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1. Introduction 

1.1 Aim and scope of the evaluation study 

The construction of the storm-surge barrier in the mouth of the Eastern 

Scheldt estuary completed the Dutch Delta works. These works were commenced 

after the flood disaster of February 1953, to provide reliable protection to 

the lowland delta area in the south-west of the country. 

The Eastern Scheldt project is not only the final part of the Delta Works, it 

is also by far the largest and most spectacular achievement. In the initial 

plans, the mouth of the Eastern Scheldt was to be closed by a massive dam. In 

1976, after considerations on environnemental aspects, the Dutch Government 

decided not to construct a massive dam but a hydraulic structure. The barrier 

will not interrupt the tidal movements in the estuary under normal circum-

stances, but will be closed in the event of severe storm f loods. It took a 

little over ten years to realize this in many aspects unique structure. On 

October 4th, 1986, Her Majesty the Queen of the Netherlands inaugurated the 

Eastern Scheldt storm-surge barrier. 

During these years, extensive hydraulic studies were carried out for the 

design and construction of all stages of the structure. The studies related to 

the water movement formed a substantial part of these hydraulics studies. 

The study and also the design and the construction period, more or less coin-

cided with the rapid development of the numerical flow models. These models 

became an indispensable tooi in hydraulic studies in general, and hydrodynamic 

modelling in particular. This was strikingly illustrated by the use of water 

movement models during the study period. In the beginning, almost all investi­

gations were performed in hydraulic scale models, while at the end of the 

study period most investigations were carried out by means of numerical 

models. 

Hydraulic scale models and numerical models, both overall as well as detail­

models, were constructed for the Eastern Scheldt estuary and also for the 

storm-surge barrier and surroundings (during various stages of construction). 

Most types of investigations were performed in more than one model. On the 

other hand several extensive field campaigns were carried out during the con­

struction period of the barrier. The data were regularly used to re-verify the 

various models . 

In this way, valuable sets of data, both from prototype and from the various 

models became available. Together with the experienee, obtained from the 
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simultaneous operation of the different models, a unique opportunity was 

created for a comprehensive quantitative evaluation of water-movement models 

and their performance, related to specific types of investigations. 

The water-movement studies were planned, conducted and evaluated in close col-

laboration between RIJKSWATERSTAAT (the Dutch Public Works Department) and 

DELFT HYDRAULICS. 

All hydraulic scale model tests were performed by DELFT HYDRAULICS. As regards 

the numerical models, RIJKSWATERSTAAT conducted the one-dimensional overall 

model studies. Both partners, either separately or jointly, performed studies 

on both two-dimensional overall models and two-dimensional detail models. 

Similarly, the forecast system, using the input of not only results obtained 

from numerical models but also from scale models, was set up jointly. 

Therefore, both the evaluation study and the reporting, are joint efforts as 

well. 

The main objectives of this evaluation study are: 

1. To record and to report on the methodologies that were foliowed and the 

various types of models used: to account for experience, obtained from 

their application, performance and specific merits. 

2. To set up an umbrella report, providing information on the main outlines 

and setup of the water movement studies, as well as their most important 

results and findings. In this way, the report serves as an entry and di­

rectory to the numerous (detail) study reports, produced during the 10-

year study period. The report will be particularly important for the 

coming decades and for those who were not directly involved in the stu­

dies. 

3. Another important purpose of the report is to provide a reliable inventory 

of the various types of models and their merits and shortcomings. Such a 

document will form a valuable basis for the near future to determine and 

to plan relevant (basic) research topics in this field. 

Almost all the study reports have been written in Dutch. In order to make the 

experience and know-how, obtained from the water-movement studies for the 

Eastern Scheldt barrier available to fellow researchers abroad, it was decided 

to write this report in English. The authors are: Mr. J.C.M. Dijkzeul, Mr. 

H.E. Klatter of the Public Works Department, Mr. G. Hartsuiker and Mr. R.A.H. 

Thabet of DELFT HYDRAULICS. 
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Mr. H.N.C. Breusers, Dr. P. Kolkman and Dr. G.K. Verboom, all staff members of 

DELFT HYDRAULICS, have reviewed the report and provided many valuable sugges-

tions, for which the authors wish to express their gratitude. 

1.2 Setup of the report 

For the reader who is not aequainted with the Eastern Scheldt Estuary or the 

Dutch Delta Plan in general and the storm-surge barrier in particular, a brief 

summary of these subjects is given in Chapter 2. The chapter includes some 

useful facts, dates and figures. In addition, the design concept and the 

method of the construction of the barrier are translated in a brief summary of 

(water movement) study requirements. 

Chapter 3 begins with a brief introduction on tidal motion and long waves, 

foliowed by a short description of the various water-movement models, as app-

lied in the period during which the studies were performed. Both types, i.e. 

hydraulic scale models and numerical models, as well as their manner of opera-

tion, are described. In addition, the forecast system for flow parameters used 

during various executional operations in the field, is briefly introduced. 

In view of its important effects on tidal movements and the similarity of its 

applications in the various types of (numerical and scale) models, a separate 

chapter (4) is devoted to the simulation of the hydraulic characteristics of 

the barrier. Here the most important parameter is the discharge coëfficiënt. 

Chapter 5, 6 and 7 provide more detailed descriptions of the various models. 

Chapter 5 deals with hydraulic scale models, Chapter 6 with one-dimensional 

numerical models and Chapter 7 with two-dimensional models. 

Except for the description of each model and its "construction" and operation, 

aspects like boundary conditions, calibration and verification are treated per 

model. Accuracy analyses and assessments are included. In these chapters only 

verification as a complementary activity next to calibration, is considered. 

Later verifications, carried out during the construction period of the bar­

rier, are treated in Chapter 8. The verifications, in reality re-verifica­

tions, are treated in more detail in Chapter 8. They form the backbone of this 

report. The results are used to provide findings, conclusions and recommenda-

tions on the performance of the various models, their merits and shortcomings 

in general as well as for specific studies. 

Finally, in Chapter 9 summaries and conclusions for each topic are given. 
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It is not required to read all chapters, or to go through the chapters in 

strict sequence because those readers, who are interested in the performance 

of the various model types and their capabilities, can suffice with reading 

Chapters 3, 8 and 9. The reader interested in the capabilities and performance 

of a certain type of model is advised to go trough Chapters 3, (5, 6 or 7) and 

8. The reader who is mainly interested in the modelling of the flow eharacte-

ristics of hydraulic structures, should read Chapters 4 and 8. 

The reader whose time is limited, is advised to read, by way of "executive 

summary", either Chapters 3 and 9, or Chapter 3 and Section 1.3. 

1.3 Main conclusions 

1. Overall tidal scale models can be safely substituted by numerical models, 

either one- or two-dimensional (vertically averaged), depending on the 

geometry of the estuary and type and extent of results that are needed. 

When a two-dimensional flow simulation is sufficiënt it appears that a 

two-dimensional numerical model like WAQUA is as accurate as a detail 

scale model. 

A detail scale model is strictly needed only if three-dimensional pheno-

mena play a significant role. For large structures, such as the storm-

surge barrier, a combination of a scale model and a numerical two-dimen­

sional model will provide an optimal study tooi. 

2. For the hydraulic studies of the Eastern Scheldt storm-surge barrier 

mainly three different combinations of models were used: 

- A combination of scale models; an overall tidal model at distorted 

scales and a detail model of the mouth of the estuary. 

- A set of two-dimensional depth-averaged numerical models; an overall 

coarse grid model and several nested detail models. 

- A one-dimensional numerical model with an additional "resistance model" 

to compute the lateral discharge distribution along the barrier axis. 

Scale models and two-dimensional numerical models were used for detailed 

design purposes. The one-dimensional model was mainly used for operational 

forecasts. 

The choice of above-mentioned combinations of models reflected the evolu-

tion of hydraulic study techniques during the time that the studies of the 

Eastern Scheldt storm-surge barrier were carried out. 
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To ensure optimal use of hydraulic research results for design and opera-

tional purposes, a careful selection of "governing" hydraulic parameters 

is very important. For the storm-surge barrier the following governing 

parameters were used: 

- discharge per main channel, Q. 

- averaged velocity per opening at the axis of the barrier, q/A. 

- head difference across the barrier, Ah. 

All the models that were used, either scale models, two-dimensional or 

one-dimensional numerical models, reproduced these parameters with more or 

less the same accuracy. The type of model that was chosen depended on the 

required application. 

- When only the basic parameters, Q, q/A, Ah and water levels are re­

quired, a one-dimensional model (together with the additional resis-

tance model) is sufficiënt; providing that the discharge coefficients 

are known from scale models or two-dimensional numerical models. 

- When, in addition to the basic flow parameters, depth-averaged 

velocity distributions are of interest, two-dimensional numerical 

models can substitute scale models. 

- When three-dimensional aspects of the flow or flow-related phenomena 

such as stability of rubble stone or local scour are to be determined, 

an undistorted scale model is to be used. 

The correct reproduction of the hydraulic characteristics of the storm-

surge barrier was vitally important for the application of all models, 

both numerical and scale models. The hydraulic characteristics of the 

barrier were derived from flume tests. The discharge coefficients from the 

flume tests could be used directly for the schematization of barrier sec-

tions, for the scale models, both distorted and undistorted. 

The hydraulic characteristics of the barrier could be simulated correctly 

in two-dimensional (depth-averaged) numerical models by using the same 

discharge coeficients, determined from flume tests. For a correct repro­

duction of the water movement in the direct vicinity of the barrier, it 

appeared that the numerical solution at the place of the barrier had to be 

treated very carefully. 

For use in a one-dimensional numerical model, an overall discharge coëf­

ficiënt for the entire channel was used. This coëfficiënt must be deter-
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mined from either a scale model or through a two-dimensional numerical 

model. 

5. The hydraulic studies concerning the storm-surge barrier showed that cali-

bration and verification of the model, merely based on data of the initial 

situation, is not always sufficiënt. The behaviour of the model during the 

construction stages should be investigated as well. The original calibra-

tion of the fine-grid two-dimensional model, for example, was not suitable 

for several construction stages of the barrier. 



2. Description of the estuarine system and hydraulic boundary conditions 

2.1 Introduction 

A large part of the Netherlands lies below mean sea level. It is protected 

from floods by dikes and dunes. The area that is situated below a storm-surge 

level of MSL.+5.0 m is indicated in Figure 2.1. 

Figure 2.1 The Netherlands, without 

dikes (area below storm-

surge level are shaded) 

In times long gone by the protection against storm surges merely consisted of 

building dikes, but in this century programmes were performed to drastically 

shorten the coast line. This began in 1932 with the closure of the Zuiderzee. 

The plans to further shorten the coast line were speeded up, when in 1953 a 

catastrophic flood disaster struck the south-western part of the Netherlands. 

As a result of this f lood, 1400 km2 of land were inundated and more than 1800 

people lost their lives (see Figure 2.2). 

Figure 2.2 The Netherlands, situation 

flood February 1953 

(flooded area shaded) 
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Immediately after the situation had been restored, the Delta Plan was drawn up 

to prevent future disasters. According to the plan all estuaries had to be 

closed, except for the entrances to the harbours of Rotterdam and Antwerp. All 

planned closures, except the one in the Eastern Scheldt, were performed be-

tween 1956 and 1972. 

Contrary to the initial plan it was decided in 1976 to build a storm-surge 

barrier in the mouth of the Eastern Scheldt instead of a closing dam. The 

reason for this decision was that the Dutch people began to realize that the 

preservation of the unique environment of the Eastern Scheldt should be consi-

dered equally important as the safety requirements. With a barrier, which will 

be closed only during severe floods, the tidal movements in the estuary will 

be maintained almost all the time. A barrier solution will both guarantee sa­

fety and preserve the environment. 

2.2 Eastern Scheldt estuary 

The Eastern Scheldt estuary is a part of the Dutch delta. lts shape is caused 

by interaction of the rivers Rhine, Meuse and Scheldt and the North Sea during 

the past centuries. Man strongly influenced the development of the delta. 

During the last decades, the influence of man even dominated the development, 

by constructing a number of dams as a part of the Delta Plan. 

The water motion in the Eastern Scheldt is dominated by tidal flow. The fresh 

water discharge into the estuary is negligible, since no major river is con-

nected with the Eastern Scheldt estuary. So, strictly speaking, the Eastern 

Scheldt is rather a tidal basin than an estuary. 

A watarfaval station 

Figure 2.3 The Eastern Scheldt estuary with measuring stations 
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The Eastern Scheldt basin contains a great number of tidal flats and channels, 

with a depth of over 50 m locally. Three main channels connect the Eastern 

Scheldt with the sea: from north to south, the Hammen, the Schaar and the 

Roompot. The maximum depth of these channels at the location of the barrier is 

35 m. The area of tidal flats and channels extends seawards. 

The bed of the Eastern Scheldt consists of fine sands (grain size 150 -

200 ym). Since flow velocities of 1.0 to 1.5 m/s occur in the channels 

(average tide), the sandy bed is highly mobile. 

Covering the entire Eastern Scheldt, a large number of permanent measuring 

stations is installed (Figure 2.3), to record a number of hydraulic para­

meters. Additional data are obtained during extensive measurement campaigns. 

The main characteristics of the water motion are given below: 

The tidal flow is dominated by the semi-diurnal component (M2); 

The tidal range varies from 2.3 m at neap tide to 3.1 m at spring tide in 

the mouth of the Eastern Scheldt; 

The mean tidal range is 2.8 m (Figure 2.4); 

The tidal range increases going east to about 3.5 m at Yerseke, for the 

situation without the barrier. 

Figure 2.4 Water level curves in the mouth of the Eastern Scheldt 

(station 0S4) 
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In the final situation a tidal range at Yerseke, of at least 2.7 m under mean 

tidal conditions, had to be maintained. To achieve this a flow opening of the 

barrier of 17600 m2 (below mean sea level) was chosen in combination with a 

eompartmentalisation of the estuary (Figure 2.5). This compartmentalisation 

reduces the tidal volume by about 30$. After finishing the construct ion of the 

barrier, a final figure based on observations can be given; the mean tidal 

range at Yerseke is 3.3 m. 

Figure 2.5 The Eastern Scheldt estuary after completion of works 

2.3 Storm-surge barrier 

The storm-surge barrier has been built across the three main tidal channels in 

the mouth of the Eastern Scheldt (Figure 2.6), from north to south, respecti-

vely the Hammen, the Schaar and the Roompot. The three barrier sections are 

interconnected by dams that have been constructed upon the shallow tidal flats 

between the main channels. The total length of the barrier and dam sections is 

about 9 km. The actual length of the barrier is about 3 km. 

The construction of the barrier took place in the original channels, without a 

building pit. This construction method was chosen to minimize the effect of 

the construction activities on the tidal movements in the Eastern Scheldt. To 

enable such a construction method, prefabricated elements were used when and 

where possible. 
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Eastern Scheldt 

The original sea bed served as a foundation. Firstly the upper layer was exca-

vated and replaced by a layer of course sand, foliowed by a deep compaction of 

the sand bed. This was done by a speeially designed compacting barge, the 

"Mytilus". The sand bed was then covered by large prefabricated foundation 

mats, 41 m wide and 200 m long. For this the "Cardium" pontoon was used. Upon 

the mats prefabricated piers were placed by the pier-lifting vessel "Ostrea". 

These piers were huge monolitic concrete structures, being 20 m wide and 50 m 

long at the base, with heights up to 40 m. The distance from pier to pier is 

45 m. The barrier consists of a total of 62 of these basic sections of 45 m. 

The piers were packed by a rubble sill, that was built up in layers. The top 

layer had been designed to resist the extreme velocities that might occur when 

a gate fails to close. A concrete sill beam and an upper beam frame the actual 

flow opening, which can be closed by a gate. This gate is operated by hydrau-

lic cilinders which are placed on top of the piers. Finally, a concrete bridge 

girder was positioned upon the piers. All these elements were placed between, 

and upon the piers by a large floating erane. Most critical of these opera-

tions was the placement of the sill beams, which had to be positioned accura-

tely between the piers, metres below sea level, during a short period around 

slack water. After the positioning of the sill beams, a rubble side-fill was 

put in place. This had to be done very carefully, because the concrete beams 

should not be damaged by the large rubble stones. A speeially constructed 

crane, placed on a pontoon, positioned the rubble stones in small portions. 
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Legend : 
1 Bridge 
2 Hydraulic cylinder 
3 Upper beam 
4 Gate 
5 Sill beam 

Figure 2.7 Perspective view of the structural eleraents of the storm-surge 

barrier (the rubble sill is not shown) 
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Figure 2.8 Cross-section of the channels at the location of the storm-surge 

barrier (distorted scale) 
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Figure 2.9 Rubble sill construction at pier loeation Roompot 12 

The Figures 2.7 through 2.9 give an impression of the structure and the con­

struction of the barrier (see also [2-1]). 

The type of structure as well as the construction method, implied a number of 

major hydraulic problems that had to be solved: 

- At the loeation of the barrier the flow-velocities increased, caused by the 

narrowing of the flow opening (up to 5 m/s under normal tidal conditions, 

with the barrier completed). To prevent scour of the sand directly down-

stream the barrier, a bed protection was required (Figure 2.10). The re-

quired length of the bed protection is governed by the rate of development 

of the scour holes at the end of the bed protection. Thus an accurate pre­

diction of the scour was needed. 

- All operations that were carried out under open sea conditions, positioning 

of mats, piers, etc, called for an accurate prediction of the hydraulic 

boundary conditions. 

- The stability of the rubble stone structures, both during construction and 

for the completed barrier, had to be investigated. 

- The impact of the construction of the barrier on the morphology and the en­

vironment had to be predicted. 

Thus a prediction of the hydraulic boundary conditions for these phenomena was 

essential. 
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Figure 2.10 Bottom protection in the Roompot channel 

2.4 Flow conditions 

The complexity of the flow pattern and the numerous possible geometries of the 

barrier under construction, made a flexible prediction system for the flow 

conditions necessary. This could be accomplished by choosing a selected number 

of hydraulic parameters, which: 

- govern the proeesses related to the hydraulic problems 

can be predicted with reasonable accuracy 

For the impact of the barrier on the large scale flow, the discharge charac-

teristics of the barrier are the governing parameters. These are expressed by 

the value of yA, the effective flow opening of the barrier. 

The sum of the effective flow openings of the entire barrier determines the 

magnitude of the tidal range (for example at Yerseke). The distribution 

of yA over the main channels governes the flow pattern in the mouth of the 

Eastern Scheldt. 
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To represent the flow conditions in the vicinity of the barrier the following 

basic hydraulic parameters were selected: 

Q = discharge through a main channel (m3/s) 

Ah = head diffence over the barrier (m) 

q/A = average velocity at the axis of the barrier, defined as: 

discharge per barrier section/wet cross section (m/s) 

For example, the hydrodynamic loads on the eonstruction equipment could be re-

lated to q/A at the work location. 

In Table 2.1 some more examples are given of the flow parameters that were 

used as "governing parameters" for the hydraulic problems encountered. 

