6.3.1 Working conditions (linear r esponse)

In afirst step, we focus on the 15 m — 17 m cases, where they hearly equal inclinations.

Calculations have been performed for a set of 2ditidal gates of 20 meters width each. Water
level on each side correspond to the maximum tiden(and 17m). Mean inclination of gates

corresponds to the working position, i.e. 46° te fieaside for Gravity gate and 45° to the lagoon
for the MoSE gate.

Motions have been derived for a range of wave pgericorresponding to the 100-years wave
spectrum, i.e. from 3s to 15s.

In pure theory trapped modes and “snake” behavabemg the barrier is not occurred for wave
perpendicular to the barrier. Then a wave incideiscemposed only initiate the multi-gates

response. In pure theory, for a wave field perpandr to the barrier and for symmetric boundary
walls, all the gates will move with the same ph@dshaviour close to a 2D isolated gate. In reality
non symmetric wave field is expected (walls confagion, small incidence of wave, non 2D wave
diffraction, ...). Then relative motions between adjat gates will take place. In simulation an
artificial non symmetric effect must be imposedffedent starting conditions for each gate along
the barrier, small in-coming wave field incidence.

Details on the theoretical method and validatiom given in Reference (B. Molin). Comparisons
have been done with the previous 3D calculationsifoisolated gate (both Gravity and MoSE) to
confirm consistency of the results.

Looking to the maximum values of the absolute mtiand of the corresponding loads along the
barrier, similar with values are obtained compaguria the behaviour of an isolated gate, even if
significant variation are obtained along the baurrie

Then the analysis has been mainly focused on thgve motions between adjacent gates. Rotation
amplitudes (transfer function) around the workinglination are given on the following figures for
different wave periods:

- in red the amplitude of each gate

— in green the corresponding phase

The following comments can be derived from thesaelts:

* maximum relative motions could be larger than 20thie 1000-years conditions (out-of-phase
motions)

* MOSE gate barrier is more sensitive to interactieffscts, relative motion going up to 25°
compared to 10° for the Gravity gate barrier

» For larger wave periods, greater than 12s, a “Snh&baviour is obtained depending on the
starting conditions of the gates close to the watld peak. Peak resonance could be observed,
mainly for a the MoSE gate barrier.
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Angular motion along the barrier — T=11.25s

Comments on the results obtained

Lower resonance periods are obtained due to interscbetween gates. Due to larger stiffness
and smaller mass and added inertias, the MoSEhgetenuch lower resonance periods than
Gravity gate

Interactions are clearly appearing on the motiblmsvever the radiation damping is so high that
no peaks can be seen at the resonance periods amgjular response.

Both concepts have very similar RAOs of the angulation which are also similar to those
obtained for an isolated gate modelling the rett ghape (2D or 3D). Interactions have a major
effects for periods larger than 11sec (out of rapighe wave periods) and only for the MoSE
Gate

“out-of-phase” motions between two adjacent gatesckearly occurred with a relative rotation
of 5° to 20° depending of the wave period (in tB@A-years wave periods range). This effect is
quite chaotic for period lower than 10s regardirdegmotion along the barrier and much
important for the MoSE gate. For larger period aalse” behaviour is observed like a multi-
flaps wave maker.

Considering the RAOs of the dynamic loads at timgdipoint, they are somewhat smaller with
the Gravity gate than with the Mose gate. In thdtingates case, both gate barriers exhibit
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peaks in the response that look like resonance p&hks that appear in the low period range are
very narrow and not very high, so they should netob concern in irregular seas where the
wave energy is distributed in the frequency domain.

» Other peaks, wider and higher, appear in the higiog range, beyond 9s, with the Mose
concept. They do not appear with the Gravity cohgeghe 15 m — 17 m configuration. It looks
like the Gravity concept is thus superior to theS#oconcept.

