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CHAPTER 138

DEVELOPMENT OF THE VENICE MORPHOLOGICAL SYSTEM
P.SILVA(*) and A.MOL(**)
(*)Technital S.p.A. (Verona, Italy)
(**)Grabowsky & Poort (The Hague, Holland)

The paper discusses the morphological development of the Venice Lagoon since 1850
and, on the basis of analyses of the system, presents models to simulate large
scale development of the lagoon and of various sub-basins.
The morphological development consists mainly in a continuous erosion of the saltmarshes and shallow areas, and a filling of canals. Also a general loss of sediment from the lagoon was observed. The main causes were identified in engineering
structures like jetties, dredging of artificial canals and maintenance dredging.
These works resulted in a disequilibrium of the natural hydraulic system. In addition, loss of biological protection in shallow areas, due to pollution, has contributed.
Models were prepared on basis of time and partially averaged concentrations of sediment in shallow areas and canals. Averaging was carried on over a full year.
This approach facilitated the building of models of various complexity, which were
found to be useful tools in the analysis of the effectiveness of remedial measures .

1. HISTORICAL BACKGROUND
The lagoon of Venice is a salt water basin connected to the Adriatic Sea by three inlets (see fig. 1). Sediments range from silt in
the inner areas to fine sands close to the inlets. The conditions
in the present lagoon have been heavily influenced by man; since
the Middle Ages significant human intervention has changed the
brackish estuary into a saline lagoon which interacts only with
the Adriatic Sea. This saline system was in relative equilibrium
in the period 1600-1850.
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Since 1850 engineering works including inlet control structures,
dredging and land reclamation (fig. 2) and changes in the ecological system due to urban, agricultural and industrial discharge,
have brought the system to a state of disequilibrium which, in the
last 20 years, has accelerated changes in the lagoon.
Significant erosion is observed in the shallow area, while natural
channels are silting up. Salt marshes are disappearing at an increasing rate (compare fig. 1 and 2). The ecological system is out
of balance as indicated by excessive algal growth and the disappearance of many species.
The changes of the morphology also determine negative consequences
on human activities, causing difficulties to navigation in natural
channels and an heavier wave attack against the defences of villages and agricultural land (fig. 3).
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Fig. 3 - EFFECTS OF MORPHOLOGICAL CHANGES

Erosion and sedimentation patterns for the lagoon are available
from 1900 onwards and information on inlets and coastline since
1800. The morphological changes over these time periods correlate
well with significant engineering works such as inlet control
structures and dredging of navigation channels. Figure 4 presents
the main findings on the basis of analyses of bathymetric maps.
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Fig. 4 - MAIN PHENOMENA

2. ANALYSIS OF CAUSES
Section 1 described a significant change of the geometrical parameters of the lagoon, due to change in the morphological equilibrium. These changes have been caused by an imbalance of the total
sediment budget of the lagoon (input-output, see fig. 5) and by an
internal sediment redistribution (fig. 6). A detailed analysis,
comprising all possible phenomena, followed by order of magnitude
estimates, has resulted in the following most probable causes.
The first historical change to the sediment balance was caused by
the diversion of rivers directly to the sea between 1500-1600
which reduced the sediment input by roughly 700,000 m /year.
The main reason for this diversion was siltation of the lagoon.
Since that period, the lagoon found a relative equilibrium, with
only a slow reduction of the area of salt marshes (being former
river deltas). From 1850 the jetty construction has reduced sediment input from the sea. Estimated reduction was 300,000 m /year.
Particularly since 1970 there is evidence that the average sediment content of outflowing water has increased. The reasons are:
the reduced resistance forces due to pollution (disappearance of
biological protection) and the increase of active forces (shipping, fishing).
"Apparent" sediment loss was caused by subsidence of lagoon bottom
due to water exploitation close to Marghera. This has been stopped
since 1970.
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Another important element is the redistribution of sediment in the
lagoon: erosion of shallow water areas and saltmarshes at the same
time as sedimentation of natural and artificial channels have been
found.
The main phenomena are:
- imbalance of hydraulic system due to dredging of artificial
channels, increasing velocity in shallow areas and reducing velocity in natural channels;
- closure of fishing valleys reducing tidal volume, and then the
velocities in the channels.
As a result the
fig. 6).

channels function today

as sediment traps

(see

3. STABILITY OF LAGOON CHANNELS
The lagoon channels have been remarkably stable since 1600 after
the rivers were diverted. Comparison of maps available since 1910
show only slight changes due to natural causes. Meandering and
geometrical
profile characteristics (depth-width ratios) are noticeably similar. Total cross-section generally depends upon tidal
volumes flowing though the cross-section, according to relations
resembling similar laws for tidal inlets (see References (3) and
(5)). An analysis was carried on following an approach developed
by Marchi (Ref. (4)), who analytically developed a formulation
equal to the Jarret relation for inlets.
This relation allows the introduction of the bottom characteristics using the Strickler coefficient. As the bottom characteristics of the various channels were measured, the relation between
discharge and cross section was calculated. It was found that,
since smaller channels had a smaller D,-n of bottom sediment, on a
logarithmic paper the new relation was within a similar band to
the Jarret relation. Table 1 presents both relations, while figure
7 shows empirical plots of lagoon channels; the discharges were
calculated using a finite elements hydraulic model.
In the Lido area (where no artificial dredging has been carried
out) channels were found to follow the theoretical relation according to Marchi. The other lagoon channels, were found to have
too large cross sections. This historical development however
should a gradual decline towards the theoretical equilibrium,
following the Marchi approach.
Hence, also for lagoon channels a general relation exist between
tidal volume and cross section, or, as a general hypothesis one
may say: lagoon tidal volume has a direct relation to volume of
lagoon channels.
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Table 1 - Discharge/section relations
a = Kl QK2