With this approach the flow parameters that had to be predicted, depended only 

on the global geometry of the barrier under construction. Details of the flow 

pattern were incorporated in the "translation" from basic flow parameter to 

hydrodynamic loads or stability criteria. Thus changes in the construction 

order of the barrier did only influence the flow parameters but not the stabi­

lity relations. On the other hand, changes in details of the design of the 

barrier did only affect the stability relations. 

aspect 

environmental aspects 

morphology at the mouth of the Eastern Scheldt 

stability of rubble sill: during construction 

at final situation 

hydrodynamic loads on the large structural 

elements (piers, sill beams, upper beams, gates) 

during positioning 

stability of bed protection 

scouring 

hydraulic 

parameter 

sum of yA of 

the barrier 

distribution of 

yA over main 

channels 

q/A 

Ah 

q/A 

Ah and barrier 

geometry 

Q and barrier 

geometry 

Table 2.1 Relation between various aspects and the hydraulic parameters. 
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The prediction of the flow parameters can be divided in several stages, depen-

ding on their application. The following applications will be discussed: 

- flow parameters as design parameters 

- flow parameters for the planning of the construction activities 

- flow parameters for operational control of the construction activities 

Designjparameters: 

For the Eastern Scheldt storm-surge barrier the flow conditions were crucial 

design parameters. For design purposes the statistics of the flow parameters 

were needed, mainly of maximum values and extreme values. For example, of 

Q, Ah and q/A at maximum ebb flow and maximum flood flow. 

Planning of construction activities: 

For the planning of the construction activities, which took place in open sea, 

forecasts of time series of the hydraulic parameters were used. These fore­

casts were based on a forecast of the water motion under astronomical tide 

conditions. 

Operational control of construction activities: 

For operational support, short-term forecasts were used. These forecasts were 

based on both the astronomical tide and the predicted meteorological effects. 

For the most critical operations like positioning of the mats, piers and sill 

beams, the predicted hydraulic parameters were recorded on line to verify and 

if necessary, to correct the forecast on the spot. 

In this report the models which were used to obtain the required flow informa-

tion will be described. The results that were obtained from the application of 

these models to the storm-surge barrier will be presented, following the ap-

proach outlined above. 
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Reference of Chapter 2 

[2-1] Rijkswaterstaat 

Design report storm-surge barrier Eastern Scheldt, Part 1, Total 

design, 1987 (in Dutch) 
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3. Modelling tidal flow 

3.1 Introduction 

The hydraulic studies for the initially planned closure of the Eastern Scheldt 

started already in 1965. The used research methods were based on the experien-

ce of preceding investigations on other closure works of the Delta Plan. The 

research for the design of the closure dam merely consisted of scale model 

tests. At that time, one-dimensional numerical models were already available, 

but their operational use was limited. Two-dimensional numerical models were 

still in the development stage. 

In the course of the studies for the storm-surge barrier, numerical flow 

models developed rapidly. In the beginning of the seventies the first opera­

tional one-dimensional numerical model of the Eastern Scheldt became 

available. 

Two-dimensional numerical models were applied for the first time in the 

studies for the Eastern Scheldt to determine the impact of the planned closure 

on the water levels in the adjaeent part of the North Sea. At that time, these 

models were not available in the Netherlands; the computations were done at 

the Rand Corporation, United States of America (see Chapter 7). From the time 

when two-dimensional models for the Eastern Scheldt became available in the 

Netherlands, the development progressed rapidly. In 1983, the overall tidal 

scale model (distorted scale) was dismantled, since it could be replaced by 

the available numerical models. At that time not a single pier had been placed 

yet in the Eastern Scheldt. 

In this chapter the methods and the models that were used for the hydraulic 

studies for the Eastern Scheldt storm-surge barrier are described in general. 

Details will be described in the following chapters. 

3.2 Basic equations 

The equations on which the simulations are based are the hydrodynamie basic 

equations for an incompressible fluid with a constant density (Navier-Stokes 

equations). 

For computations of tidal flow, a number of assumptions must be made. The most 

important is that vertical velocities and vertical accelerations are negli-

gible. The result of this assumption is that the pressure distribution is al-

ways hydrostatic. 
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Figure 3-1 Parameters two-dimensional long-wave equations 

The assumptions leading to the so-named "long wave" approximation are des-

cribed in detail in [3-1]- The resulting depth-integrated continuity equation 

is given by (see also Figure 3.1): 

3(hU) + 3(hV) + 9h _ 0 
3x + 3y 3t (3.D 

The depth integrated momentum equations are given by Equations 3.2 and 3.3 

3 2U 3 21K 3a g U/U2 + V2 3U ,. 3U ,, 3U _,, 
— + u 7" + V - — = IV + V. 
3t 3x 3y t 

3x2 3y: 3x 

p C„ W2 cos <|> 
+ ^ - ^ (3.2) 
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- fU + vj 

32V 32V 

3x2 3y2 

3a g V/Ü2-TP PaCD W
2 sin » 
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where: 

U = depth-averaged velocity in x direction 

V = depth-averaged velocity in y direction 

= distance from the bottom to the reference plane 

= water elevation relative to the reference plane 

= water depth (= d + a) 

h P, 

(m/s) 

(m/s) 

(m) 

(m) 

(m) 

= eddy-viscosity coëfficiënt for horizontal momentum exchange (m2/s) 
i 

= Chézy coëfficiënt for bottom friction (m5/s) 

= Coriolis parameter = 2u sin il> (s_1) 
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* 

g 

CE 
W 

w 

= angular speed of rotation of the earth = 0.73 * 10-i* 

= geographic latitude 

= acceleration caused by gravity 

= coëfficiënt for wind shear stress 

= wind speed 

= angle between wind direction and x direction 

= density of water 

= density of air 

(s-i) 

(deg.) 

(m/s2) 

(-) 

(m/s) 

(deg.) 

(kg/m3) 

kg/m3) 

Equations 3.1, 3.2 and 3.3 schematize the tidal flow as a two-dimensional 

depth-averaged flow. A further simplification can be made by integrating the 

equations not only in vertical direction but also in the horizontal direction 

perpendicular to the main flow direction. Thus, the one-dimensional long-wave 

equations 3.4 and 3.5 can be obtained, see [3-2] and Figure 3.2. 

h d 

i' 
X 

Figure 3.2 Parameters one-dimensional long-wave equations 

One-dimensional eontinuity equation: 

at ax 

One-dimensional momentum equation: 

3Q + 1. (Qi) + g A aa + gQjQL _
 paCD Bs W* c o s • 

at ax V *As ax Q2 RA PW h 
s 

where: 

Q = discharge 

B = width at the water surface 

= 0 

(3.4) 

B, = width of the flow area at the surface 

(3.5) 

(m3/s) 

(m) 

(m) 

A = total area = ƒ B dz 
-d 

(m2) 
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z 
A = flow area = ƒ B dz (m2) 

-d 

R = hydraulic radius (m) 

remaining parameters like (3.2) and (3.3) 

3.3 Tidal models 

The simulation techniques that were applied in the storm-surge barrier studies 

can be divided into three types, following the historical development: 

- Hydraulic scale models 

- One-dimensional numerical models 

- Two-dimensional numerical models 

For the simulation of water movements in hydraulic scale models, use is made 

of the same physical principles as those governing the water movement at full 

scale in nature. To ensure that the scaled physical phenomena are reproduced 

correctly by the scale model, the correct application of scale laws is of 

vital importance. The scale laws are diseussed further in Chapter 5. 

For the Eastern Scheldt estuary two large scale models were built (see 

Chapter 5) : 

- An overall tidal model (DELFT HYDRAULICS project M1000); 

A distorted model, vertical scale 1:100 and horizontal scale 1:400. The 

model covered the entire estuary of the Eastern Scheldt. 

- A detail model of the mouth of the Eastern Scheldt (DELFT HYDRAULICS 

project M1001): 

An undistorted model, scale 1:80. The model is a steady state model. The 

boundary conditions were derived from the overall model M1000. 

One-dimensional numerical models are based on the numerical solution of the 

one-dimensional long-wave equations i.e. Equations 3.4 and 3.5. Using such a 

model (IMPLIC, see Chapter 6), the Eastern Scheldt had to be schematized into 

a network of tidal channels. 

In addition to the one-dimensional model, the so-named "R1495" model was 

available to compute the lateral distribution of the discharge along the bar­

rier axis. 

Two-dimensional numerical models are based on the numerical solution of 

two-dimensional long-wave equations, i.e. Equations 3.1, 3.2 and 3.3. For 

solving these equations the WAQUA program system was used. For the Eastern 

Scheldt several models were used (see Chapter 7, Figure 7.2): 
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- An overall model, 00ST3; 

This model covered the entire Eastern Scheldt with a grid size of 400 m. 

- A detail model of the mouth of the Eastern Scheldt, D00S1; 

The D00S1 model covered an area 20 km long and 10 km wide with a grid size 

of 100 m. The boundary conditions for this model were derived from the 

overall model, 00ST3. 

- A set of small detail models in the vicinity of the barrier; 

Two 90 m grid size models (M00S-N AND MOOS-Z), that were nested in the 

00ST3 model, provided boundary conditions for three 45 m grid size models 

(HAMMEN, SCHAAR and ROOMPOT). The three 45 m grid size models were rotated 

in such a way that the barrier was parallel to one of the axes of the 

model. The grid size of 45 m corresponded to a basic section of the bar­

rier; 45 m is the distance from pier to pier. 

- In addition to the WAQUA models for the storm-surge barrier, several WAQUA 

models were also used for the compartmentalisation works (see Section 2.2). 

In this report, the models used for the storm-surge barrier only are dis-

cussed. The compartmentalisation models are discussed in [3-3]. 

The type of model to be used depends on several factors. 

In general, no single model will solve all problems. If such a model would 

exist, it would probably not be economical in use. Each type of model there-

fore will have its own applications. Some general remarks regarding the diffe­

rent types of models will be given hereafter. 

Scale models provide the most detailed information. These are the only models 

that are fully thrëe-dimensional (except the distorted model). Obtaining in­

formation by measurements is unfortunately time-consuming and expensive. All 

data not recorded are lost after the test. An advantage of scale models is the 

possibility to investigate phenomena like stability of rubble stone, scouring, 

etc. directly in the model. A major disadvantage is the fixed geometry of the 

model. Alteration of the bottom geometry and especially of the boundaries of 

the model are very time-consuming and expensive. 

Numerical models (one-dimensional and two-dimensional) provide less details of 

the flow pattern than scale models. Numerical models compute no more than what 

they are built for. Additional information on aspects such as stone stability, 

is not available. The results of all computed data can, however, be stored and 

hence made available at a later stage. 

A great advantage of the numerical models is their flexibility. The bottom 

geometry and the location and type of the boundaries are much more flexible 
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than in scale models. 

Two-dimensional numerical models give more details than one-dimensional 

models; the run time of the two-dimensional models is, however, substantially 

longer than that of a one-dimensional model. 

3.4 Input data 

For all models discussed above a set of input data is neccessary. These input 

data consist of: 

- Boundary geometry and bottom bathymetry 

- Boundary conditions 

- Data for calibration and verification. 

- Schematization of the barrier 

The information required is basically the same for all types of model (scale 

model, as well as numerical model). The way the data are applied in the model 

is, however, completely different for each model. Below, the required data 

will be described briefly. Details will be given in the following chapters. 

Boundary_geometry and bottom bathymetry 

The boundary geometry and bottom bathymetry must be known aecurately. Also the 

roughness of the bottom must be represented correctly in the model. Changes in 

bottom geometry at the site have to be taken into account in the model. The 

accuracy of the results of the model tests or of the computations depends 

directly on the accuracy of the geometry in the model. The schematization of 

the bottom geometry will be discussed in Chapters 5, 6 and 7 for each model. 

Boundary_conditions and initial state conditions 

To solve tidal problems, boundary conditions are required. These conditions 

may be either of the water level type, velocity type or discharge type. The 

boundary conditions can be derived from site measurements, or can be obtained 

from another (scale or numerical) model. The choice of the boundaries and the 

boundary conditions is discussed for the models applied in Chapters 5, 6 and 7 

Besides the above described conditions, the initial conditions are also neces-

sary for this type of problems. However, after a certain running-in period, 

the initial state is no longer important. A correct set of initial state 

conditions can substantially reduce the run-in time of model tests or computa­

tions. 

Calibration and verification 

A thorough calibration and verification of the model must be an essential part 
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of any research program. For the calibration and verification of tidal models, 

site measurements are used. For the Eastern Scheldt these measurements compri-

sed observed water levels from the fixed stations (Figure 2.3), velocities and 

transport rates obtained during measurement campaigns. A special type of 

verification is the comparison of different models such as scale models and 

numerical models. 

Schematization of the storm-surge barrier 

A geometrically complex structure like the storm-surge barrier nas to be 

schematized to a certain extent, if modelled in a tidal model. 

For relatively large hydraulic scale models only small-scale details have to 

be schematized. For distorted scale models and even more for numerical models, 

a structure must be schematized much more. For the storm-surge barrier, this 

schematization was based on flume tests. The schematization is further descri-

bed in Chapter 4. 

3.5 Application of tidal models to the Eastern Scheldt 

In Chapter 2 the following governing hydraulic parameters for the storm surge 

barrier were selected: 

Q = discharge through a main channel (m3/s) 

Ah = head difference over the barrier (m) 

q/A = average velocity at the axis of the barrier, defined as: 

discharge per barrier section / wet cross section (m/s) 

These parameters had to be predicted as design parameters and also for plan­

ning and controlling of the construction activities. For these predictions 

scale models as well as numerical models were available. As for the storm-

surge barrier, three different combinations of models were used. These three 

"main tracks" were: 

1) scale models only 

2) one-dimensional numerical models with input from scale models 

3) two-dimensional numerical models 

@1) Scale models (M1000 - M1001; Chapter 5) 

This is the classical track, that had been used for the former hydraulic re­

search for the closure works of the Delta Plan. For the Eastern Scheldt the 

overall tidal model M1000 delivered the overall tidal motion and the boundary 

conditions for the detail model, M1001. In addition to the flow parameters, 
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M1001 also provided relations between these flow parameters and scour, stabi-

lity of rubble stone, etc. 

@2) One-dimensional numerical models (IMPLIC - R1495; Chapter 6) 

The one-dimensional tidal model IMPLIC computes water levels and discharges. 

From these data the R1495 model computes q/A along the barrier. 

The accuraey of these models, in particular the R1495 model, depends strongly 

on the input from scale model results (M1000 and M1001). This track can 

therefore be regarded as a mixed track of numerical models and scale models. 

Because of the short run time of the one-dimensional models, these models were 

suitable for the operational forecasts. The forecast system is described in 

Section 3.6. 

@3) Two-dimensional numerical models (Chapter 7) 

Two-dimensional models can compute the flow parameters, without input from the 

scale models M1000 and M1001. 

However, for the schematization of the barrier in the two-dimensional numeri­

cal models, input from scale model tests was needed. For this, the same flume 

tests were used, as those used for the schematization of the barrier in M1000 

and in M1001. 

For the storm-surge barrier the following allocation of duties between the 

three "model tracks" can be distinguished: 

- The IMPLIC-R1495 track was used for operational forecasts and for 

computation of design flow parameters. 

- The M1000-M1001 track was used to determine the discharge characteristics of 

the barrier for IMPLIC and the two-dimensional models and for the 

calibration of the R1495 model. Further M1001 provided relations between 

hydraulic parameters and stability of rubble stone, scour and loads on 

structural elements and equipment. 

- The two-dimensional numerical models were used to check the one-dimensional 

model, particularly for construction stages of the barrier, when a flow pat-

tern was expected that differed from the pattern for which the model was 

calibrated. Furthermore, the impact of possible changes in the morphology of 

the mouth of the Eastern Scheldt could be investigated effeetively. The 

two-dimensional models replaced the scale models M1000-M1001 for several 
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applications. For design purposes, however, the computations of the flow in 

the vicinity of the barrier were not performed by the two-dimensional 

models. At that time these models were not used for these applications as 

insufficiënt experience was then available. 

3.6 Setup of the forecast system 

Considering the total number of simulations that were made, most were per­

formed by the models IMPLIC-R1495 to compute the basic hydraulic parameters 

Ah, Q and q/A. These parameters were used as design parameters and for opera­

tional forecasts. 

The difference between the computation of design criteria and operational 

forecasts is the input of the models. Both applications will be described 

briefly. Figure 3.3 shows a diagram of the forecast system, the input frotn the 

scale models and from the two-dimensional numerical models. 
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-2 -D numerical 
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Figure 3-3 Scheme of forecast system 
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Design parameters: 

As design parameters, the statistics of Q, q/A and Ah at maximum ebb flow and 

maximum flood flow were computed for various construction phases of the bar 

rier. Both for average tidal conditions and for extreme tidal conditions, with 

one year return period. The computation of these statistics was based on the 

observed statistics of the tidal motion (without influence of the barrier). 

For this purpose, station 0S4 (see Figure 2.3) was used. The influence of the 

barrier on this station was acceptably small, and also over 10 years of data 

collection were available. 

The tidal motion was characterized by the tidal range at station 0S4. The sta­

tistics of the tidal range at 0S4 could be transformed into statistics of dis­

charge at maximum ebb/flood flow in the three main channels. This transforma-

tion was performed by using a linear relation between maximum discharge and 

tidal range, computed with the one-dimensional model, IMPLIC. An example of 

such a computed relation is shown by Figure 3.4. 
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Figure 3.4 Linear regression maximum ebb discharge through Hammen channel and 

tidal range at station 0S4 (computed with IMPLIC) 

3.10 



The computed relation is a function of the combination of the hydraulic resis-

tance of the channels: 

Q = ̂ Roompot' ^Schaar' « W n J (3-1l) 

where: 

pA is the hydraulic resistance of the Roompot 

yAj, is the hydraulic resistance of the Schaar 

uA.. is the hydraulic resistance of the Hammen 
Hammen J 

For a limited number of combinations of pA (occurring during the construction 

stages) the relations between maximum discharge and tidal range were computed 

for ebb and flood flow. For other construction stages these relations could be 

interpolated. 

With the approach outlined above the statistics of the maximum discharges 

through the barrier were determined. Using the maximum discharge Qmax» the 

water level at Q^x and the geometry of the barrier, the average velocities, 

q/A, through the barrier at maximum flow could be computed with the R1495 

model. 

A similar approach as used for the discharges could also be used for the 

statistics of the head differences, Ah. As for the Eastern Scheldt, this was 

only done for the situation when the barrier was completed. For other con­

struction stages, the head differences were deduced from the computed dischar­

ges using the discharge coëfficiënt, \i. 

Operational forecasts: 

For operational forecasts, time series of the discharge, average velocity 

through the barrier and head difference were computed with the integrated 

IMPLIC-R1495 model (see Section 6.4). Additionally, local velocities were 

computed from q/A using time series analysis teehniques. 

For a period of several months ahead, a forecast of the above quantities based 

on predicted astronomical conditions was made. In this case the model was 

driven by astronomical (water level) boundary conditions. 

For the short-term forecast, the above procedure was repeated, taking into ac­

count, however, the meteorological effect on the boundary conditions (set-

up/set-down). 