* However the occurrence of these peaks is very thenso the mass and to the stiffness of the
system. We have repeated calculations, with the BMo@cept, with the hydrostatic stiffness
divided by two. It can be seen that the resonaakpdeyond 11s have disappeared. Not only
the peaks have disappeared but the RAO has dedneatbe low period range, due to the lower
stiffness. The resonant peaks have moved to lovesrevperiods. The small peaks at 3.7, 4.6
and 6 s have not moved. They are not related tcstiffeess and natural frequencies of the
individual gates. It is likely that these peaks associated with other kinds of resonance, like
trapped waves along the gate barridre calculation with reduced stiffness has beefopeed
for academic consideration considering that the Elg&te stiffness depending on its geometry
and weight/buoyancy distribution (box shaped wagkas reverse pendulum) is derived from
the “progetto definitivo” and it is considered thest design achievable for the buoyant concept.

6.3.2 Starting conditions (linear r esponse)

In a second step starting conditions have been analyzed taking a Water depth on both sides of
the barrier. Similar results have been obtained :
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Gravity gate barrier — starting condition — RAOSANngular motion
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MoSE gate barrier — starting condition — RAOs afjalar motion

As in working conditions motions RAOs are quiteglar for the MoSE gate with also larger “out-
phase” relative rotations between adjacent gates.

gate 6
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gate 16
gate 20
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Gravity gate barrier — starting condition — RAOSHDrizontal load

— gate 1
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MoSE gate barrier — starting condition — RAOs afridontal load
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Even if peak of load RAOssilarger for Gravity gates than for MOSE gates, ¢hBAOs lead to
similar maximum load for the two gates.

6.3.3 Starting conditions (non-linear response)

Even if modeling the non-linear behavior of a mblbdies configuration in pure resonance is how
possible with an advance software, such as Deepliged for this analysis, difficulties arise in
front of :

* In case of occurrence of unrealistic large motiohgates, characterized by the presence of
super- harmonics and/or sub-harmonics (dynami@liilgy according to Mathieu definition),
as observed for one MoSE isolated gate in workimgditions, there are limitations for their
numerical simulation.

* Very large calculation times required to take iatwount hydrodynamic interactions between
all the gates of barrier, both for preliminary hgdynamic calculations and for time domain
analysis of the response, and there are not prewaaperience available that allow to validate
the results of the analyses.

Alternative retained here is to simulate only twovwing gates located at an extremity of the
channel. An intermediate configuration has beem @salysed composed of an isolated gate
moving close to the channel wall (see illustratibeseafter). The more severe sea-state condition,
Hs=3.2 m, Tp=8 sec, have been imposed. As chastipe(- harmonic andgub-harmonic)
behaviour has been obtained for the MoSE gate, Vismight has been reduced to Hs=2.2m to
confirm the “stable” sea-sate limitation derivedhe working conditions.

NON LINEAR GATE ANALYSIS

CASE 1- ISOLATED GATE - MIDDLE

CASE 2 - ISOLATED GATE - SIDE WALL

CASE 3-TWO GATE MOTION - SIDE WALL

Configurations considered for starting conditionsadysis

Simulations have been performed in irregular wames500 seconds (close to 80 wave periods).
Viscous damping is not included assuming that tadiavaves compose the most important part of
the energy dissipation. The following graphs dieaonfirm the workability of the Gravity gate
and the instability of MOSE gate, excepted fordhee close to the channel wall.
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(b) MoSE Gate

Statistics of results are provided in the flowirables (removing the first 100 seconds of the
simulation corresponding to the transient part).

Gravity Case 1 Case 2 Case 3/ Hs=3.2 Case 3/ Hs=2.2
Pitch (9 Gate 1 Gate 2 Gate 1 Gate 2
Max 13.1 7.3 11.2 7.8 7.7 5.4
RMS 3.1 1.8 2.6 2.4 1.8 1.6
MoSE Case 1 Case 2 Case 3/ Hs=3.2 Case 3/ Hs=2.2
Pitch (9 Gate 1 Gate 2 Gate 1 Gate 2
Max 179.0 4.3 6.8 11.9 6.5 7.6
RMS 24.9 1.5 3.1 5.4 1.8 3.1

Statistics of simulations in starting conditionsf@rring to the mean values)
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Going deeper in the physical analysis of sub-haimphenomena, energy spectra of the response
have been issued for the two gates (Case 3). Weale gnergy is close to a circular frequency 0.8
rad/s.