Jarrett (1976)
Kl = 9 x 10~4
K2 = 0,85
Q

52

= mean max discharges in a spring tide
= cross-sections

S = [n2 y b1/3/Ks T2 T Jl3/? XQ° 857
CR
b = channel width
Ks = Strickler coefficient
T = tidal period
Marchi (1989)
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Fig.7-Q/f} RELATIONS, EXTRAPOLATED TO INTERNAL CHANNELS

4. MEASUREMENTS AND ANALYSIS
In order to verify various hypotheses a measurement campaign vas
carried out. It vas performed by Danish Hydraulic Institute and
Ecomar on behalf of Consorzio Venezia Nuova. The main objectives
were to assess:
- relation between wind, waves and meteorological component
water levels;
- relation between sediment concentration and waves/currents;
- effects of shipping upon sediment concentration.
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Three fixed stations with sensors (to measure wind, velocity,
waves) and sediment samples were installed in shallow areas and
used for a period of one year. During the same period, a campaign
was carried out by boat to establish the spatial variation of parameters, and to analyse the conditions in the channels.
The analysis of results lead to the following conclusions:
- wind-waves relation were similar to Brethschneider relations
(fig. 8);
- sediment-wave/current relations (figures 9 and 10) could well be
correlated using the Bijker formula, reducing in the lagoon the
found concentration by a factor 5 to consider the conditions of
not breaking waves and the silty to fine sand environment.
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Fig.8 - WAVE HEIGHT IN THE LAGOON: MEASURED VS. CALCULATED DATA

1820

COASTAL ENGINEERING 1992
ZONA 2
0

a
0 „^__
i

0

^D

oU^u —

D
D

l
1

o

I

0
0 o o

a /o 0 y
o 8*
0°a 0

Q

Bijker formula

0

Q

a
i

M

Hs

Measurements

Average
concentrations,
in mg /I

«.•

(m)

Fig.9 - SUSPENDED SEDIMENT CONCENTRATION IN THE SHALLOWS
MEASURED VS. CALCULATED DATA
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Fig.10 - LITTORAL TRANSPORT IN FRONT OF THE INLETS:
MEASURED VS. CALCULATED DATA
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5. MODELLING OF SEDIMENT BUDGET
As morphological processes have a large time scale a schematisation was proposed averaging the tide and wind effects over a full
year, following the approach of Di Silvio (Ref. (2)). Yearly averages were calculated of all parameters affecting the sediment
budget model (see Table 2). Velocities were calculated on the
basis of a finite element tidal model of the lagoon. The yearly
averaged concentrations were calculated on the basis of the Bijker
formula. It was found that in the canals the velocity was the
driving force, and in the shallows the wave action. After the calculation of the wave statistics from wind statistics, and the subsequent calculation of the sediment concentration statistics on
the basis of Bijker, it was found that an approximate linear relation existed between mean sediment concentration and the mean
water depth.
For modelling purposes a rooted vegetation coefficient was added
to model biological protection by seagrasses and benthic fauna.
A first schematization was prepared on basis of a three cell model
for each of the three basins Chioggia, Lido and Malamocco (see
fig. 11).
Computer simulations showed that the 3-cell model was a useful
tool capable of simulating main events utilizing calibration of
parameters which were considered realistic on the basis of measurements (figure 12).
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Fig.11 - THREE CELLS BALANCE MODEL
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Table 2 - Balance model
Hydraulic flows

<- — 2D finite element model

Bottom variations

<- — hydraulic flows x differences in mean
concentration + volumetric changes for
subsidence and eustatic rise + direct effects (dredging-river input)

Mean concentrations <
(averaged in space
and in time)

C /d

channels x

l

'C2 <Wb • d»

Cy/d
shallows y = Cw
C = wave energy coefficient
C = rooted vegetation coefficient
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Fig.12 - 3 CELLS MODEL EXAMPLE OF RESULTS
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In addition, a fini te elements model was built dividing the lagoon
into approximately 90 cells, to study the effects of the remedial
measures, such as f illing of artificial canals, nourishment of sediment, increase of biological protection, etc. Calibration of the
model was carried out utilizing maps of 1970 and 1990. Parameters
to be applied were within the range as measured during the field
campaign, except for some complicated cells which were nodal
points in the canal system around Venice.
Figure 13 presents the validation, demonstrating that the trend on
virtually all cells is in agreement with reality. Figure 14 presents a forecast, without any measures, and with filling of artificial canals.
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Fig.13 - MULTICELL BALANCE MODEL - VALIDATION
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FUTURE TREND AFTER WORKS 11990*20101

DEPTH VARIATION |a|

Fig.U - MULTICELL BALANCE MODEL - PREDICTION

6. DISCUSSION
1. It is believed that the causes of the morphological disequilibrium in the lagoon have been identified. Nevertheless the effects of the huge algal growth in lagoon is not investigated in
detail. The main occurrence is in the Lido basin, where it may
have a stabilizing effect or even reduce depths due to deposits
of organic material.
2. A major uncertainty is the effect of biological protection
(benthic fauna, seagrass). The loss of this protection in large
parts of the lagoon is undoubtedly due to pollution (biological, chemical) but also due to intensive illegal fishing. Although no figures are available, there are signs that large
areas of the lagoon are frequently disturbed by heavy systems
installed on fishing boats, destroying all biological protection and increasing mean sediment concentration.
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3. The schematizations are all based upon granular material. However, in the lagoon stirring-up and deposit conditions will be
different, and the models are not necessarily able to forecast
adverse developments.
4. The models may oversimplify certain phenomena and are not able
to include effects such as asymmetric tides. Nevertheless, calibration was easy and it is believed that the dominant phenomena are modelled.
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