Afterwards a hindcast was made on routine basis as a check on the forecast. 
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4. Simulation of the Storm-Surge barrler 

4.1 Introduction 

Hydraulic structures, be they a weir, a barrage or a simple bridge, form a 

discontinuity in the water flow. Besides changes in the flow field in the 

direct vicinity of the structure, a head difference will build up across the 

structure, the extent of both being dependent on magnitude and distribution of 

the "resistance" as well as on the charaeteristics of the flow. 

Here the term "resistance" denotes the accumulated effect of frictional and 

form losses experieneed by the flow when passing the structure. Frictional 

losses at floor and side walls are usually (very) small relative to the form 

losses. The latter are mainly caused by flow deceleration downstream of the 

structure and associated phenomena such as flow separation, energy conversion 

by (excessive) turbulence, momentum transfer and generation of eddies, etc. 

The resistance of the structure may modify the tidal motion in the entire es-

tuary. Therefore, it is essential that the abovementioned hydraulic charae­

teristics of the structure are correctly simulated in the model. To which ex-

tent, depends on the type of model used. In a one-dimensional model for exam-

ple, it is sufficiënt to express a singular quantity describing the accumula­

ted effect. 

A useful tooi in this respect is the well-known concept of "coëfficiënt of 

discharge", describing the empirical relationship between the discharge 

through the structure and the head difference across it. In a two-dimensional 

model, the lateral varation of the discharge charaeteristics has to be expres-

sed as well, while in a three-dimensional model all relevant phenomena and 

their space variations should be simulated. In these cases the (two, respec-

tively three-dimensional) flow field in the vicinity of the structure is also 

reproduced by the model. 

It should be noted here that although the nominations one, two and three-

dimensional formally apply only to numerical models, a similar classification 

holds true for scale models. A highly distorted scale model resembles the one-

dimensional case, a slightly distorted one the two-dimensional case, while an 

undistorted model is capable of simulating the three-dimensional flow field. 

Hydraulic scale models are further discussed in Chapter 5 and the numerical 

models in Chapters 6 and 7. 
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In this chapter the various definitions of the coëfficiënt of discharge and 

their inter-relations are discussed in Section 4.2. The following sec-

tion (4.3) elaborates on the investigations to determine the discharge coëffi­

ciënt of the various designs on the one hand, and on their application in 

scale and numerical models on the other hand. 

4.2 The coëfficiënt of discharge 

4.2.1 Theoretical considerations 

First consider the case of a uniform channel and a uniform structure, both of 

infinite width. This is the two-dimensional (vertical) case, which we here de-

note 2DV, classically described by applying Bernoulli's principle (no energy 

loss between sections 1 and 2, see Figure 4.1), yielding: 

2g 

racovery zone vvat«r teveli racovery zona 
drop 

HH H , 

. 2g 2g U^ 

_ _ • _ _ » 1 ^ c — ; p ^ = — ^ - l — - • . 

Jd_ 
1 2 

a: submarged (drowned) b: f fae surface 

A 
U23 
2g 

Figure 4.1 Flow regime at the structure, 2DV case 

q = U2 . a2 = a2/2g(H1-h2) (4.1) 

where: 

q = discharge per unit (lateral) width 

g = gravitational acceleration = 9.81 

For other quantities, reference is made to Figure 4.1, 

(m2/s) 

(m/s2) 

Between Sections 2 and 3, the energy loss can sometimes be approximated by 

applying the momentum law and continuity condition, which yields, when substi-

tuted in equation (4.1), a lengthy implicit expression. 

This expression is an approximation only. Excepting that upstream and fric-

tional losses are neglected, the application of the momentum law requires 

knowledge of the pressure distribution. Only in an eddy or in a nearly hori-
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zontal flow it is correct to assume the pressure distribution to be approxi-

mately hydrostatic. Therefore, in civil engineering practice a much simpler 

expression was adopted. The simplification comprises replacing h^ by ho in 

equation (4.1) (meaning no recovery in the water level between Sections 2 and 

3, which usually is a good approximation of real situations) and multiplying 

with a coëfficiënt y, being a correction factor to adjust for approximations 

and/or simplifications. 

q = P2 . a2/2g . AH (4.2) 

where AH = H.. - hu (m) 

The coëfficiënt y, ealled coëfficiënt of discharge, can only be obtained 

through measurements on a scale model of the structure. The suffix 2 is added 

to denote a 2DV case. 

The above simplification is not the sole reason for the need of model tests; 

as the complicated processes taking place in the vicinity of a structure can-

not (yet) be fully evaluated, scale model tests will be necessary anyway. 

So far we have considered an "ideal" situation. In reality the channel and the 

structure have a finite width and, usually, a non-uniform cross-section. Ob-

viously, a three-dimensional flow field corresponds to such a three-dimen-

sional geometry, which we assign the notation 3D (see Figure 4.2). 

Figure 4.2 Flow regime at the structure, 3D case (plan view) 

The larger the lateral variations in water depth and/or "resistance" of the 

structure are, the more pronounced the three-dimensional effects will be, 

causing lateral current components which may differ in intensity as a function 

of location and depth. As a consequence, the water-surface elevation will also 
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vary both in the longitudinal and lateral direction. 

Moreover, flow separation will take place downstream of wall abutments, lea-

ding, if sufficiently intruding in the unobstructed flow, to the formation of 

eddies (with vertical axes, see Figure 4.2). More in general, widening of the 

flow section downstream of the structure will lead to significant deviations 

from the 2DV case. Nevertheless the above simplified expression can still be 

used to describe the characteristics of the structure in the 3D case: 

Q = u 3 . A/2g . Ah (4.3) 

where: 

Q = discharge through the structure (m3/s) 

A = wet cross-sectional area of the (throat of the) structure (m2) 

y_ = discharge coëfficiënt of the structure as a whole (-) 

Ah = head difference over the structure, being the difference 

in water elevation between a point on the upstream and a 

point on the downstream side of the structure, both usually 

taken along one of the banks (m) 

Besides the correction effects mentioned in the 2DV case, the y~ takes also 

into acount the effects introduced by the three-dimensional character of the 

flow field and the water surface. Note also the difference in definition of 

the head difference in the 2DV and 3D expressions (H.- h., and h.- h„, respec-

tively). 

In addition, practice - both from field and model data - shows that y,, may al­

so vary with the downstream water elevation and/or the discharge. Summarizing 

( see also [4-2]): 

y- = f (structure's geometry, structure's roughness, locations 

of measurement of Ah, location/definition of A and down­

stream water level, discharge) 

(4.4) 

4.2.2 Relation between y„ and y~ 

From the above it might be clear that the magnitude of y~ cannot be predicted 

in a straight f o rward way when the value of y„ is known for the various sec-

tions of the structure, e.g. via flume - i.e. 2DV - tests. In other words: 

n 
y A * £ y . A (4.5) 

3 i = 1 
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with suffix i = 1 to n denoting the different sections, corresponding to dif­

ferent depths in the cross-section and/or to different geometries of the 

structure's profile (see also [4-3] and [4-4]). 

This means that a model test of the entire structure in its (future) surroun-

dings is a must if the discharge characteristics are to be predicted before-

hand. In f act this is the practice for (large) hydraulic structures all over 

the world. 

These model investigations are further discussed in Section 4.3. Prior to that 

let us examine the inequality of equation (4.5) more closely. 

We shall do this through the schematized structure shown in Figure 4.3, built 

in a channel of uniform cross-section. 

Figure 4.3 Lateral variation of the head difference 

Some distance upstream of the structure, the water surface across the channel 

cross-section is more or less horizontal; the water flow has not yet "feit" 

the structure. The lateral difference in discharge capacity, caused by the 

lateral variation in structure's "resistance" (which need not be abrupt as in 

the case considered here), causes differences in approach velocity and hence a 

surface profile directly upstream of the structure as sketched in Figure 4.3. 

Thus a "depression" of some length in the flow direction forms upstream of the 

low-resistance part of the structure. 

In contrast the water surface downstream of the structure shows much less 

lateral variations. In fact it is rather horizontal, even close to the struc­

ture. 
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Therefore, the actual head difference over the structure is not constant, but 

varies laterally as shown in Figure 4.3- To account for this, equation (4.5) 

should be modified as follows: 

n 
y A/2g . Ah = l y . A /2g . Ah (4.6) 

5 i=1 d'x x x 

However, in general the above equation is not valid either. Inequality results 

from the discharge capacity of some parts of the structure being reduced (re-

lative to the 2DV case) by flow skewly approaching, by formation of large ed-

dies directly upstream or downstream of the structure, by sharp depth varia-

tions, etc; in short, by pronounced three-dimensional effects. 

Equation (4.5) will approach an equality only in case the lateral distribution 

of the structure's discharge capacity equals the approach discharge distribu­

tion (which more or less equals that in the undisturbed situation). In such a 

case, which is usually associated with the absence of large eddies, the 

"local" head difference is uniformly distributed across the channel. 

If the measuring points of Ah are located "rather far" from the structure, the 

measured Ah would include a part which is actually caused by bed friction in 

the unaffected part of the flow (Ahf in Figure 4.3). The effect is particu-

larly pronounced in case the structure's resistance is relatively small. 

The righthand side of equation (4.5) can be replaced by: y?.A 

where: 

_ n 
v2 = ( l w2,i ' A i ) / A (4-7) 

which represents "the averaged eumulative two-dimensional coëfficiënt of dis­

charge of the structure". 

The ratio v-j/v? provides a measure to judge the existence and extent of three-

dimensional effects through their influence on the magnitude of the coëffi­

ciënt of discharge. In the present study the above ratio has also been used as 

a tooi to judge in a correct way the ability of (vertically averaged) two-

dimensional numerical models to reproduce discharge characteristies of compo-

site wide structures as the storm-surge barrier in the mouth of the Eastern 

Scheldt estuary. 
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4.2.3 Other conditions 

The discussions in Section 4.2.1 and 4.2.2 were restricted to the case of 

drowned flow under steady-state conditions. 

In f ree surf ace flow, drowned flow conditions remain as long as the Froude 

number, defined as F = Up//gh_ (where ü*2 and Y12 are at structure site) re-

mains well below a critical value of about 1. If the critical value is ex-

ceeded, supercritical flow conditions are obtained, with the discharge being 

dependent on the upstream water level only. For 2DV condition: 

q = | m2 / | g H^ (4.8) 

(broad-crested structure) 

where m„ = discharge coëfficiënt for modular (= supercritical) flow condi­

tions, its value depends on the geometry of the structure and is 

comparable to y? in a drowned flow case. 

The transition to modular conditions takes place when a disturbance on the 

downstream side of the structure cannot propagate to its upstream side against 

the high current-velocity at the throat, which defines the critical condition 

of Fr = 1 (see [4-2]). 

Under unsteady conditions inertia effects influenee the water flow. In long 

waves the effect of inertia is small most of the time, relative to gravity, 

convective and frictional effects. However, it cannot be neglected around 

slack water; then acceleration effects are of the same order of magnitude as 

gravity and other forces. In other words, equations (4.3) and (4.4) remain 

valid under tidal conditions, except for a limited period around slack water. 

The larger the resistance of the structure is, the shorter this period will 

be. 

In view of dependence of y_ on the structure's geometry and the location of 

the measurement at the reference point for the downstream water level, the 

discharge coëfficiënt for flood flow could vary significantly from that for 

ebb flow, particularly in the case of asymmetrical structures. In addition to 

this, y may further vary as a function of the level of downstream water level. 
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4.3 Model investigations on discharge characteristics of the barrier 

4.3-1 Need and setup of investigations 

The discharge characteristics of the storm-surge barrier are an important de­

sign parameter. The coëfficiënt of discharge influences directly the required 

wet cross-sectional area of the structure. The flow field in the direct vici-

nity is an important input for appurtenances such as bed and bank protection 

works. 

Particularly because from the start onwards unconventional design concepts 

were considered, flume tests to determine y? of various alternatives were 

conducted already in the early design stages of the barrier. The results, and 

for some alternatives also the results of detail models, formed an important 

input to arrive at reliable cost estimates and profound judgement of the de­

sign. 

Once the present design concept was decided upon, flume tests to determine 

vi2, and its variation as a function of water level and Ah, were conducted for 

some typical locations in the cross-section of the three main channels (see 

further Section 4.3.2). The results were needed for the following objectives: 

a. To enable the design of a barrier model for application in the distorted 

overall model of the estuary (M1000) and a barrier model for application in 

the undistorted detail model of the mouth area (M1001). Both models needed 

a barrier simulation which at each location (with its local sill height and 

varying water levels) had the correct discharge characteristics, in spite 

of the distortion in the case of M1000 or the simplifieation of the (com­

plex) geometry in the case of M1001. See further Section 4.3-3. 

b. As input for mathematical models. Originally the results had to be applied 

only for the one-dimensional model describing the lateral distribution of 

the discharge through the barrier (R1495). Later, however, another appli­

cation emerged, namely in the two-dimensional overall models and detail 

models (WAQUA). See further Section 4.3.4. 

For the one-dimensional numerical model of the estuary (IMPLIC), it is obvious 

that y„ should be applied to describe the discharge characteristics of the 

barrier, both for the various construetion stages and for the final situation. 

The corr esponding values have been provided from the results of the scale 
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models M1000 and M1001. If these models were not available, p_-values might 

have been provided by the two-dimensional detail models WAQUA (see further 

Section 4.3.4). 

The setup described above and relations between the different models are shown 

graphically in Figure 4.4. 

Two Dimensionol Vertical 
(flumes) 

Scale Models 
(M1000 & M1001) 

Section of the storm 
surge bar r ie r 

1 2 water dephts (for k contr 
stages) 

schematized 
distorted 
Sections 1,2,3..n 

J-»f Tests 
overall 
model 10O0 

schematized 
jnon -distorted 

tions 1.2,3... n 

^ - » Tests in 
Detai l 
model MIOOI 

Numerical Models 
(one & two dimensional) 

M-3 and 
ji3/^i2curvesk— 

One Dimensional 
model of entire estuary 
IMPLIC 

Possible substitute 
in the absence of 
scale models 

Two Dimensional 
overall & detail models 
WAQUA 

Figure 4.4 Setup and relations on discharge characteristics of the barrier 

In view of the method of construction adopted (prefabricated elements, see 

Chapter 2), the flume tests were conducted for a number k of the consecutive 

construction stages for each of the selected loeations (water depth), see 

further Section 4.3.2. 

From the results of tests in the scale models (M1000 and M1001) a set of cur-

ves giving v^v2
 v a l u e s a s a function of y?A have been constructed. They pro-

ved to be a valuable tooi for the operation of the IMPLIC and R1495 models, 

which were continuously used to provide flow data for the various operations 

on work sites. 

4.3.2 Flume tests 

To determine the two-dimensional coëfficiënt of discharge yp, flume tests are 

conducted on a representative section of the structure. In the case of the 

storm-surge barrier, the representative section runs from the centre-line of a 

compartment to the centre-line of an adjacent compartment, i.e. with the pre-
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fabricated pier in the centre of the section. Depending on the flume width and 

chosen scale, the test section can of course be eomposed of any integer number 

of the representative section. 

The flow at a hydraulic structure with free-water surface, is mainly governed 

by inertia and gravity forces, which is the typical case for applying Froude's 

Law of similarity (see Standard text books and Chapter 5 of this report): 

F- , , : Fr . . , where F„ = Froude number rmodel 'prototype' r 

Geometrical similitude is essential; therefore distorted models are unaccept-

able. In addition, the length scale should be chosen in such a way that flow 

forces caused by the other phenomena, which were not considered when derivlng 

Froude's law of similitude and therefore are reproduced on different scales in 

the models, do not cause significant variations in the force balance and hence 

do not introducé errors known as scale effects. 

The most important elements for scale effects in such models as for the storm-

surge barrier are: 

- viscous forces: as in all other scale models, the flow in the model must be 

turbulent; requirement: Reynolds Number > a critical value 

- forces associated with the development of shear layers at the various (ho­

rizontal, vertical and skew) edges of the structure; requirement: Reynolds 

Number > a critical value and correct roughness 

- frictional forces; requirement: correct reproduction of roughness 

- surface tension forces in the model must have no influence as is the case 

in the field, which is particularly important in the case of flow on the 

limit of flow separation with air-inclusion; requirement: Weber Number > a 

critical value. 

Except for the first (general) requirement of turbulent flow in the model, no 

quantitative data on the above-discussed minimum requirements are given in 

literature. In fact on the one hand they depend to a large extent on (details 

of) the geometry and material(s) of the structure and on the absolute dimen-

sions of the model on the other hand. Therefore, experience plays an important 

role in the selection of the scale; there are some options to adjust the re-

sults for possible scale effects; see e.g. [4-5]. As it is a 2DV case, in the 

field the flume results cannot be checked in a straightforward manner (since 

only y- can be determined from field data). 
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For the storm-surge barrier, a linear scale of 1:40 nas been chosen, based on 

experience with similar structures on the one hand, and on the other hand on 

the size of available flumes, aecuraey of measurements and requirements on the 

reproduction of the rubble sill. One 45 m-section, from compartment centre 

line to adjacent compartment eentre-line, has been built to that scaie, 

including the rubble top layers of the sill (see Figure 4.5). Simulation of 

the top layer of the sill according to the linear seale was required for a 

correct reproduction of bed friction. 

Figure 4.5 Geometrically similar model, scale 1:40, of a representative sec-

tion of the storm-surge barrier; setup in the flume for placed 

pier. 

For the flume tests three typical locations were selected, representing dif­

ferent water depths in the three channels and associated differences in the 

longitudinal bed section at pier-foundation level (dredged, natural or 

heightened). On the other side of the matrix, three characteristic construc­

tion stages were chosen for the flume tests, namely: pier placed on a founda­

tion mat, sill construction completed and sill beam placed (see Figure 4.6). 

The selection was made in view of anticipated extensive investigations for the 

construction stages of the barrier. 
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Figure 4.6 Selected construction stages per site for f1urne tests (*) and 

schematization in the scale and numerical models (1 through 10) 

The results of the above-described nine test series are summarized in Figure 

4.7. Each point represents an extensive test programme, comprising tests for 

ebb and flood directions with stepwise variation of downstream water level and 

head difference (see Equation 4.4) as well as repeatability tests. 

The discharge coëfficiënt v2
 h a s b e e n determined, taking the head difference 

as the difference between the water surface level upstream and the water sur-

face level downstream of the structure, which is different from the definition 

derived in equation (4.2). This in view of the envisaged application in nume­

rical models and comparison of u„ and \i^ (see Section 4.2.2). The upstream 

water level was raeasured 40 m upstream of the barrier axis, the downstream 

water level 200 m downstream of the axis. The downstream point was directly 

beyond the recovery zone of the downstream water level (see Figure 4.1). The 

test results have been corrected for the wall roughness of the flume, which 

does not exist in a 2DV case, applying Einsteins's approach (see e.g. [4-1]). 

The inaccuracy of v2
 t n u s determined, has been assessed to fall within ± 5% (± 

2 times the Standard deviation, [4-6]). 
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Figure 4.7 Basic values of u2 

Within the range of expected downstream water levels, the discharge coëffi­

ciënt v? hardly varied as a function of the downstream water level, and was 

very nearly equal for ebb and flood directions. The variation as a function of 

the head difference Ah was, however, appreciable (up to about 20£). This ef­

fect, and corresponding variations in ^ were only investigated at one of the 

three typical locations; larger variations are not impossible. The values 

given in Figure 4.7 correspond to the expected (range of) head difference(s) 

at the construction stages in question. 