50

45

Gravity Gate - Hs=3.2m, Tp=8s

40 Response Spectrum od Rotation

G2
G1

I
S

10 15 20 25 30 35 4]0

(a) Gravity Gate — Spectrum of Rotation — wave peaiod =8sec.

60

MoOSE Gate - Hs=3.2m, Tp=8s
Response Spectrum od Rotation
50

G2
G1

40 -

20

L / \
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(b) MoSE Gate — response spectrum divided by d&i0G2
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Similar analysis has been done for the MoSE gatledrifferent configurations and for lower wave
conditions, Hs=2.2m and Tp=8sec., in the way tatifle effect of added mass on the sub-harmonic
and super-harmonics which could excited by wavddoa

30

MoSE Gate - Hs=2.2m, Tp=8s
Response Spectrum od Rotation

. AR
] /o
/

5 10 15 20 25 30 35 40

25

MoSE Gate — starting conditions in a moderated s&a-

Comments

Super-harmonics are observed for the external @ 2¢ both for Gravity and MoSE designs
which is not the case for gate immediately closthéoinlet wall (G1). However super-harmonic
period is not the same for the two gates: twice lawe peak period for the Gravity gate
compared to four time the wave peak period folMloSE gate.

Looking to the MoSE gate response in a moderatede veanditions show the influence of
added mass which different for an isolated gate sawbral gates influencing by the channel
wall. Both super-harmonics and sub-harmonics oecue is observed for the isolated gate

The super-harmonic response appears more criicéhé MoSE because its period corresponds
to a very low wave radiation damping. It is cleastyown both on the time series and on the
spectrum (divided by 100 on the graph for G2).

The super-harmonic response of the Gravity gatmsde be the normal response spectrum at
the natural frequency of the gate.

The reason why no sub-harmonic occurs for the gate to the wall (G1) is to be found in the
increase of the gate added mass induced by the wall

Looking to the Gravity gate results, it is cleasathat mean drift moment is modified by the
wall effect, increasing the mean drift loads. Hytinosamic interactions have also a great
influence of the rotation amplitudes dependingl@ndonfiguration analysed.
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Additional calculations have been performed with=BI2m in the way to confirm the sea-sates
limitations leading to stable response of an isalaVloSE gate obtained in working conditions.
Results are provided in the preceding table anthemraphs provided hereatfter.

5
Gravity Gate - Hs=2.2m, Tp=8s
0 T T T
300 350 400 450 500
c A
c
S
g
o
x -10 “UW\“W U U Vvv Vi
-15 — 2 gates - G1
—2 Gates - G2 Time (s)
-20
(a) Gravity gate
20
MoSE Gate - Hs=2.2m, Tp=8s
—2 gates-G1
10 /\ — 2 Gates - G2
X AU NIV
@
Time (s)
/A
-20

(b) MOSE gate

Comments

» If the super-harmonic component remains dominantife MoSE gate (external gate G2), its
amplitude is reduced compared to Hs=3.2m

* The maximum relative motions between the two gatel0° for the Gravity gates and to 20°
for the MOSE gates (see time series hereafter).
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In conclusion of this part, the proximity of thetgdo the mouth inlet wall introduce significant

variations in the added mass and in the radiatiatrioes keeping the gate out of the instabilityt, b

it is not sufficient to influence the dynamic belwur of the adjacent gate as shown for case 3. This
confirm that the instability, when exists as foe tMOSE gate, it is introduced by the gate into the

whole barrier and not viceversa: if the gate iblstéghe barrier does not introduce instability ob-s

harmonics.
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7 CONCLUSIONS

Protection of the lagoon of Venice against higlrease of sea level is a major objective for the

Municipality of Venice. Design of a gates systens Heeen selected and construction has been
engaged since two years. The gates system is cechgbs barrier of elementary gates which can

close to maintain a maximum water level insidel#g®on.