4.3.3 Scale models 

As mentioned in Chapter 3, two scale models were used in the Eastern Scheldt 

studies: 
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a. The distorted overall model of the entire estuary (project M1000); 

horizontal scale 1:400, vertical scale 1:100. 

b. The undistorted detail model of the mouth area of the estuary where the 

storm-surge barrier was being built (project M1001); scale 1:80. 

An essential requirement for the simulation of the storm-surge barrier in 

these models is the correct reproduction of the discharge characteristics for 

the various construction stages and different boundary conditions. In other 

words both the cross-sectional area A and the discharge coëfficiënt y must be 

reproduced to scale. Note that from applying Froude's law to equation (4.3), 

it follows that the scale of y should be 1:1, i.e. ymodel = prototype* 

To obtain this for the overall model M1000, a schematized structure, having 

the same A and the same yp as a function of construction stage, has been de-

signed and tested in a (smaller) flume, see Figure 4.8. To avoid large devia-

tions caused by scale distortion (of 4), the distortion was reduced by 50$ by 

having the horizontal scale of the structure 1:200 in the flow direction. In 

this way differences in the length-width ratio of the compartments and in side 

slopes could be reduced. 

Figure 4.8 Model of the storm-surge barrier for the 1:100/400 

overall distorted model; setup in flume for placed piers 

In principle, a geometrically similar model of the storm-surge barrier is re-

quired for the undistorted detail model M1001. However, building such a model 

would be too expensive and take too much time in view of the complex geometry 

and the large number (65) of the piers and sill beams. Moreover, scale effects 
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could even emerge due to many small-size protrusions on the pier. Therefore, a 

similar approach has been foliowed as for M1000 but - of course - with the 

model piers having much more resemblance to the real ones and without the need 

to change the scale locally (see Figure 4.9 and compare it with Figure 4.8). 

Figure 4.9 Model of the storm-surge barrier for the 1:80 detail model; 

setup in the flume for placed piers 

In a model, or in the field, the value of y_ is found by substituting known or 

measured values of A, Q and Ah in equation (4.3). Procedures foliowed in the 

scale models of the Eastern Scheldt are discussed further in Sections 5.3.2. 

and 5.6.2. 

Exeept for some deviations in the relation between p and Ah, particularly in 

the case of the undistorted model, the schematized sections of the storm-surge 

barrier for both models reproduced the two-dimensional discharge characteris-

tics (y„) of the structure, as determined through the flume tests described in 

section 4.3.2, within an inaccuracy range of ± 5%- Assuming mutual indepen-

dency of inaecuraeies (this and that of determining y„ through the flume tests 

which also amounts to ± 5%, see Section 4.3.2), the schematized sections of 

the barrier would reproduce y„ of the "real structure" within an inaccuracy 

range of ± 1%. 

Consequently, one can expect that the discharge characteristics of the struc­

ture as a whole (y„) will be equally or slightly less accurately reproduced, 

any how by the undistorted (detail) model. From experience with similar cases 

in the past and from the results of a systematic research programme [4-7], no 

serious deviations were expected in the value of y_ determined from the dis-
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torted overall model (with a distortion factor 4). Indeed, this was the case. 

Even for construction stages with large abrupt lateral changes in resistance 

(stages of sill beam installation), the differences in y_ between distorted 

and undistorted model remained within a margin of ± 5% [4-8]. That is to say, 

well within the inaccuracy range of determining y~ from measurements in such 

models. Note that (Ah and Q) measurement inaccuracies add to make the inaccu­

racy range of determining y~from the model larger than that of reproducing the 

hydraulic characteristics in that model. 

A given value of y corresponds to a certain definition of Ah. For the storm-

surge barrier, the water-level stations were installed in the work harbours 

located on both (sea and inner) sides of the structure in the three channels, 

see Figure 4.10. This was not only practical and equivalent to field loca-

tions, it also ensured that under no circumstances the water-level stations 

will be located in the turbulent high-velocity flow downstream of the barrier. 

A test series in the detail model (Roompot channel) did not reveal any 

systematic difference between Ah determined from observations in the work 

harbours and Ah determined from water-level observations in the channel [4-9]. 

Figure 4.10 Location of water-level stations 

As mentioned in Section 4.3.1, the results of both scale models have been used 

to construct Figures 4.11 through 4.13, giving ŷ /Pp as function of y? A for 

the three channel sites (Roompot, Schaar and Hammen), both for flood and ebb 

current. The same results are presented in Figures 4.14 through 4.16, now 

giving (the absolute value of) y~ as function of y„ A. Inspection of these 

figures shows that indeed the differences in y~ (or y^/y?) between distorted 

and undistorted model are relatively small. The utilization of these figures 

is discussed in Section 4.3.4, together with a further analysis of the re­

sults. 
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4.3-^ Numerical models 

The value (definition) of the coëfficiënt of discharge y. to be applied in a 

numerical model depends on the type of the model. 

For one-dimensional models, where flow through a channel is represented by a 

single quantity Q, it is obvious that the three-dimensional coëfficiënt of 

discharge y~ must be used (notwithstanding the unfortunate combination of the 

words one-dimensional and three-dimensional). For operational application of 

the one-dimensional model IMPLIC, use has been made of Figures 4.11 through 

4.13 to assess the values of p_ for a given situation (for which £y„ . . A.= vi„A 

can be computed straightforwardly). This procedure has worked satisfactorily 

throughout the construction period of the storm-surge barrier, however with 

the quantitative value of the relations being adapted a few times as more re-

sults of model investigations and/or field data became available. Figures 4.11 

through 4.13 give the final version. 

An important adaptation concerned the value of y~ for the construction phase 

sill completed. Comparisons between the detail numerical and scale models 

(phases of sill beam installation) on the one hand, and between the two-dimen-

sional overall numerical model and the prototype (phase sill completed) on the 

other hand, both indicated that the p„ value applied in the numerical models 

for construction phase sill completed should be reduced by 20%. The original 

value, derived from the flume tests (see Figure 4.7), and which was used as 

input for schematization of the barrier model for the scale model, proved to 

be too large for the numerical model! A closely reasoned explanation for this 

inconsistency has not yet been found. Possibly skewly approaching flow condi-

tions and/or differences in approach velocity could be partly held responsi-

ble. Without the (detail) scale model and frequent verification of the models 

through extensive field campaigns, this discrepancy would not have been disco-

vered in time. It might have been avoided if more extensive flume tests were 

carried out to determine y? for more construction phases and at more locations 

(water depths) in the cross-section. 

For two-dimensional (horizontal) models, where the structure occupies a rela-

tively large number of grid cells (say more than about 8), one can expect 

that vu values should be applied. Indeed, this proved to be the case for the 

two-dimensional models MOOS-N, MOOS-Z (grid size 90 m), ROOMPOT, SCHAAR, 

HAMMEN (grid size 45 m) and D00S-1 (grid size 100 m). This has been verified 

through Figures 4.11 through 4.13 (see [4-10]). 
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This becomes questionable when the structure occupies only few grid cells, as 

it is the case with the overall model 00ST-3, with the barrier in the Roompot 

occupying 4 cells, and in the Schaar and Hammen 2 cells each. However, experi-

ments have shown that even then y„ values (averaged over the sections forming 

a grid cell) must be applied [4-10]. This conclusion was based on verification 

via the v^/v9 relations (Figures 4.11 through 4.13) and reduction of tidal 

motion in the estuary as a function of the resistance in the mouth, see Figure 

4.17. In this figure, the reduction of tidal motion is represented by the term 

Qt,cs/Qt,os' w h e r e : 

Maximum total discharge through the mouth for a given construetion 

stage 

Maximum total discharge through the mouth in the original situation 

The results of M1000 are also given in the figure. 

From the discussion in Section 4.2.2, it can be expected that low values 

of y_/Pp occur when pronounced three-dimensional effects are present. Inspec-

tion of Figures 4.11 through 4.13 shows that indeed low(est) values of y^/Wp 

are obtained during placing phases of the sill beams. 

However, low values of y^/Pp a r e also encountered for the case when the sill 

is completed in the entire channel, which in fact is a case of minimum three 

dimensional effects. 

This "discrepancy" can be attributed to the definition of Ah. As the water 

levels are measured in the work harbours (some 600 m from the structure), 

energy losses due to bed friction (Ahf in Figure 4.3) form an appreciable part 

of Ah during the early stages of construction (large Q and small head differ-

ence over the structure), resulting in an apparently low y_ and v-Zv^. The 

construction stage sill completed is such a case, e.g. in Figure 4.18 , 

(Ah - Ahf)/Ah amounts from 0.55 to 0.60, its square root (« 0.76) is a measure 

of y-/vL. On the other hand, the bed-friction effect is negligible during con­

struction stages with small Q and large head difference over the structure. 

Advanced phases of sill beam placing are such a case, see Figure 4.19. 

't, es 

*t,os 
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5. Hydraulic scale models 

5.1 Introduction 

At location "De Voorst" of Delft Hydraulics two hydraulic scale models of the 

Eastern Scheldt, called M1000 and M1001, were used for investigations con­

cern ing the construction of the storm-surge barrier. 

The model M1000 represented the entire Eastern Scheldt estuary and an adjacent 

part of the sea. The model had originally been built in 1969 to investigate 

the total closure of the Eastern Scheldt. 

The main objectives of the studies in this model were: 

- study of the overall tidal movement, providing information on discharges 

and water levels 

- determination of mutual influence of the closure gaps and, based on this, 

the recommendable sequence of the building stages 

- determination of boundary conditions for detail model(s) 

The model was in operation from 1970 until 1983; after that period, the pre-

viously mentioned data were computed by using two-dimensional numerical models 

(see Chapter 7). 

The model M1001 represented the mouth of the Eastern Scheldt with its three 

main channels. The model had also been built to investigate the total closure 

of the Eastern Scheldt. 

The main objective of studies in this model was: 

- determination of the scour holes and from this the total length and lay-out 

of the bed-protection works 

In addition, the following items could also be investigated in this detail 

model: 

- determination of flow pattern, detailed information on current-velocities 

and directions in the vicinity of the barrier 

- determination of effective cross-sectional area of the barrier 

- determination of stability of rubble-stone material 

The model was in operation from 1970 up to 1986; the model could (up to that 

time) not be replaced by a numerical model because of the three-dimensional 

flow effects near the barrier. 

In the Sections 5.2 through 5.4 aspects related to the overall model M1000 

will be discussed, the Sections 5.5 through 5.7 deal with the detail model 

M1001. 
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5.2 Setup of overall scale model M1000 

In this model the basic terms of the continuity equation and the (simplified) 

momentum equation in x, y and z direction are represented in a fundamentally 

proper way. Forces such as friction and the Coriolis-force are additionally 

modelled; forces eaused by wind are not taken into account (only wind set-up 

as a part of the boundary conditions) 

An essential condition is that all terms of the equations are reproduced on 

the same scale. Via a proper selection of the scales this goal can be 

achieved. In Section 5.2.1 the selection of the scales will be discussed. 

Figures 5.1 and 5.2 give an impression of the model (see also [5-1]). 

Figure 5.1 Lay-out of tidal model M1000 

5.2.1 Selection of scales 

Models for investigation of flows in open channels are usually built on the so 

called Froude-scale. This is related to the requirement that, in order to ob-

tain a complete reproduction of the flow situation, horizontal velocities 

should be scaled on the scale of the celirity of tidal waves. In a more 

general sense, the assumption is made that inertia and gravity forces are re-
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produced on the same scale, meaning that the Froude-number is the same for 

model and prototype. The definition of the Froude-number is: 

Fr = u//g.h (5.1) 

with: 

Fr = Froude-number ( - ) 

u = representative velocity (m/s) 

h = representative waterdepth ( m ) 

g = acceleration due to gravity (m/s) 

From this requirement and the requirement that the ratio between all other 

terms of the momentum equation (see Section 3.2) is the same for model and 

prototype, the following scale rules can be deducted (use is made of a scale 

factor n with n = value of o in prototype/value of a in model; a is a speci-

fic parameter such as length, velocity, etc): 

(5.2) 

(5.3) 

(5.4) 

In equations (5.2) through (5.4) the following scale factors are used: 

n = scale factor for velocity 

nj. = scale factor for time 

n-̂  = scale factor for length (horizontal scale factor) 

n^ = scale factor for height (vertical scale factor) 

nr. = scale factor for friction (C= Chézy-coefficient) 

n = scale factor for gravity = 1 

When vertical velocities can be neglected, one can consider the application of 

distorted models. A model with a larger horizontal scale factor than its ver­

tical one gives not only a model with smaller horizontal dimensions, but at 

the same time a larger value for n^ (see equation 5.4). The Chézy-value in the 

model becomes smaller if the ratio n^/n^ i s larger. In such a case the hydrau-

lic roughness of the model has to be artificially increased. This has three 

advantages. First, the viscosity being too large in the model would cause a 

risk of producing a too low C-value in the model, for which no correction 

n t 

n2 
u 

nê 

-

= 

= 

n1/nu 

rii, . n h g 

V n l / n h 
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would be possible. Now the C-value should be (much) lower and with extra 

roughness one can always adjust the roughness until the correct value of C is 

reached. The second advantage is the reduction of the time scale, meaning that 

many more testing in a model can be done. The third advantage is that with a 

model on a reduced horizontal scale one can produce higher Reynolds numbers 

and a reduced error by surface tension (capillary effects). As a consequence 

on the distortion the vertical profiles of the (horizontal) velocity are 

slightly disturbed. The mean veloeities, however, will still be correct. This 

means that such a model no longer fully represents the momentum equations in 

x, y and z directions, but only the equations in x and y directions. 

The selection of the vertical scale is mainly governed by the requirement 

that, just as in the prototype, the flow has to be turbulent and the require­

ment that the water movement and water levels can be measured properly. The 

turbulence of the flow is assured when the Reynolds-number (Re= u.h/v) is 

larger than 1000 to 2000. For the model of the Eastern Scheldt this require­

ment can be satisfied for most of the tidal cycle if the vertical scale is se-

lected as: 

nh = 100 

However, on the tidal flats in the model the Reynolds-number is generally too 

small. Therefore velocity measurements on the tidal flats are not quite reli-

able. Nevertheless, the storage capacity of the tidal flats can be reproduced 

properly, meaning that their effect on the flow in the ehannels is correct. 

Selection of the horizontal scale n-̂  = 100 still gives a very large model. If 

the selected horizontal and vertical scales are not the same (n, * n,) , then 
h 1 ' 

the model is said to be distorted. The ratio of n^ to n^ is the distortion 

factor. When the model is too distorted, it becomes less accurate, especially 

when three-dimensional effects are important as in the case of flow across 

dams and around abutments. On the basis of systematic investigations it was 

concluded that a distortion factor of 4 was acceptable for the Eastern 

Scheldt, see [5-2]. From this the horizontal scale is derived: 

nx = 400 

At a distortion factor of 4 the flow is, in fact, not correctly represented 

for situations with large vertical narrowing where eddies and vortices with 

horizontal axes occur. In a distorted model one should have, at one single 
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time scale, different scales of vertical and horizontal velocities; however, 

eddies and vorticies have only one length scale and one velocity scale. An 

elongated, elliptically shaped eddy cannot exist and at best it will fall 

apart in a series of vortices with alternately turning directions. Since M1000 

had originally been built to investigate the total closure of the Eastern 

Scheldt, the disadvantage of distortion was accepted. For the investigations 

concerning the storm-surge barrier this means that, for situations with a sig­

nificant vertical narrowing, problems will arise with the interpretation of 

the flow-patterns downstream of the barrier. This only takes place at the 

final stage of the barrier and at building stages concerning the placing of 

the sill beams. At building stages up to the completion of the rubble sill, no 

problems would arise with flow patterns downstream of the barrier. 

By selecting n̂ = 400 and nh= 100 the other scale factors can easily be deter-

mined by using equations (5.2), (5.3) and (5.4): 

nu = 10 

nt = 40 

nc = 2 

Reproducing the Coriolis-force gives the following scale rules, concerning the 

speed of axial rotation of the Earth: 

n
u = V

nl- nu = 1/2|° 

This means that the model has to rotate 40 times f aster than the Earth. This 

can be achieved by placing the whole model on a rotating-table. However, for a 

model like M1000 this is impossible. For the reproduction of the Coriolis-

force in the model the so-called Coriolis-tops are used (see Figure 5.3), by 

which the Magnus-effect causes a lift force proportional to the velocity, and 

simulates the Coriolis force, see [5-3]. These tops are placed only in those 

parts of the model where the Coriolis-force gives a measureable transverse 

slope to the main direction of the current. This results in the use of the 

Coriolis-tops west of the line Zierikzee-Colijnsplaat (see Figure 5.1). 
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Figure 5.3 Coriolis-top 

5.2.2 Schematization of the bathymetry 

The bed topography of the model, representing the entire Eastern Scheldt and 

an adjacent part of the North Sea, was based on bathymetric surveys of the 

Dutch Public Works Department (Rijkswaterstaat). The model was originally 

based on soundings carried out in 1967. By implementing changes into the bed, 

large parts of the model were adjusted to the continuous changes of the bathy­

metry in nature. 

The bed of the model was made of concrete. The profil ing of the bed was car­

ried out by using almost every available sounding cross-section from the pro­

totype (distance apart varying from 100 to 200 m). The characteristic points 

in a cross-section were positioned in the model line by line. The accuracy 

that could be achieved is approximately 0.2 m in the vertical position and 5.0 

m in the horizontal position (prototype measures). 

The roughness coëfficiënt of the bed in the model had to be twice as large as 

in the prototype due to the distortion (see Section 5.2.1). In the channels 

this was realized by fixing concrete blocks in a certain pattern and at a cer-

tain concentration on the model floor. The number of blocks in the pattern was 

related to the water depth (increasing depth gives increasing number of 

blocks). In the shallow parts of the model the extra roughness was achieved by 

applying gravel at a certain concentration on the model floor. 
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5.2.3 Boundary conditions 

The position of the boundary at sea was selected in such a way that the tide 

at that place would hardly be influenced by the hydraulic structure to be in-

vestigated. The selection of the boundary location of the tidal model had been 

made by using the results of a 2D-mathematical model of the North Sea. 

Figure 5.1 shows the selected boundary of the model. 

The sea-boundary consisted of eight gates which could operate independently. 

In this way a realistic approximation of the spatial variation of phase and 

amplitude of the vertical tide could be achieved. 

A problem was that at the location of the sea-boundary no information con-

cerning the tide levels was available. The nearest measuring stations were, at 

first instance, only Vlietepolder and Burghsluis; later the stations OS 9 and 

OS 4 (about 1 km offshore the location of the dam; see Figure 5.1) became 

available. 

For the adjustment of boundary conditions first an approximation was made for 

the water levels at the boundary site by extrapolation of the observations to 

the locations of the boundary. In an iterative process the definite boundary 

conditions were determined by an adjustment, more or less based on trial and 

error, in such a way that in the entire model a correct reproduction of verti­

cal and horizontal tide was achieved. 

5.2.4 Calibration and verification 

The calibration of the tidal model had been carried out on basis of the proto­

type measurements performed on 11th september 1968. On this day extensive mea-

surements of the currents and the water levels were carried out. The tidal 

range gave a good representation of the mean tidal range. Figures 5.4 through 

5.6 show some results (discharges and water levels) of the calibration on the 

tide of 11-09-1968. In [5-4] an extensive presentation of the results is 

given. The good reproduction of the prototype measurements could be achieved 

by optimization of the boundary conditions at the gates of the model and lo-

cally adjusting the roughness. 

In the course of the lifetime of the model several verifications (or re-cali-

brations) had been carried out. The verifications were necessary so as to in-

vestigate how the model performs at different tides (such as spring-tide and 

neap-tide). Moreover verifications were necessary out because the bathymetry 

of the Eastern Scheldt changed continuously. On the other hand, dam sections 

were constructed which influence the tidal movement in the Eastern Scheldt. 
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With the reproduction of more recent prototype measurements the actual buil­

ding stage was represented and eventually also the change in the bathymetry. 

Figure 5.7 shows some results of a verification for the tide of 27-07-81. 

An extensive representation of verification results is given in [5-5], [5-6] 

and [5-7]. 

From the results of the calibration and the verification, the following 

figures related to the achieved accuracy (Standard deviation) were derived: 

- water levels: accuracy in amplitude better than 2% and in phase better than 

5 minutes; 

- discharges: accuracy in amplitude better than 5% and in phase better than 

10 minutes; 

- velocity distribution: accuracy better than 0.15 m/s (maximum velocities 

were in the order of 1.5 m/s). 

5.2.5 Available tides 

As mentioned in the preceding section, the model was calibrated on the basis 

of measurements in nature. The tide during these measurements was used after-

wards as a boundary condition for further investigations. A disadvantage of 

such a tide is that the absolute value of the results was strictly limited to 
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a single tide with specific characteristics which occured in the past. 

For certain applications the use of natural tides is not useful because the 

stochastic element is unknown. This is the reason why sometimes use was made 

of a "representative average" of mean tides. Generation of such an average 

tide in the model gives problems in view of the absence of a set of results 

from measurements (only averaged water-level curves are available). 

The same problem arises with the adjustment of a storm surge. The reproduction 

of a storm is only possible by using (historical) recordings of water levels. 

For the adjustment of a (design) superstorm, water levels are not available, 

so in this case fictive boundary conditions had to be applied. 

As a result of the calibration and verification of the tidal model and later 

the adjustment of other tides, boundary conditions were available for a number 

of tides. In Table 5.1 an overview of the available tides is given. 

kind of tide 

observed tide 

average 

storm 

date 

11-09-68 
15-04-70 
07-10-71 
10-08-74 
04-09-75 
27-07-81 
31-07-81 
11-01-82 

1961.0 
1971.0 

07-04-43 
superstorm 

remarks 

mean tide 
neap tide 
spring tide 
mean tide 
mean-spring tide 
mean-neap tide 
mean-spring tide 
strong spring tide 

average of mean tide 1951-1960 
average of mean tide 1961-1970 

fictive storm with design H.W. 

Table 5.1 Available tides 

5.3 Execution of the investigations in model M1000 

5.3.1 Instruments and measurements 

With specially constructed probes the following parameters were measured in 

the model: 

- water level with a water-level follower (WAVO) 

- current-velocity and direction with a combined instrument (SRM) 

The 'WAVO' was of the type 'pointe vibrante' and the instrument was able to 

measure the water level with an accuracy of 0.1 mm, which means 0.01 m on the 

selected vertical scale. Figure 5.8 shows the instrument and the measuring 

probe. 
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detail of measuring probe 

Figure 5.8 Waterlevel follower (WAVO) 

detail of measuring probe 

Figure 5.9 Current velocity and direction recorder (SRM) 
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The 'SRM' consisted of a vane and a micro propeller (see Figure 5.9). The vane 

adjusts itself in the direction of the current and at the same time the micro­

propeller is kept in the proper posititon according to the direction of the 

current (axis of the propeller parallel to the direction). The inaccuracy 

range of the measured velocity is approximately 5%. Due to the selected verti-

cal scale and the dimensions of the 'SRM' the velocities cannot be measured in 

those parts of the model with a water depth less than approximately 6.0 m. 

Recording of the flow pattern can be made by using photo cameras and plastic 

floats. In this way the current-velocities in the shallow parts of the model 

can be traced. For that purpose several remote-eontrolled cameras were 

fastened to suspension points onto the roof. 

The setup of the measurements in the model was basically the same as in the 

prototype. For every water level or current-velocity and direction station a 

measuring instrument was required. The determination of the discharge in a 

channel could only be done by measuring the current-velocity and direction in 

an acceptable number of points. An essential difference with the prototype, 

however, is the option of repeating a specific tide in the model as of ten as 

necessary. As a consequence of this, the number of measuring points for speci­

fic tides and specific building stages is basically independent of the number 

of available probes. However, a good selection of the measuring points remains 

essential so as to reduee the time of the investigation for a given situation. 

Figure 5.10 gives an impression of some measurements in the model. 

Figure 5.10 Impression of measurements in overall tidal model; water levels 
in working harbours and velocities in the three main channels 
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5.3.2 Schematization of building stages 

To investigate a speeifie building stage of the barrier it was essential that 

the same building stage was built in the tidal model. For a number of reasons 

the representation of the barrier on the scales of the model gives some pro-

blems. In fact, an exact rebuilding on scale was hardly feasible and moreover, 

due to the scale distortion, gave no guarantee that the discharge characteris-

tics of the barrier were correctly reproduced (this is the reason why it is 

necessary to design simplified elements; with these simplified elements any 

arbitrary building stage can be represented in a model). 

The dimensions of the model barrier in the vertical direction and in the di-

rection across the channel were according to the vertical scale and horizontal 

scale respectively. In the direction of the channel axis the dimensions were 

not in accordance with the horizontal scale; this resulted in a barrier which 

was somewhat too wide compared to a purely geometrie scaling. This had to be 

done because otherwise the discharge characteristics could not be reproduced 

in a proper way. This schematization meant that in the tidal model measure­

ments in the direct vicinity of the barrier were not useful. 

For further considerations on this subject, refer to Section 4.3.3. 

5.4 Results of the tests in model M1000 

5.4.1 Velocities and discharges 

From the results of the measurements of current-velocities and directions in 

points along a cross-section, several parameters could be determined, such as: 

- local velocities 

- velocity- and discharge distributions in a cross-section 

- total discharge in a channel. 

For all these parameters the variation during the tide is available. 

The inaccuracy range of these measurements in the tidal model were estimated 

as follows: 

- current-velocity 0.10 to 0.15 m/s 

- current-direction 5 to 10° 

- discharge 5% 

This means that the velocity distributions and the discharges were a good ap-

proximation of comparable parameters in the prototype. 

A few remarks concerning the velocity distribution in the vicinity of the bar­

rier have to be made; these remarks relate to the scales of the model and the 
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sehemati2ation of the barrier: 

- Upstream of the barrier the measured velocity distributions in the horizon­

tal plane were a good representation of the prototype. For positions in the 

direct vicinity of the barrier (up to appr. 150 m off the axis), however, 

the distance from the axis could not directly be translated to field condi-

tions, due to the schematization (barrier was too wide; see Section 5.3.2). 

- Downstream of the barrier the measured velocity distributions in strongly 

narrowed situations (in vertical direction) were not fully representative 

for the prototype. The spreading of the flow after a vertical narrowing 

would behave in accordance with the vertical scale and thus interact with 

the 'wrong' geometry, which was reproduced at the horizontal scale. 

- The discharge, determined from measured velocity distributions upstream and 

downstream the barrier were not affected by eventual deviations in the ve­

locity distributions since the continuity condition was fullfilled in the 

model. 

5.4.2 Water levels and head differences 

Measuring the water levels in a number of measuring points provided informa-

tion on the following parameters (variation during the tide included): 

local water level and tidal range 

- head difference between measuring points (such as: head difference across 

the barrier and head difference across a tidal flat) 

The inaccuracy range of these measurements in the tidal model could be esti-

mated as follows: 

- water level 0.03 to 0.05 m 

- head loss 0.06 to 0.10 m 

In connection with the distortion of the model a problem would arise down­

stream of the barrier, related to the interpretation of the location of the 

measuring point. The curvature of the surface of the water downstream the bar­

rier was mainly determined by the vertical scale. So the location of the mea­

suring points in the tidal model differed somewhat from the location in the 

prototype. This problem arose especially at building stages with a consider-

able vertical constriction. 
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5.4.3 Effective cross-sectional area 

The effective cross-sectional area of the barrier eould be computed from the 

measured discharges, water levels and head differences as follows: 

JJ~A = Q//2g.Ah 

in whieh: 

y_A = effective cross-sectional area (m2) 

Q = discharge (m3/s) 

g = accelaration of gravity (m/s2) 

Ah = head difference (m) 

The computation was carried out by using values (every half hour) of discharge 

and head difference. This gave instantaneous values of the effective cross-

sectional area. The head differences, which were used for the computation 

of û A were usually based on the water levels measured in the working 

harbours. 

The computed values were related to the downstream water level and by using a 

least square method, the effective cross-section at N.A.P. was determined. The 

function: y_A = F (downstream water level) was usually approximated by a 

straight line, if necessary separately for ebb- and flood-current. 

5.5 Setup of detail scale model M1001 

The M1001 model was equipped as a steady-state model and in this the terms of 

the continuity equation and the momentum equation in x, y and z direction were 

represented (except for time dependency). 

With a good selection of the scales, the requirements related to the different 

objectives of the study can be met. In Section 5.5.1 the selection of the 

scales will be discussed. 

Figure 5.11 gives an impression of the model. 

5.5.1 Selection of scales 

Since the detail model had to serve several objectives, this led to a number 

of, sometimes conflicting, scale-rules. Operating the model for the determina-

tion of flow patterns, etc. means the applicability of the Froude scale (see 

Section 5.2.1): 

nt = nx / nu 

V = nh • ng 
nC 2 = nl • ng ' nu 
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View of model in northern direction 

View of model in south-western direction 

Figure 5.11 Impression of detail model M 1001 
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Investigations on local scour required a non-distorted model (n-̂  = n^), parti-

cularly in view of correct simulation of the turbulence structure, plus that 

the stone diameter of the rubble cover on the bed protection which was inves-

tigated had to be representative for the bed roughness. The same requirement 

foliowed for the investigations related to the stability of rubble stone 

material and related to the 3-dimensional flow pattern in the vicinity of the 

barrier. 

The selection of the vertical and horizontal scale was mainly determined by 

the requirement that the flow had to be sufficiently turbulent, the require­

ment that a scour test should fall within a working day and the requirement 

that the water movement, water height and scour depth could be measured ac-

curately. On the other hand the horizontal dimensions of the model ought to be 

restricted so as to get a manageable size of the model. 

The selected scale was: 

n1 = nn = 80 

With this scale stone diameters larger than 4 mm in the model could be inves-

tigated without any scale effects (= 3.2 cm prototype); in this case viscous 

forces become negligible. 

The execution of scour tests and the investigations on the stability of rubble 

gave also some supplementary restrictions and/or requirements such as: 

- density and dimensions of the scouring material 

- density, shape and dimensions of the rubble 

Extensive discussion on this subject is beyond the scope of this report. For 

further information on this subject reference is made to [5-1]. 

5.5.2 Schematization of bathymetry 

The bed topography of the model, representing an area of approximately 2.5 to 

3.0 km on both sides of the barrier, was based on bathymetric surveys by the 

Dutch Public Works Department. The model was originally based on soundings 

earried out in 1967. By carrying out adjustments of the bed of the model, 

large parts of the model were adjusted to changes of the bathymetry in nature. 

For the investigations of future building stages, the bed was partly based on 

predictions of the future development of the bathymetry. 

The bed of the model was built of concrete. The profilation of the bed was 

earried out by using almost every available sounding cross-section from the 

prototype (distance apart varying from 100 to 200 m). The characteristic 
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points in a cross-section were positioned in the model line by line. During 

building it was necessary to use 1 or 2 lines inbetween so as to achieve a 

satisfactory accuracy of approximately 0.2 m in the vertical position and 

1.0 m in the horizontal position. 

No additional roughness elements were applied in this model. Since the model 

was not distorted, this meant that the scale factor concerning the friction is 

near T\Q - 1. The possible differences in effective roughness between a con­

crete bottom and a sandy bottom were judged to be of minor importance for the 

investigations. 

On both sides of the bed protection works in the main channels the bottom was 

represented by a movable bed. The movable bed consisted of polystyrene grains 

which were stored in deepened parts of the model floor. The depth of these 

parts in the model was approximately 0.3 m (= 24.0 m in reality) below the 

original level of the bed, so this gave also the maximum scour depth. The 

length was 550 m (perpendicular to the axis of the barrier). When no scour 

tests were performed, the movable bed parts were covered by (ballasted) cloths 

yielding a completely fixed bed model. 

5.5.3 Boundary conditions 

The boundaries of the detail model M1001 were formed by the coastal lines of 

Noord-Beveland and Schouwen and by two boundaries with a series of adjustable 

gates almost perpendicular to the coast. The position of the gates was appro­

ximately 2.5 to 3.0 km east and west of the axis of the barrier. Figure 5.12 

shows the model with the selected boundaries. 

Figure 5.12 Lay-out of detail model M 1001 
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The model was equipped as a steady-state flow model. Both gated boundaries of 

the model could be used for the inflow of water (control of discharge) or for 

the outflow of water (control of water level). The western boundary consisted 

of thirteen sections and the eastern boundary of twelve sections. Each section 

could be eontrolled independently of the others. In this way it was possible 

to reproduce in the model ebb or flood flows alternately. 

The boundary conditions were derived from the measurements in the tidal model 

M1000, from a test with an identical building stage of the barrier. 

Usually the flow conditions at maximum ebb and/or maximum flood were selected 

for the investigations in the detail model. 

For the inflow boundary a discharge-distribution was prescribed. The water-

level in the model was eontrolled by the gates of the outflow boundary. More-

over, the required velocity-distribution in a cross-section near the inflow 

boundary could be reproduced by adjusting a grating downstream of that boun­

dary. 

5.5.4 Calibration 

The detail model did not have to be calibrated in the same manner as with the 

tidal model. The original situation was not reproduced but the. tests in the 

model started with the investigation of a situation with completed working 

harbours and a completed dam in the shallow parts. 

In fact, every test in the detail model started with a reproduction of the 

velocity distributions and water levels (measured from the tidal model). It 

was expected that the flow pattern in the relatively short model would be 

highly dominated by. the prescribed boundary conditions, but it turned out that 

the reproduction of the velocity distributions was rather difficult. The cause 

of the problems was the absence of the dynamic effects (with its influence of 

filling and emptying of the tidal flats) and probably differences in the 

roughness of the bed (too smooth). By means of a grating directly downstream 

of the inflow boundary (see also Section 5.5.3) this problem could be solved 

satisfactorily. 

5.6 Execution of the investigations in the model M1001 

5.6.1 Instruments and measurements 

In the model the following parameters were measured with specially eonstructed 

probes: 

- water level with a water-level follower (WAVO) and/or a point gauge 

- current-velocity and -direction with a combined instrument (SRM) and/or an 

OTT-current meter 
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- scouring depth with a profile follower (PROVO) 

The description of the WAVO and SRM is already given in Section 5.3.1. In this 

Section only the other instruments will be discussed. 

The use of point gauges for the determination of the water level was restric­

ted to a number of fixed measuring points (mostly in the working harbours) and 

was in first instance necessary to control the water level in the model. Addi-

tionally, these gauges could provide the head difference across the barrier. 

The accuracy of the water-level gauges was approximately 0.1 mm, meaning 

0.01 m on the selected vertical scale. 

Measurements with an OTT-current meter were usually carried out only to con­

trol the adjustment of the boundary eonditions. For this application the mea­

surements of the current-velocity were mostly restricted to one characteristic 

height in the vertical, at 0.4 times the depth from the bottom which approxi-

mated the average velocity in a (well-developed) vertical. 

The 'PROVO' consisted of a measuring rod with an electrode (see Figure 5.13). 

With a servo-mechanism this rod was kept at a small distance above the poly-

styrene bed. The 'PROVO' was mounted on a moving carriage. 

Figure 5.13 Profile follower (PROVO) 
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Measurements of the bed level took place in lines perpendicular to the axis of 

the barrier. The aecuracy of the measured bed level (or scouring depth) was 

approximately 0.1 m (prototype value). 

In the detail model the surface flow pattern could be recorded with photograp-

hic cameras. From the photographs the current-velocities could be determined 

and a general impression was obtained of separation points and the location of 

eddies. 

The setup of the measurements of current-velocity and -direction were, just as 

in the tidal model, basically the same as in the prototype. However, the 

selection of the measuring points differed from the tidal model. In the detail 

model most information were gathered in the direct vicinity of the barrier 

(and in the compartments between two piers). Figure 5.14 gives an overall view 

of measurements in the vicinity of the (model) barrier. 

Figure 5.14 Impression of measurements in the detail model, 

water levels in vicinity of barrier 

The execution of scour and stability tests was quite different. However, a 

discussion of these tests is beyond the scope of this report. 
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5.6.2 Schematization of building stages 

Just as for the tidal model, schematized elements of the barrier had been de-

signed for use in the detail model. In connection with the scale of the model 

it was hardly possible to construct the numerous elements of the barrier in 

full detail on that scale (see also Section 5.3.2). 

On the basis of the results of the investigations on the discharge coëffi­

ciënt, simplified elements were built for all locations in the closure gaps. 

With these elements any arbitrary building stage could be represented in the 

model. For further information, refer to Section 4.3.3. Figure 5.15 gives an 

impression of a building stage in the model (piers placed and rubble sill 

partly completed). 

Figure 5.15 View of building stage in the model; placed piers 

and rubble sill partly completed 

5.7 Results of the tests in model M1001 

5.7.1 Velocities and discharges 

From the results of measurements of current-velocities and -directions in 

points along a profile (and in the vertical), some derived parameters could be 

determined, such as: local velocities, horizontal velocity-distributions and 

vertical velocity-profiles. Figures 5.16 and 5.17 show some examples of the 
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Figure 5.16 Results of velocity measurements in Roompot channel near a 

construction front (building stage with rubble sill completed and 

19 sill beams installed) 
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results of the measurements. The determination of the discharge in a main 

ehannel did only make sense as a control of the velocity measurement; the dis­

charge itself was imposed as a boundary condition. 

Furthermore the measurements of the velocities could provide information about 

the turbulence characteristics of the flow. 
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Figure 5.17 Distribution of velocity and turbulence intensity at end of the 

bed protection works in Roompot ehannel (building stage with 

21 sill beams installed) 

5.7.2 Water levels and head differences 

Measuring the water levels in a number of points resulted in information about 

the following parameters: 

- local water level 

- local slopes of water level (eventually between the piers) 

- head loss 

In this detail model of the barrier the curvature of the water level in the 

vicinity of the barrier was a very realistic approximation of the prototype 

since the model was not distorted. 