A key point is the hydrodynamic behaviour of bothedementary gate and a gates system through
which water circulation could be possible even vgiéla states less severe than the maximum design
conditions. The objective of the present studyisampare the dynamic behaviour of two gates
barrier systems based on a different elementasydggign.

The main differences between the two gate baraeesthe basic principle of the gate and its

orientation of within vertical :

» the MoSE gates contrast the difference of levelk the gate buoyancy. The gate is inclined to
the lagoon

» the Gravity gates contrast the difference of levelh the gate weight. The gate is inclined to
the open sea.

The case study refers to the Malamocco inlet. Haohier is composed by 20 gates of 20m large
pined at the bottom level. Comparison will be caned performance of, first, a single gate (2D
and 3D analysis) and then a complete barrier (3iyais).

The document describes the :

Methodology, assumptions and numerical tools useddmparisons

Input data : environmental conditions to considetes characteristics

Analyses performed and main results

* Comments on the main results : gates motions aukloransferred to the foundation.

Main conclusions :

Methodology
The methodology, assumptions and numerical tookd usr the analysis represent the most

advanced state of the art in the non linear hydmadyc modelling and multi-body interaction in
waves. Specific task on the matter has been giwegmrdfessor B. Molin of Marseille University.
For the response of the gate barrier, the reschgeeed by professor B. Molin (Ref.4) are in
agreement with the results published by profess@r ®ei (Ref.5, 6).

Isolated gate

» Comparing linear and non-linear calculations shdlat non-linear hydrostatic effect has a
major influence both for MoSE and Gravity gateseittonclusions for an isolated gate are
derived from non-linear calculations.

» Considering the 1000-years wave conditions, Hs=328s, Gravity gate leads to 10% to 20%
larger rotation angles compared to MoSE gate. ¥arforce at the pined point is reduced for
Gravity gate and horizontal components are sinfdarthe two design. Mean drift imposes a
modification of the mean inclination less than 4fown-lift for MOSE and up-lift for Gravity.
Maximum rotation angle, including mean value, ssléhan 15°.
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For the lowest wave peak periods, unstable behavabuhe MoSE gate could be observed
depending on the significant wave height Hs. A gpmeanalysis has been followed for Tp=8s,
increasing Hs. The limit of stability has beenridufor Hs=2.0m. For larger value the gate
oscillates between the two unstable equilibriuntimations: the working position (-46°) and an
inclination towards the sea-side (7°). Occurrencanstable behaviour is very sensitive to the
mass distribution (and ballast), i.e. 10 tons iBigant to move from a stable to an unstable
motion.

Gate barriers

The linear analysis has been performed for a sgatds, including hydrodynamic interactions
between the 20 gates and a 2 meters differenceebatgea-side and lagoon water levels. No-
symmetric waves field is obtained by modelling bmeindary walls of the barrier, a small wave
incidence.

Hydrodynamic interactions have a major influencelmnglobal behaviour of the barrier. Then
tentative to define natural periods seems quitealistic as hydrodynamic coefficients are too
sensitive to the relative motions between gatesdad by waves.

For wave periods corresponding to the 1000-yeargliions (Hs=3.2m, Tp=9.3s), limited
absolute rotation angles are obtained (close teettabtained for an isolated gate) but with
difference in the phases between adjacent gatestelétive rotation angles could be increase to
10° for the Gravity gates and to 25° for the MoSieg For larger wave periods a “snake”
behaviour is obtained with large rotation anglesads at the pined point take similar values as
for an isolated gate.

The non linear analysis done for the gates corditjoms in starting conditions (cases 1 and 2
has shown that both for the position of the gatéway and close to the inlet wall, MOSE gate
has a chaotic dynamic behaviour and thereforeus&ess to perform this analysis for the entire
MOSE barrier being this not possible for the mathgcal model available at the present state
of the art. The Gravity gate shows a regular dyecaoehaviour. Results of the calculation for
case 3 demonstrate that the interaction betweetwthadjacent gates still present the instability
of the MOSE gates, while the behaviour of the Gyagates is regular.