5.7.3 Effective cross-sectional area 

The effective cross-sectional area of the barrier could be computed by using 

the measured discharges, water levels and head differences (see Section 

5.4.3). The computation was, of course, only carried out for maximum ebb and 

maximum flood. 
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From these results the effective cross-sectional area at N.A.P. was deter-

mined, assuming that \i^ does not change with a (slight) change of the down-

stream waterlevel. 

5-7.4 Scour depth and stability of materials 

Measuring the scour depth several times during a test and in a number of 

longitudinal sections gives as a result the relation of scour depth versus 

time. From the results of the tests and some additional information (see [5-8] 

and [5-9]) the scour in the model can be translated into the scour in reality. 

The obtained time-scour lines for the various sections are the basis for 

prediction of expected scour in a specifie building stage. 

The stability tests give information on the critical velocity or critical head 

difference for specifie parts of the designed rubble stone structure (parti-

cularly the top layer) and the bed-protection works. It can be judged to what 

extent the measured critical head difference does meet the design criterion. 

The stability tests in the detail model were carried out to get an overall 

view of the rubble stability in the entire closure gap. Furthermore stability 

tests were carried out for situations and locations with an expected influence 

from bottom topography and/or geometry of the closure gap. Figure 5.18 illus-

trates the flow during stability tests for the compartment between the first 

pier and the abutment. 

between first pier and abutment 
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6. One-dimensional models; IMPLIC-R1495 

6.1 Introduetion 

The Eastern Scheldt estuary was modelled by a one-dimensional model, based on 

Rijkswaterstaat's computer program IMPLIC. Of all mathematical models, this 

one-dimensional model was used most during the construction of the storm-surge 

barrier, since it was suitable for operational forecasts, because of its fast 

operation speed. The main function of the IMPLIC model was to compute the 

water levels in the Eastern Scheldt, the head differences over the barrier and 

the discharges through the three main channels in which the barrier was being 

built. 

In addition to the one-dimensional model, a model was available to compute the 

lateral distribution of the transport rate along the barrier. This so-called 

R1495 model makes use of on the distribution of the hydraulic resistance along 

the barrier. 

With the combination of IMPLIC and R1495 the average velocity per barrier gate 

(q/A) could be computed. The parameter q/A was one of the basic hydraulic 

parameters for the design and construction of the storm-surge barrier, see 

Section 2.3. During the construction of the barrier most design parameters for 

the construction phases were computed with the models IMPLIC and R1495. Af ter 

placement of the piers also all operational forecasts were computed with these 

models. The more sophisticated, and thus more time consuming and expensive, 

models such as the scale models M1000 and M1001, and the two-dimensional WAQUA 

models, were mainly used for calibration and verification of IMPLIC-R1495 and 

to obtain functional relations between, for example, local velocities and 

average velocity or between stability of rubble layers of the sill and average 

velocity or head difference (scale model M1001). 

Throughout all construction stages of the barrier good results were obtained 

with the IMPLIC-R1495 system (see Section 8.1). 

In this chapter a description is given of the models IMPLIC (Section 6.2) and 

R1495 (Section 6.3) and of the integrated model that was used for the fore­

casts (Section 6.4). 
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6.2 One-dimensional tidal model IMPLIC 

6.2.1 Model description 

The one-dimensional tidal model IMPLIC is based on a numerical solution of the 

one-dimensional long-wave equations; equations 6.1 and 6.2 (see Chapter 3 and 

Figure 6.1): 
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CD = coëfficiënt for wind-shear stress (-) 

W = wind speed (m/s) 

<|> = angle between wind direction and channel axis (°) 

p = density of water (kg/m3) 
w 
p = density of air (kg/m3) 
3. 

The equations 6.1 and 6.2 are solved with an implicit method, described in 

[6-1], [6-2], 

The model is based on a number of assumptions, which are the basis for the 

one-dimensional long-wave equations (St-Venant hypotheses): 

1. Velocity distribution, perpendicular to the main flow direction, is uni­

form. 

2. Water surface, perpendicular to the main flow direction, is horizontal. 

3. Vertical accelerations and vertical curvatures of stream lines are negli-

gible. 

4. Energy losses are conform a stationary approach (Chézy formula). 

5. Very gentle bottom slopes; cosines of these slopes are close to one. 

The consequences of these approximations are extensively discussed in [6-2]. 

Abovementioned assumptions were not fullfilled at the location of the barrier, 

here a set of modified equations had to be used (see Section 6.2.3 and 

Chapter 4). 

6.2.2 Bottom geometry 

For a one-dimensional model as IMPLIC, the Eastern Scheldt had to be schema-

tized as a system of channels and nodes. The location of these channels and 

nodes was clearly defined for areas with pronounced channels separated by 

relatively high tidal flats. The Eastern Scheldt east of the line Zierikzee-

Colijnsplaat (see Figure 2.4) was such an area. For the area seawards (west) 

of the storm-surge barrier, the locations of the channels and the nodes were 

not well defined. However, on the basis of the flow patterns, already known 

from the overall tidal scale model, a one-dimensional schematization could be 

made. When a basieally two-dimensional area is schematized as a one-dimen­

sional network on the basis of the flow pattern, special attention must be 

paid to situations where the flow pattern will change due to the construction 

activities. Such a change in the flow pattern was induced by the construction 

sequence of the barrier from north to south. This resulted in a change in the 

distribution of the hydraulic resistance over the main channels in which the 

barrier was under construction. For these situations a check was made with the 

two-dimensional WAQUA models. 
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The IMPLIC schematisation of the Eastern Scheldt is based on bathymetric sur-

veys by the Dutch Public Works. Originally the schematization was based on 

data from around 1970. At the end of 1982 large parts of the schematization 

were revised, based on the results of more recent surveys from around 1980. In 

1984 the area seawards of the storm-surge barrier was revised. Here special 

attention was paid to the expected changes in the flow pattern, caused by the 

construction scheme of the barrier. In addition to these major revisions a 

number of small modifications were made. 

The number of revisions illustrated the importance of a flexible geometry 

simualtion, especially for a highly movable bed as in the Eastern Scheldt 

estuary. This was one of the major advantages of a numerical model. The final 

schematization comprised 230 channel sections and 171 nodes (see Figure 6.2 

and [6-2]). 

. NODE 

• MEASURING STATION 

S WATER LEVEL RECORDER 

Figure 6.2 One-dimensional schematization of the Eastern Scheldt 

The bottom friction was modelled by the Chézy formula. For the IMPLIC model 

the Chézy value was not directly derived from field data or from theoretical 

considerations. The procedure was as follows: 

- Field data and theory gave the limits for the Chézy values. 

- Within these limits the Chézy values were varied to calibrate the model. 

- For the Eastern Scheldt this led to Chézy values ranging from 30 to 50 m*/s 

(see [6-2]). 

The schematization procedure was, to some extent, subjective in character and 

therefore had to be done by experienced people. The location of the channels 

6.4 



and the nodes, and even the length of a channel between two nodes were all 

more or less subjective choices. A risk in this approach is that errors in the 

schematization are later camouflaged during the calibration of the model, for 

example by adjusting the roughness. The result would be a model that could 

react physically unrealistic in situations different from the situation for 

which the model was calibrated. To minimize this risk checks were made with 

the two-dimensional models. 

6.2.3 Geometry of the barrier 

At the location of the barrier the assumptions upon which the long-wave ap­

proach are based were no longer fullfilled. At this site the long-wave equa-

tion was replaced by a discharge relation. This approach is described in de­

tail in Chapter 4. The discharge relation for subcritical flow is: 

Q = u3A / 2gAh (6.3) 

where: 

Q = transport rate (m3/s) 

u- = three-dimensional discharge coëfficiënt (-) 

A = wett cross-sectional area (m2) 

g = acceleration of gravity (m/s2) 

Ah = head difference over the barrier (m) 

The coëfficiënt y_ was determined in the scale models M1000 and M1001 for 

various construction stages of the barrier for subcritical free-surface-flow 

conditions. The IMPLIC model includes a routine that modifies equation 6.3, 

and the value of y_, to the situation of subcritical flow and to supercritical 

flow. Including the equations that are used for the transition between the 

different flow conditions, seven situations are distinguished. Furthermore, 

different coefficients were used for ebb and flood flow directions. 

6.2.4 Boundary conditions 

At the seaward boundary water level (tide) curves were used as boundary con­

ditions. The seaward boundary was located at a location some distance from the 

barrier where the influence of the barrier on the tide curve becomes neg-

ligible. The water levels at the boundary were derived from four permanent 

field stations, 0S11, 0S13, 0S14 and 0S15 (see Figure 2.4). The inner boun-

daries were chosen at the end of the estuary (Q = 0 m3/s). 

In addition wind velocity and wind direction could be specified as boundary 

conditions. 
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6.2.5 Calibration and verification 

For the calibration and verification of the model, the data obtained from the 

permanent field stations and the results from the measuring campaigns were 

used. The field stations provided water levels throughout the entire Eastern 

Scheldt (see Chapter 2). During the measurement campaigns the discharges of 

several sections were obtained. For example the discharges in the three main 

channels where the storm-surge barrier was projected. 

The calibrated model was verified with (of course) a different set of field 

conditions than those that had been used for the calibration. The verification 

showed that the inaccuracy range of the model in the vicinity of the barrier 

was as follows (see [6-2] and Figures 6.3 and 6.4): 

- maximum transport rates at the location of the barrier: less than 10? 

- time of slack water at the location of the barrier: less than 5 minutes 

- water levels in the vicinity of the barrier: maximum 5 cm. 

Because the calibration and verification were performed before the construc­

tion of the barrier had started, these results were, strictly speaking only 

valid for the original situation without the barrier. Therefore, the accuracy 

of IMPLIC was checked on a routine basis during the entire construction period 

of the barrier. The results of this verification will be presented in Section 

8.1. 
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Figure 6.3 Results of verification IMPLIC model, Roompot discharge (11-01-82) 
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Figure 6.4 Results of verification IMPLIC model, Schaar discharge (11-01-82) 

6.3 Lateral discharge distribution along the barrier: R1495 

6.3-1 Model description 

The so-called "R1495" model, named after the code number of the study that 

produced the model, computed the lateral discharge distribution along the bar­

rier ([6-3], [6-4]). The basis for this computation was the assumption of a 

fixed lateral discharge distribution proportional to the lateral distribution 

of the hydraulic resistance along the barrier (where necessary, with an addi-

tional correction). The hydraulic resistance was represented by the value 

of vi„A per barrier section, where: 

n2 = two-dimensional discharge coëfficiënt (see Section 4.2.1) (-) 

A = wet cross-sectional area, related to the down stream water level (m2) 

The discharge per barrier section i, q^, is determined simply by the ratio of 

(u„A). multiplied with a correction coëfficiënt B^: 

(6.4) q i 
= B. 

1 

(y 2 A) i 

l < v 2
A > i i = 1 
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where: 

Q = discharge through the entire channel (m3/s) 

(remaining parameters as described above) 

Equation 6.4 can be derived from the equations that were used in chapter 4 to 

describe the discharge characteristics of the barrier. 

The discharge rate through a single barrier section is given by equation 6.5: 

qt = (v2A)i /2g Ah. (6.5) 

The discharge through the entire channel is given by equation 6.6: 

Q = vi A / 2g Ah (6.6) 

When three-dimensional effects are absent, y? will be equal to y_ (see Section 

4.2.2) and the head difference over the single sections will be equal to the 

head difference over the entire barrier. In other words, there is no lateral 

exchange between the "stream tubes" through the various barrier openings. This 

leads to: 

n 
y A = l (y A) (6.7) 
3 i = 1 

Q = l q, (6.8) 
i = 1 

Ah. = Ah (6.9) 

Combining equations 6.7, 6.8 and 6.9 with equations 6.5 and 6.6 resulted in 

equation 6.4 with B = 1. Thus, the correction coëfficiënt B could be seen as a 

correction for the influence of three-dimensional effects. These three-dimen­

sional effects are caused by the influence of bottom geometry, abutments, 

lateral variation in the hydraulic resistance, etc. 

The core of the R1495 model was the simple equation 6.4. Additionally the 

model provided an administration of the geometry of the barrier sections, the 

discharge coefficients and the correction coefficients. The construction of 

the storm-surge barrier was schematized into ten different construction stages 

for the main sections (Figure 6.5) and seven for the border sections. The 

geometry of the sections was characterized by the wet cross-section at the 

reference level NAP (Afj^p), and the width at the water surface. The hydraulic 
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Figure 6.5 Selected construction stages per site for f1urne (tests(*) and 

schematization in the scale and numerical models 

resistance was given by the discharge coëfficiënt p„. The values of pp have 

been determined through f1urne tests (see Section 4.3-2). 

The value of the correction coëfficiënt B was originally determined by a cali-

bration of the R1495 model based on the results of the M1001 model (detail 

model of the mouth of the Eastern Scheldt, see Chapter 5). During the con­

struction of the storm-surge barrier the set of B-values were verified with 

field data and modified where necesary. In the initial calibration of B the 

following effects were accounted for ([6-3], [6-4]): 

- Bottom geometry in the vicinity of the barrier: 

This influence was dominant at the start of the building process and the 

hydraulic resistance of the barrier was small. The approximation of the 

barrier equation was too rough, in fact. 

Side abutments: 

The side abutments caused local contraction of the flow. This effect was 

schematized by a simple non-dimensional correction function on the dis­

charge distribution in the vicinity of the side abutments. The influence of 

the abutments gradually diminished as the hydraulic resistance of the 

barrier increased. 
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- Skew inflow: 

The discharge coëfficiënt, y?, was derived for a flow direction perpendi-

cular to the axis of the barrier. For oblique flow the value of y„ was no 

longer correct and a correction was applied, based on experimental results 

from the scale model M1001. This is particularly the case in the vicinity 

of construction fronts, for example at the transition of sections with and 

without the rubble sill. 

- Lateral variation of the head difference along the barrier: 

An abrupt lateral variation of the discharge capacity along the barrier 

caused a lateral variation of the head difference. In this case the assump-

tion was no longer valid, that the lateral variation of the head diffe­

rence, Ah, was negligible (see also Section 4.1.2). This effect was most 

pronounced for a structure consisting of sections with the sill beam in-

stalled as well as sections without the sill beam. Here an empirical cor­

rection based on scale model tests (M1001) was applied. 

The approach outlined above, enabled the use of the results of the scale model 

tests much more effectively: The results of a scale model test were only valid 

for the specific geometry that had been tested. By calibrating the R1495 model 

to the scale model (the M1001 model) through a set of correction coefficients, 

the results of other geometries could be predicted without further scale model 

tests. 

6.3.2 Boundary conditions 

The boundary conditions for the R1495 model were the discharge through a main 

channel, Q, and the downstream water level. 

These boundary conditions could either be constant values, or time series. 

Constant values were generally used to represent maxima, for design purposes 

(the steady state model M1001 fitted in this scheme). Time series were used 

for operational control. 

6.3.3 Verification 

After the initial calibration of the R1495 model on the basis of scale model 

tests in M1001, additional scale model tests (that were conducted for other 

purposes, for example tests on the stability of the bed protection) were con-

sequentely used as a verification for the R1495 model. These verifications en­

abled an estimate of the accuracy of R1495 (see [6-5], [6-6]). The error in 

q/A was estimated to be 10% (standard deviation) for a random location and 
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construction stage. Combined with an error in the predicted transport rate 

computed with IMPLIC, this resulted in an overall error of 15$ in q/A 

(Standard deviation, errors in IMPLIC and R1495 being assumed to be mutually 

uncorrelated). 

During the construction of the barrier a systematic verification of the models 

IMPLIC-R1495 was conducted on basis of field data, see Section 8.1. The over­

all inaccuracy of q/A turned out to be '\2% (Standard deviation). 

6.4 Integrated model IMPLIC-R1495 

Near the end of the construction activities (1986), the R1495 model was, for 

operational use, integrated in the IMPLIC schematisation. Each gate opening of 

the barrier was represented by a barrier section (see 6.2.3) in the IMPLIC 

model. The schematization was thus expanded with 68 sections; 62 representing 

normal sections and six border sections. The advantage of an integrated model 

was that all pre- and post-processing facilities of the IMPLIC system were 

also directly available for the barrier sections. Additionally, the facilities 

of the IMPLIC barrier routine, such as accounting for different flow condi-

tions and the use of triggers for the gate movements, also became available 

for the barrier sections. 

For use in IMPLIC the values of (By2A)., computed by R1495, could not be used 

directly. For the IMPLIC model the sum of the effective cross-sectional areas 

of the sections, had to be equal to the value of y_A of the barrier in the 

considered channel. Thus, besides B and y~, also y_ had to be incorperated. 

Introducing an average value By2, defined as: 

_ n 
By = ( l (By A).)/A (6.10) 

c i=1 * x 

In the IMPLIC model the overall discharge coëfficiënt y_ was used for the en-

tire structure in a channel. The discharge coefficients for the sections had 

to be corrected in such a way that the average discharge coëfficiënt for a 

channel was equal to y~. The corrected value of the discharge coëfficiënt of a 

section was: 

"1-IMPLIC = (B^i * ( V B ^ (6'11) 

Substitution of 6.10 in 6.11 gives: 

*i-iMPLic = ( B ^ i * (~ir ) <6-12> 
I (By2A) 
i=1 * x 
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The values of the discharge coefficients (resulting from equation 6.12), the 

average depth of the sill and the width at the water surface per gate section 

(resulting from R1495) were directly used in IMPLIC. Compared to the original 

schemati2ation, each channel was now represented by a number of parallel bar-

rier sections, corresponding to the number of openings in the channel, instead 

of a single barrier section. 

The integrated model, IMPLIC-R1495, ran on a Hewlett Packard computer system, 

HP1000F. The runtime was about three minutes for 24 hours simulation. 

Even an extensively calibrated and verified model would not exactly reproduce 

all details of the prototype. For a final correction several routines, based 

on time-series analysis techniques, were developed to correct the forecasts 

for these errors. Such a final correction was specially important for the con-

trol of the more difficult operations. For example, installing of the concrete 

sill beams was guided by velocity measurements. These velocity measurements 

were also used to improve the velocity forecasts, by applying a correction 

based on the comparison of the computed and measured velocity [6-7]. In ge-

neral, the most simple correction, by a constant factor for each flow direc-

tion, worked out well. An evaluation of the accuracy of the results of the 

forecasts will be given in Section 8.1. 
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7. Two-dimensional numerical tldal models 

7.1 Introduction 

This chapter describes the application of two-dimensional mathematical (WAQUA) 

models for the computation of flow patterns in the Eastern Scheldt estuary and 

in the vicinity of the construction sites of the storm-surge barrier. It was 

the first time in the Netherlands that numerical models were used on this 

scale and for such detailed flow simulations. 

For the computation of the flow pattern, a series of off-line nested models 

with a decreasing grid size, were used. In this way an increasing detail of 

the flow pattern could be achieved; the smallest detail, however, was equal to 

the dimensions of the applied grid size. 

The main function of the two-dimensional models was to compute: 

- the overall tidal movement (discharge and water levels) 

- the mutual influence of closure gaps (asymmetrie building stages) 

- the flow pattern in the vicinity of the barrier (velocity- and discharge 

distributions upstream and downstream of the barrier and at the barrier 

axis). 