Considering the different results obtained for ig@ated Gravity gates (cases 1 and 2) and for
the two adjacent Gravity gates (case 3) it candmeladed that for the correct calculation of the
entire gate barriers it is necessary to perforroralimear 3D analysis.

For a more comprehensive evaluation it has also peeormed the dynamic analysis for the
two adjacent gates with the wave spectrum Hs=2dhtTp=8 sec both for MOSE and Gravity
gates. The analysis has been performed with the saefficient for the quadratic damping and
without any additional artificial dumping, and alsothis case there is a confirmation of the
chaotic response of MOSE gates, and of the repelaaviour of the Gravity gates.

General

Using the state of art in hydrodynamic modellifigg tomparisons of the two gates designs with
dynamic analysis using linear hydrostatic sprieads to similar behaviour with larger motions
for the Gravity gate but larger vertical loads floe MOSE gate for the extreme wave conditions
Hs = 3.2m and Tp = 8sec and 9.3sec.

Both Gravity and MoSE gates have non linear hydtasspring constant, and therefore a non
linear analysis is necessary.

With the effective non linear hydrostatic spring thehaviour of the two gates is significantly
different, MOSE gate shows an unstable behavioupnly with maximum design spectrum Hs
= 3.2 m, Tp = 8 sec but with less severe sea states
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With linear analysis out-phase motions could inducelative angle between adjacent gates,
limited to 10° in the 1000-years sea-sate. Higk&tive angles are obtained but only for wave
periods larger 13s (not in the range of the incgwirave periods)

The unstable behaviour, induced by hydrostatiopigined for the MoSE gate for steep waves,

i.e. Tp=8s corresponding to Tz=7.5s. and Hs>2.0nprédliminary sensitivity analysis shows

that instability is highly sensitive to the gateswsand inertia, the wave energy distribution and

to the fluid flow damping. This is of particulart@rest because during the measuring campaign
at the installation site of the barrier of apprdxyears at the Malamocco inlet there is evidence
of at least one storm with Hs = 2.5 and Ts = 7dGcsgresponding to a Tp = 8 sec has occurred
at site. Due to the limited scope of the work of tiresent analysigsing the state of art in
hydrodynamic modelling, these are the achievaldalt® a deeper analysis could be required
on the damping mechanism taking place between af ggttes to better define limits and range
of the instability occurrence. In any case largetions of the MoSE gates have a great impact
on the efficiency of the barrier against the défere of tide level.

The Gravity gate does not show unstable behavioduded by the non-linedrydrostatic

spring for the design sea states.

Based on the above results obtained for the MoS&, ¢faat is the impossibility to perform its

dynamic analysisand considering that the scope of this study ismgerform the design of the

gate system but only to perform the dynamic analgsid to compare the different dynamic
behaviour of the two gate concept, it has beendegelchot to perform the non linear dynamic
analysis of the whole barrier also for the Graggate as it is not possible to compare a stable
system with an unstable one:

- the stable system can be analysed with standahditeees considering non linear dynamic
behaviour of multi-bodies interacting with wavedah is possible to achieve realistic and
reliable results for a proper design.

- the unstable system cannot be analysed even usnmast advanced non linear simulation
software available in the market place and theeefbiis not possible to achieve reliable
results for a proper design.

In addition to comparison of the dynamic behaviowvaves of the two gates, there is evidence

that with respect to tide variation, MOSE gate meggian active control system of the water

ballast to maintain the working condition, whilea@ity gate does not need it.
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8 APPENDIX 1: WAVE LOADSFROM PANEL METHOD

8.1 3D MESH OF AN ISOLATED GATE

Mesh of the “Gravity gate”

Mesh of the “MOSE” gate

8.2 3D WAVE LOADS TRANSFER FUNCTIONS

All results are provided in a separated report
Separated reports issued by B. MOLIN (Ecole Ceatkédrseille - consultant of Principia) describe
the theoretical method used and the numerical aeslgf the multi-gates configurations.

Videos of simulations are also provided in a j@wD

C:\Affaires\berhault\Projets\Venise\Venice_Repori.dbc 46