The first application of the two-dimensional models for the Eastern Scheldt 

started in 1974 and after an extensive testing period it was decided in 1983 

to use these models instead of the hydraulic scale model M1000. 

In Section 7.2 a description is given of the WAQUA program system which is 

used for the computations. 

A general description of the WAQUA-models used for the Eastern Scheldt, is 

presented in Section 7.3. 

Sections 7.4 through 7.6 describe the schematization, calibration and verifi-

cation of the series of models, namely the overall model of the entire Eastern 

Scheldt estuary, a more detailed model of the mouth of the Eastern Scheldt and 

the set of small-scale models in the direct vicinity of the barrier. 

Finally, Section 7.7 gives a description of the operational experience with 

the models. 

7.2 The WAQÜA-system 

WAQUA is a system of interlocking computer programs for the two-dimensional 

depth-averaged simulation of hydrodynamics and water quality in well-mixed 

estuaries, coastal seas, harbours and inland waters. The system can simulate 

the hydrodynamics in complex geographical areas and the land-water boundary is 
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determined by the model during simulation. The system accounts for sources of 

discharges, for tidal flats, for islands and dams, time-varying or constant 

flow restrictions in which sub- or super-critical flow oecurs, and those gene-

rated by openings in dams, sluices or storm-surge barriers. The system is de-

signed for planning, design and carrying out of engineering works and for the 

assessment of their impact. The input and the results of simulations can be 

presented in printed reports and graphical displays (time-histories, velocity 

and transport-vector plots, isolines of water levels and concentrations, 

etc.). 

The system had originally been designed by J.J.Leendertse at the Rand Corpora­

tion in Santa Monica USA and had its origin in a program for computation of 

long-period waves [7-1]. Alongside ongoing engineering investigations, par-

ticularly for the Dutch Rijkswaterstaat (Delta Department), the system of pro­

grams was developed. Further program and system development was also done at 

Rijkswaterstaat, Data Processing Division and DELFT HYDRAULICS. 

The partial differential equations used in the system are the two-dimensional 

shallow-water equations: equations 7.1, 7.2 and 7.3 (see also Section 3.2): 

a(hU) a(hV) ah , , 

ax ay at v ; 

The depth integrated momentum equations are given by Equations 7.2 and 7.3: 

au „ au „ au 
p CL W2 cos <t> 

„„ „ u„ „ — „,, r3
2U a2Uï „ aa g U/U2 + V2 y a l " ^ ° * ,_ ,. 

at + ü ïï + v iy" = fV + V~ + —] ~ g ai " ~ T " + h ^ (7'2) 
J ax2 ay2 C2 h *w 

p C n W
2 sin <j> 

H + u 1Y av _ .afv aiv, M _ g v/u2 + v2
 » V D » . 

at u ax v ay IU v t L
0 ,

 + ^ ,J g ay _, . + h P
 W,:S; 

J 3x2 ay2 J C 2 h Mw 

These equations are numerically solved on a staggered grid using an ADI-

method. The numerical scheme is uneonditionally stable for flows without spe­

cial structures such as barriers. The original numerical method, developed by 

J.J.Leendertse, was improved by G.S.Stelling [7-2]. Already mentioned pre-

viously are the special features in the system to account for energy-losses, 

caused by the storm-surge barrier, and to represent the process of drying and 

flooding of tidal flats. 

A set of data, specifying all the input necessary to run a simulation for a 

particular area, is called a WAQUA-model. Part of the WAQUA-system is the 

Input Data Processor which checks and reports the given model-input. Graphic 
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display programs for visualizing input data and simulation results have been 

used for many illustrations in this report. Other post-processing programs are 

used e.g. for the computation of discharge coefficients. 

7.3 General description of the WAQUA-models used 

The development of the WAQUA program system was strongly stimulated by the 

applications required by the Delta Department. A model for the Haringvliet was 

foliowed by the general model for the coastal area and the estuaries in the 

Delta, RANDDELTA-2 (see Figure 7.1). In this model the influence of the clo-

sure of the Eastern Scheldt (and later the construction of the storm-surge 

barrier) on the adjacent sea area, could be investigated [7-7] and [7-8]. 

Although computed water levels were in good agreement with observed water 

levels, the grid size of 800 m in this model was too coarse to reproduce the 

transport rates in the entrances of the Eastern- and Western-Scheldt es­

tuaries. So the 400 m grid model SCHELDES was built (see Figure 7.1). To make 

Figure 7.1 RANDDELTA-2 model (800 m grid) and nested SCHELDES model 

(400 m grid) 
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the calibration of these models easier and to reduce computer time, these 

models were divided into several 800 and 400 m submodels. An overview of these 

models can be found in [7-3]. 

One of the 400 m submodels was the overall model of the Eastern Scheldt 

OOST-2. A comparison of this mathematical model with the hydraulic scale model 

of the same area, M1000, showed that both models gave equivalent results [7-

4]. A seaward extension of the model resulted in the frequently used model 

00ST-3 [7-6](see Figure 7.2), described in Section 7.4. 
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Figure 7.2 OOST-3 model (400 m grid) and nested 100 m, 90 m and 

45 m models 

üntil 1983 computations with these models were only possible at the RAND Cor­

poration, because of the size of the models exceeding the maximum number of 

8000 grid points, which were possible for the WAQUA-version on the Rijkswater­

staat' s UNIVAC computer at that time. Simulations with these models on the 

UNIVAC became possible after the implementation of the improved numerical 

scheme, designed by G.S.Stelling [7-2], in a redesigned version of the simula-

tion program. 

The pier-to-pier distance in the storm-surge barrier is 45 metres and to be 

able to compute transports through each separate opening, models with a grid 
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size of 45 m had to be built. However, the design of these small-scale models 

had to be based on the already mentioned limitation of 8000 grid points, to 

allow for computations on the Rijkswaterstaat's computer. Three 45 m grid-size 

models HAMMEN, SCHAAR and ROOMPOT were built for the direct vicinity of the 

storm-surge barrier in the three main channels. The two 90 m grid-size models 

M00S-N and M00S-Z for the northern and southern part of the storm-surge bar­

rier, appeared to be necessary as intermediate models to provide accurate 

boundary conditions for these 45 m grid-size models (see Figure 7.2 and Sec-

tion 7.6). At first the 90 m models received their boundary conditions from 

OOST-2, later on from OOST-3. 

For an accurate computation of flow patterns in an estuary such as the Eastern 

Scheldt, a grid size of 400 m in the OOST-2 and 00ST-3 model was too large. 

The topography of this area contained many important gullies and tidal flats 

on the same scale as this grid size, so they were difficult to schematize in 

the numerical grid. However, the velocity distributions in the Eastern Scheldt 

were very important for sediment transport and for environmental interests 

(fisheries). Also more detailed models were needed for the compartmentalisa-

tion works and the detail models for the closure of the secondary dams. Four 

100 m detail models, together covering the entire Eastern Scheldt (see Figure 

7.2), have been built since 1984. One of them is the D00S-1 model of the mouth 

of the estuary (see Section 7.5). 

During the development stage of these models many tests have been performed by 

the RAND Corporation and the Delta Department. For the different construction 

stages of the storm-surge barrier, many computations were performed by DELFT 

HYDRAULICS. All these computations yielded a considerrably better understan-

ding of the behaviour of both the prototype system and its numerical equi­

valent. 

A very important aspect of the use of numerical models is the interpretation 

of the results. The assumptions, used in the basic equations and the numerical 

aspects of the solution method, must always be kept in mind. An example is the 

interpretation of computed (vertically avaraged) flow velocities in the over­

all models (coarse grid): direct comparison with measured (local) velocities 

is hardly feasible since the computed velocities are an average value for one 

grid. Only in the most detailed models a good agreement can be expected and 

has also been found. 

In Sections 7.3.1, 7.3.2 and 7.3.3 a general description of the most important 

components of the input data for the simulation program (i.e. a WAQUA-model) 
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are given, i.e. the data determining the geometry of the model, the data des-

cribing the storm-surge barrier and the initial- and boundary conditions dri-

ving the model. 

7.3.1 Schematization of the geometry 

The setting up of a WAQUA-model begins with the selection of the geographical 

area to be modelled. For this the desired grid size, number of grid points and 

orientation of the grid should be considered, together with the positioning of 

open and closed boundaries. The area represented by the model should be selec­

ted in such a way that the distance from the open boundaries to the area of 

interest is as large as possible to avoid that changes in the storm-surge bar­

rier affect the open boundaries of the model and hence new boundary may condi­

tions may become necessary. However, if a larger model is available, the re-

sults of such a model can be used (see Section 7.3.3). 

The computer time used depends on the number of grid points and the time-step. 

It is an important factor in the design of a model because the WAQUA simula-

tion program, as is the case for all programs for hydraulic computations, is a 

very extensive user of computer time and in practice only a limited amount of 

computer time for a simulation is acceptable. 

The next important part of the geometry of the model is the bottom topography 

of the selected area. A schematic representation must be made on a discrete 

grid with a certain grid size. In every grid point a depth had to be selected 

manually (at that time) by drawing the grid on available survey charts and 

selecting a representative depth. This process is not straightforward and 

sometimes it is highly subjective too. The amount of work depends highly on 

the grid size used because the larger the grid the more attention must be 

given to obtain an accurate representation of gullies and tidal flats in the 

numerical bottom schematization. 

It should be noted that all models had different bottom topographies because 

for each model the (at that time) most recent charts available were used. 

These differences in topography could cause differences in the results of the 

numerical and physical models and the prototype. Dry ing and flooding of the 

tidal flats in these models were influenced by the schematization of the 

bottom topography. In the small-scale models only the local velocity distribu-

tions in the shallow areas were affected but in the large-scale models the 

transport distributions in the channels could be affected. 
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With the help of contourline data (boundary outlines) the geometry of the 

closed boundaries was brought into the model. An extra check was done for the 

cross-sections at the site of the storm-surge barrier because they were impor­

tant for a good representation of the transport distributions in the models. 

7.3.2 Schematization of'the storm-surge barrier 

The storm-surge barrier has an enormous effect on both the large-scale water 

movement in the Eastern Scheldt and on the small-scale flow distributions in 

the vicinity of the barrier where turbulence causes energy losses that had to 

be accounted for in the models. For this the simulation program was provided 

with a facility (barriers) to model energy losses for (time-varying) flow re-

strictions (gates) in which sub- or supercritical flow occurs. A barrier re-

stricted the flow in one direction and was seen, in the program, as an open 

boundary on both sides with a different treatment, and which were connected 

again locally using a relation between discharge and head difference [7-5]. 

These weir formulae contain discharge coefficients, barrier widths, sill 

depths and gate heights and are explained in more detail in Chapter 4. 

In the beginning none of the models for the Eastern Scheldt had barriers be­

cause first a calibration and verification had to be carried out for actual 

situations in the prototype and, at that time, the construction of the storm-

surge barrier had not yet begun. 

Barriers were used for the first time by the RAND Corporation and the Delta 

Department in the OOST-2 and HAMMEN models, to investigate whether the effect 

on flow distributions by construction stages of the storm-surge barrier could 

be studied in these numerical models (see [7-5]). 

Af ter that DELFT HYDRAULICS applied these models for a large number of compu-

tations for different construction stages. For this DELFT HYDRAULICS studied 

different aspects of the use of the barriers in the simulation program and it 

appeared to be necessary to also try alternative formulations for modeling 

energy losses at the barrier sites, e.g. by replacing the barrier by a locally 

adapted bottom roughness and depth (more detail in Section 7-7). The represen­

tation of the barrier in the detailed models appeared to be essential for a 

good reproduction of actual flow patterns. 

With grid sizes of 400 m in OOST-2 and 00ST-3, 100 m in D00S-1 and 90 m in 

M00S-N and MOOS-Z, sorne adaptions in the model barriers had to be made in view 

of a pier distance in the storm-surge barrier of 45 m and an orientation of 
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the barrier which did not correspond with the model grids. Thus, barrier 

dimensions and barrier characteristics had to be transformed to barriers in 

the 400, 100, and 90 m grids (see Section 7.7). 

7.3-3 Boundary conditions 

As they are driving the model, boundary conditions are essential for an accu­

rate computation of the flow field in the inner area. If an actual situation 

has to be reproduced in a model (e.g. for calibration or verification, see 

Sections 7.4.2, 7.5.2, 7.6.2), boundary conditions can be derived from overall 

models, which use measured data and in turn can produce boundary conditions 

for the detail models. Future situations can be simulated with predicted 

boundary conditions, but this was not necessary for the study of the effects 

of the construction of the storm-surge barrier. Here the available boundary 

conditions of an overall model could be used because they were hardly affected 

by the construction ([7-7] and [7-8]). Methods have been developed for com-

posing the boundary conditions for the various models. 

Observed water levels from measuring stations in the seaward direction of the 

storm-surge barrier were transformed into boundary conditions for the overall 

400 m model OOST-2, or were used directly for its extended version 00ST-3 (see 

Section 7.4). The option of using water levels, predicted for the astronomical 

tide, was only applied for the one-dimensional model IMPLIC. 

Another technique (called nesting) is the extract ion of results from a larger 

model and use them as boundary conditions for more detailed models. With this 

method good results were obtained. It appeared that the more detailed the 

model, described in detail in [7-14], the better was the agreement between 

computed and measured velocities. 

The use of data from the 400 m model for the boundary conditions of the 45 m 

HAMMEN was tested but this step appeared not to work, so the 90 m models 

M00S-N and M00S-Z were built as an intermediate step. The 400 m models pro-

duced the boundary conditions for the 90 m models and these produced the boun­

dary conditions for the 45 m models. 

When water levels from the 400 m model were used as the only boundary condi­

tions, the flow distributions along the open boundaries of the more detailed 

model were not correct, as well as the computed flow distribution in the 

model. The only way to ensure a correct transport distribution along the open 
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boundary was to use velocity-boundaries (discharge boundaries were not avai-

lable in the WAQUA-vers ion of Rijkswaterstaat at that time) and a small water 

level boundary to control the water level in the model, and to compensate for 

small differences in transports through the velocity-boundaries. 

As velocities gave different transport rates in models with different grid 

sizes and bottom topographies, the transport rates in the larger model through 

sections eoinciding with the boundary of the nested model and water levels 

were transformed to velocities with help of depths in the nested model, to 

ensure a correct transport distribution through the boundaries of the nested 

model. In this way also rotated nested models (SCHAAR and ROOMPOT) could be 

provided with boundary conditions. This technique, developed at the RAND Cor­

poration, was incorporated in a special program, which was also used for the 

D00S-1 model (see [7-14]). 

The position of the open boundaries of the detail models, with respect to the 

area of interest (i.e. the storm-surge barrier), was such that changes could 

have an area of influence reaching over the open boundary. This meant that new 

boundary conditions should be generated through the overall model if it was 

expected that they were being affected by changes in the inner area of the 

model. The same procedure was applied in case the overall motion in the es-

tuary was affected, e.g. due to progress in the blockage of the channels by 

the storm-surge barrier. 

The starting conditions of all the models were a zero velocity field and a 

constant water level throughout the model, preferably the water level at high 

water slack to reduce the initial period of the model. 

7.4 00ST-3 

Two general models with the Eastern- and Western Scheldt estuaries and the ad-

jacent sea area were available: the RANDDELTA-2 model with a grid size of 800 

m and the SCHELDES model with a grid size of 400 m [7-7]. Several 800 and 400 

m models were derived from these models to make the calibration process of 

separate parts easier [7-3]. With the 800 m model OOST of the Eastern Scheldt 

many computations have been made to investigate the influence of the numerical 

techniques used in WAQUA and the behaviour of the estuarine swystem, depending 

on system parameters (see [7-9], [7-10], [7-11], [7-12] and [7-13]). 

A more detailed model was the 400 m model of the Eastern Scheldt OOST-2 [7-4]. 

The RANDDELTA-2 model had shown that the water levels at the location of the 
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OOST-2 boundary were hardly influenced by the barrier construction [7-8]. 

However, the construction of boundary conditions for the 00ST-2 model was a 

complicated process because of the absence of measured data at the locaton of 

the boundary. The boundary conditions could be derived with help of cross-

spectral analysis, transfer functions, results of the two general models and 

water-level records of five stations near the boundary. This technique was 

only available at the RAND Corporation. A more detailed description can be 

found in [7-4]. 

Prototype data were available, on a routine basis at a number of fixed tide 

gauges at some distance of the boundary of 00ST-2. Therefore, the model area 

was extended in seaward direction. The new 400 m model was called OOST-3 and a 

description can be found in [7-6]. The model had its open boundaries close to 

the four measuring stations 0S-11, 0S-13, OS-14 and 0S-15 making it possible 

to run the model directly with accurately measured water levels, with a 

10 minute interval. This ensured a good transport distribution over the three 

main channels, which is strongly affected by mean sea-level variations along 

the open boundaries. 

Both the 00ST-2 and the 00ST-3 model were used for the generation of boundary 

conditions for sub-models D00S-1, M00S-N and M00S-Z. Errors in the overall 

models were directly transferred into errors in the computed flow of sub­

models; a good calibration and verification of these models was very impor­

tant. 

7.4.1 Schematization 

Generation of boundary conditions for the 00ST-3 model was fairly simple. 

Prototype measurements of water levels could be used directly as boundary con­

ditions. The same had been done for the one-dimensional IMPLIC model (see 

Section 6.2.4). During the simulation, the 10-minute values were interpolated 

linearly in time and along the open boundary. 

The schematizations of the bottom topography of the 00ST-2 and 00ST-3 model 

were taken from the SCHELDES model and were based upon survey charts of 1976. 

An adjustment had been made to the situation of 1981 for the area around the 

construction sites of the storm-surge barrier. The schematization of the bot­

tom of the Eastern Scheldt, with its gullies and tidal flats, in a 400 m grid 

was a far from straightforward process. Extreme care had to be taken to ensure 

that all cross-sections through the depth points of the model matched the 

cross- sections of the original charts [7-4]. 
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For the situations during the different construction stages of the storm-surge 

barrier, barriers have been used in the 400 m grid to model the effect appro-

ximately. 

7.4.2 Calibration and verification 

The OOST-2 model was calibrated for the period 1 to 6 September 1976 with 

computed water levels from the RANDDELTA-2 model as boundary conditions. A 

verification of the OOST-2 model was done for the period 10-11 January 1982 

[7-4]. A comparison between the resulting transport rates through Hammen, 

Schaar and Roompot in OOST-2 with the measured transport rates, is given in 

Figure 7.3. A comparison of water levels in different parts of the Eastern 

Scheldt is also given in Figure 7.3 (see also results of M1000; Figure 5.7). 

Because the 00ST-3 model is an extended version of the OOST-2 model, calibra­

tion (for the period 10-11 January 1982) was hardly necessary. The tides on 19 

and 26 July 1983, 6 November and 29 December 1983 were used for verification 

of the model [7-6]. 

A comparison between computed transport rates through Hammen, Schaar and 

Roompot in OOST-3 to the measured transport rates for the period 19 July 1983 

is given in Figure 7.4. 

The calibration of the 400 m models was done by locally adjusting the bottom-

friction coëfficiënt, taken from the RANDDELTA-2 model. The boundary 

conditions had not been adjusted or modified, because the model was supposed 

to work also for other periods than the one used for calibration. 

From the calibraton and verification of the model the following figures, rela-

ted to the inaccuracy range of the results, were achieved: 

- water levels: amplitude 2% and phase 5 minutes 

- discharges: amplitude 5% and phase 10 minutes 
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7.5 DOOS-1 

Four 100 m models, together covering the entire estuary, were built. One of 

them was the D00S-1 model of the mouth of the Eastern Scheldt (see 

Figure 7.5), built by the Delta Department and used by DELFT HYDRAULICS to in-

vestigate the effects of asymmetrie (with respect to resistance or blockage 

ratio) construction stages. In these situations there was a change in tran­

sport distributions among the three main channels and the resulting water 

levels gave rise to changes in current-velocities in secondary channels and 

across the tidal flats. With a grid size of 100 m an accurate computation of 

these effects was possible (see Section 7.7). 

i 2e M ie ee ee i ee 12e H S 1 ee 1 BB ?ea 

Figure 7.5 D00S-1 model (100 m grid) 

7.5.1 Schemat izat ion 

With a grid size of 100 m the resulting grid had 16 times more grid points 

than a 400 m grid. This made the schematization of the bottom topography for 

the DOOS-1 model with its gullies and tidal flats less complicated. However, 

there always remained gullies with dimensions that made them difficult to 

schematize in the grid, but on this scale the contribution of these details 

with respect to the total tidal movement was of minor importance. 
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For the depths mostly survey charts of 1981 and 1982 had been used. For the 

tidal flat Roggenplaat and the adjacent secondary channel Kortsluitgeul, the 

most recent survey charts of 1983 and 1984 had been used, because this was es-

sential for the investigation of the effect of asymmetrie closures of the 

storm-surge barrier. Older survey charts had been used for various tidal 

flats. 

For the calibration of the DOOS-1 model boundary conditions were taken from 

the OOST-2 model. For the investigations of the construction stages of the 

storm-surge barrier the boundary conditions were taken from the OOST-3 model. 

Like all nested models the open boundary of the DOOS-1 model consisted to a 

large extent of velocity-boundaries and only a small water-level boundary (in 

the northern seetion). 

As mentioned in Seetion 7.3.2, barriers had been used in DOOS-1 to model the 

storm-surge barrier in the 100 m grid (see also Seetion 7.7). 

7.5.2 Calibration and verification 

The DOOS-1 model had been calibrated for 11 January 1982 only by adjusting the 

overall bottom friction (Manning) and the eddy viscosity. Also the choice of 

open boundary definitions (water level- and velocity boundaries) had been 

tested so as to achieve the best velocity distribution at the boundaries of 

the model, using results from the 400 m model. 

In Figure 7.6 it is shown that the representation of the transport rates in 

the three main channels in DOOS-1 is of the same quality as in the 400 meter 

OOST-2 model (see Figure 7.3), as can be expected because 00ST-2 provided the 

boundary conditions for DOOS-1. 

A verification of the model had been done by DELFT HYDRAULICS for the measure-

ments on 30-07-84 and 01-08-84. 

7.6 90 m and 45 m models 

To provide detailed information about the transport distribution through the 

storm-surge barrier, several 45 and 90 m models were built. The first 45 m de­

tail model built was the HAMMEN model and with this one it was found that re-

sults of a 400 m model could not be used as boundary conditions for a 45 m 

model. With the special procedure, described in Sections 7.3.3 and 7.6.1, 
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transport rates and water levels eomputed in the 400 m model 00ST-2 (or 

00ST-3), could be used as boundary conditions for the intermediate 90 m model 

MOOS-N of the northern part of the storm-surge barrier. The results of this 

model were used to produce boundary conditions for the HAMMEN model. 

The technique of nesting models in larger models had been developed, improved 

and tested in many computations in the MOOS-N and HAMMEN model [7-14]. Af ter 

this the 45 m model SCHAAR was built, oriented in the direction of the barrier 

and thus rotated in the MOOS-N model, foliowed by the 90 m model MOOS-Z of the 

southern part and its nested 45 m model ROOMPOT. All the 90 and 45 m detail 

models were designed with the mentioned limitation of 8000 grid points. 

7.6.1 Schematization 

For the schematization of the bed topography of the M00S-N model and its 

nested models HAMMEN and SCHAAR, survey charts of 1978 and 1979 were used for 

the first versions (used in the stages of development), later on they had been 

correeted to the situation of 1981. For the M00S-Z model and its nested model 

ROOMPOT charts of 1981 had been used. 

Changes in construction stages of the storm-surge barrier especially affected 

the schematizations of models with grid sizes of 90 and 45 m. Not only the 

boundaries and the bed topography in the vicinity of the barrier, but also the 

schematization of the barrier itself changed during the construction, so all 

these models had to be changed many times during the studies. 

7.6.2 Calibration and verification 

The results in the 90 and 45 m models were highly dependent on the quality of 

their boundary conditions and their bed topography: they determined the re-

sulting flow patterns in the area. This meant that a calibration of these 

models was hardly possible and the usual parameters for friction and eddy vis-

cosity were used. 

The same date as for 00ST-3, 11 January 1982, had been used for verification, 

because data like transport rates through the main channels and velocities in 

various points in the centre of the models were available. The results showed 

a good agreement between eomputed and measured velocities and transport rates. 

In Figures 7.7 and 7.8, the current-pattern in the 90 m model M00S-Z and the 

45 m model ROOMPOT at maximum ebb is given. In Figures 7.9 and 7.10, the 
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current-pattern is given in the 90 m model MOOS-N and the 45 m sub-model 

HAMMEN at maximum ebb. A comparison of computed (vertically averaged) veloci-

ties and (local) velocities, measured by two vessels on 11 January 1982, is 

presented in Figure 7.11. 

- O R I S A N T I V L . I 
•ORISANT 

-HOLENVLIET CVL.1 
•HOLENVL1ET 

Figure 7.11 Comparison of measured and computed velocities in ROOMPOT model; 

tide 11-01-82 

Also a comparison between these numerical models and the physical scale model 

M1001 had been made before the models were used by DELFT HYDRAULICS for the 

many computations reported in Sections 7.7 and 8.2. 

7.7 Operational experience 

7.7.1 Introduction 

In the preceding paragraphs the calibration and verification of the models has 

been described for the initial situations without any narrowing of the three 

main channels. However, the models were to be used to compute the flow condi-

tions for future situations with arbitrary building stages of the storm-surge 

barrier. 

These building stages varied from the placing of the first pier until the 

placing of the last sill beam. 

The good results of the calibration and verification were no guarantee for the 

accuracy of the computations for future situations. The following problems 

could arise: 
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- the total resistance of the storm-surge barriers in the three main channels 

might not be correct; giving errors in the prediction of the horizontal and 

vertical overall tidal movements (discharge, water level and head dif-

ference); particularly a problem for the overall models 00ST3 and D00S1 

- the local resistance of the storm-surge barrier might not be correct, 

giving errors in the prediction of the discharge and velocity distribu-

tions at the axis of the barrier and therefore also errors in the distribu-

tions upstream and downstream of the barrier; particularly a problem for 

the detail models (grid size 45 and 90 m) 

Both problems were mainly related to one central problem, namely the schemati-

zation of the storm-surge barrier. In all models the resistance of the barrier 

had to be introduced by using the 'BARRIER'-module of WAQUA (see also Section 

7.3-2). The following sections will discuss: 

- prediction of horizontal and vertical tidal movement at arbitrary building 

stages; 

- prediction of discharge and velocity distributions in the vicinity of the 

barrier at arbitrary building stages; 

- stability of the computations at arbitrary building stages. 

7.7.2 Prediction of tidal movement 

For the prediction of the tidal movement for an arbitrary building stage, the 

discharge eharacteristics of each compartment of the barrier had to be deter-

mined first. In a number of tables the cross-sectional profiles and the effec-

tive cross-sectional area (respectively A and p?A) were listed for each com­

partment and for ten building stages (from placed piers until placed sill 

beams). All these values were based on the studies on the discharge eharac­

teristics of the storm-surge barrier (M1644; see also Chapter 4); use was made 

of an interpolation in 'location' and in 'building stage'. 

The tabulated values could, with some minor processing, be directly applied 

for the models with a grid size of 45 m, namely: 

- discharge coëfficiënt = y?A/A 

- width = 39.5 m 

- depth = A/width 

In the other models with larger grid sizes the values of y„A and A had to be 

added for two or more compartments (not always an integer number). These 

values were subsequently processed into the necessary figures in an identical 

way. 

Application of the above-mentioned processing meant that in all the WAQUA-

models y2-values were used as discharge coefficients. 

However, at the start of the investigations the discharge coëfficiënt for the 
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overall model 00ST3 was corrected with a factor p j ^ (see also Section 

4.2.2). This factor took into acount the three-dimensional effects, e.g. due 

to the presence of construction fronts. In the model 00ST3 (with a grid size 

of 400 m) certain stages of a construction front, with discontinouities on a 

scale of 45 m, could hardly be represented; each 'barrier' unit in this model 

represents approximately eight to nine compartments of the real barrier. 

However, a number of computations with 00ST3 for future situations clearly 

showed a stronger reduction in vertical and horizontal tidal movement than 

given by the hydraulic scale model M1000. 

Though the reliability of the scale model was not known at that moment, it was 

decided not to use the correction factor Vo/Pp for future computations. This 

meant that in both the models M1000 and 00ST3 in principle yp-values had been 

applied. With this approach both models gave almost the same prediction of the 

tidal movement for arbitrary building stages. Verification by prototype 

measurements later on confirmed the validity of this approach. 

Finally, note that in connection with the first computations for the reproduc­

tion of velocity distributions at construction fronts (see also Section 4.2.4 

and 7.7.3) it was decided to reduce the vip-value for compartments with a eom-

pleted sill. The reduction was 20? and application of this reduction also gave 

better results with respect to the reproduction of the vertical and horizontal 

tidal movements. An explanation of the need of this reduction could not be 

found. 

4 8 12 16 20 24 4 8 12 IS 26 24 4 8 12 16 20 24 ' 4 8 12 16 28 24 4 6 12 16 20 24 4 8 12 16 28 24 

3BJUL ' 84 3UUL ' 84 tAUG ' 84 38JUL ' 84 31JUL ' 84 1AJG • 94 

Figure 7.12 Results of reproduction of water levels, tide 30-07-84...01-08-84 
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The preceding can be summarized as follows: 

- all the WAQUA-models were using y„-values for the discharge coefficients 

(values were based on the flume test results); 

- the pp-value of compartments with completed rubble sill was reduced by 20%. 

Finally a limited number of results of verifications for building stages of 

the barrier are presented, see Figure 7.12 and 7.13. These are all related to 

the vertical and horizontal tidal movements. An extensive presentation is 

given in [7-15] and [7-16]. 

7.7.3 Prediction of discharge and velocity distributions 

The flow pattern in the vicinity of the barrier at an arbitrary building stage 

depended, to a large extent, on the distribution of the 'resistance' along the 

axis of the barrier. In Section 7.7.2 it has been described in which way the 

discharge characteristics of each 'barrier' of the WAQUA-models could be de-

termined. 

A correct distribution of the resistance at the barrier was an essential 

(internal) boundary condition for the prediction of especially the downstream 

flow pattern. However, at advanced building stages with large vertical narro-

wing of the cross-section (placing of sill beams), three-dimensional effects 

would affect the results. Until then it was not known whether the two-dimen-

sional models could calculate a realistic flow pattern. 

Therefore the investigations started with the reproduction of a number of 

tests for the placing of sill beams which were carried out in the detail scale 

model M1001. The computations were carried out in a special WAQUA-model of the 

Roompot in which the depths of the scale model were simulated (which were 

based on earlier (predicted) sounding charts, with as result some local depth 

differences). Additionally, a steady-state flow was simulated instead of a 

tidal cycle, just as in the scale model (see also [7-19]). 

Essential for these computations was the reproduction of the following charac-

teristic properties of the flow pattern: 

- (steep) gradients in the velocity distributions downstream of a construc­

tion front 

- concentrated flow from the less narrowed part of the barrier 

- large scale eddies on both sides of the main current 

- a rather flat velocity distribution upstream of the barrier 
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Figure 7.14 Results of reproduction of discharge distributions 

Figure 7.14 gives a comparison of the computed velocity distributions and the 

velocity distributions measured in the scale model. At the barrier axis re­

sults of R1495 are presented as well. 

The results show that the reproduction of steep gradients in the velocity and 

discharge distributions was rather good. However, the reproduction of large 

eddies on both sides of the main current and to a lesser extent the position 

of the main current was moderate. These results were achieved by using the 

following adjustments: 

- viscosity coëfficiënt v =1.0 m2/s (prior to this investigation a value of 

\> =6.0 to 10.0 m2/s was used); 

- u2-value of completed rubble sill reduced by 20?. 

Using these adjustments, the flow patterns for a great number of building 

stages of the barrier were computed. The results of these computations with 

emphasis on the downstream flow pattern, are presented in [7-19]. 

As the building of the barrier proceeded, more field measurements of the velo­

city distributions in the vicinity of the barrier became available. Up to the 

completion of the rubble sill, the measurements were usually carried out in 

cross-sections upstream of the barrier. However, during the placing of the 

sill beams, also the downstream velocity distributions were determined. 
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In order to judge the quality of the computations, most of the available 

prototype measurements were reproduced (=hindcasted) with the WAQUA-models. 

This was partly done during the building of the barrier and partly after the 

completion of the works. From this it turned out that the upstream velocity 

distributions were reproduced in a proper way (see Figure 7.15 for results of 

the reproduction of velocity distributions upstream of the barrier). The down-

stream velocity distributions, however, clearly showed the following dif-

ferenees with the prototype: 

- absence of large eddies on both sides of the main current in the model, 

- location and steepness of velocity gradients. 

Some supplementary computations showed that a far better reproduction could be 

achieved by modifying the barrier-formulation. In Section 8.2 the results of 

this exercise will be presented. 

Extensive presentations of the computations related to velocity distributions 

are given in [7-15], [7-16], [7-17], [7-18] and [7-19]. 
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Figure 7.15 Results of reproduction of velocity distributions, 150 m upstream 

of barrier, tide 30-07-84(flood) and 01-08-84 (ebb) 
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7.7.4 Stability of the computations 

In the preceding sections a description is given in what way the viscosity 

coëfficiënt had changed and in what way the resistance of the barrier was 

schematized in order to get a good reproduction of tidal movement and flow 

patterns. In first instance, the other parameters of the WAQUA models remained 

unehanged, meaning that the values obtained during the calibration were main-

tained. 

In the computations for a large number of building stages it appeared that 

sometimes spurious oscillations occurred. The presence of these oscillations 

depended somewhat on the number of placed sill beams. The oscillations showed 

up most clearly in the detail models (gridsize 45 m), whereby the models 

ROOMPOT and HAMMEN reacted in the most sensitive way. 

For two situations with the most extreme oscillations extensive tests were 

carried out in order to reach a new adjustment. These were a situation in the 

Roompot with 18 placed sill beams and a situation in the Hammen with the 

rubble sill completed. At these tests the following parameters were varied: 

At = time-step 

v = viscosity coëfficiënt 

a = reflection coëfficiënt for the boundaries 

Ultimately it turned out that in the detail models non-oscillating computa­

tions could be achieved by using the following values for the relevant para­

meters : 

At = 15.0 s (was: 30.0 s) 

v = 2.0 m2/s (was: 1.0m2/s) 

o =0.0 (was: 35.0) 

It should be noted that the above-mentioned adjustments were a compromise be-

tween acceptable computer time and acceptable reproduction of gradients due to 
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the construction fronts. The gradients were better reproduced using v=1.0, but 

this meant also a further reduction of the time-step. However, the total com­

puter time would become unpractically long (one computation had to be per-

formed during several nights). 

This paragraph ends with the presentation of some examples of the oscillations 

and the results after above-described optimization of the adjustment. Both 

examples show results of computed velocities before and after the new adjust­

ment, see Figure 7.16. An extensive presentation is given in [7-20]. 
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8. Results and comparison with field data 

8.1 Verification of the models; IMPLIC-R1495 and M1000-M1001 

8.1.1 Introduction 

In this section the results are given of the verification of the one-dimen-

sional models that were used for the Eastern Scheldt storm-surge barrier. 

These models are described in Chapter 6. The verification was of major impor-

tance since the basic design parameters for the barrier were determined with 

these models. These basic parameters were (see also Chapter 2): 

- the discharge through the main channels, Q 

- the lateral distribution along the barrier, expressed by q/A 

- the head difference over the barrier, Ah 

The forecast system for these parameters is described in Chapter 3. The method 

of the verification is described in Section 8.1.2 and the results of the veri­

fication are presented in Section 8.1.3. The main purpose of the verification, 

as presented in the following sections, is to determine, in general, the over­

all accuracy and performance of the models that were used and not to discuss 

the results of specific construction stages of the storm-surge barrier. 

The accuracy of the model IMPLIC-R1495 was governed by the input from the 

scale models M1000-M1001 such as: 

- coefficients for the discharge relation p„ and y_ (see Section 6.2.3), 

- calibration of the R1495 model by the coëfficiënt B (see Section 6.3). 

Verification of the models M1000-M1001 for Q, q/A and Ah is discussed in Sec­

tion 8.1.4. 

8.1.2 Systematic verification procedure 

The verification procedure was set up in such a way, that each step in the 

forecast procedure was checked systematically. In this way not only the final 

results of the forecast were evaluated, but also the models as individual ele-

ments in the forecast system. The verifications took place on the basis of re-

sult of measurement campaigns. 

During these campaigns all following basic hydraulic parameters were deter­

mined simultaneously in one of the main channels: 

- The water levels on both sides of the barrier. 

- The head difference over the barrier, Ah. 

- The discharge through the channel, Q. 
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- The lateral distribution of the discharge, q/A. 

- Local velocities. 

Water levels and head difference were obtained from the permanent field sta­

tions. 

The discharge was determined by measuring the velocity profiles upstream of 

the barrier with a number of vessels (at least four) anchored at fixed posi-

tions. 

The q/A distribution could not be determined directly. It was derived from ve­

locity measurements in the axis of the barrier. The instruments were placed in 

such positions, that the relation between the measured velocity and q/A was 

similar for each instrument. Thus the lateral distribution of q/A was the same 

as the lateral distribution of the actual measured velocities, except for a 

coëfficiënt. With the discharge known from the measurements upstream, this 

coëfficiënt could then be eliminated and the values of q/A could be deter­

mined, see Figure 8.1. 

— 0*H]x[hM M Qxfri-D-M 

• measuring point upstream of barrier 
x measuring point at axis of barrier 

Figure 8.1 Location of flow measurement during measurement campaigns 

In principle the purpose of the verification was two-fold: 

- verification of the individual models of the forecast system. 

- verification of the predicted design parameters. 

Re-calibration of the models, based on the verifications, will lead to 

improvement of future forecasts. Verification of the forecasts of the design 

parameters was very important for the contractors building the barrier. The 

quality of the prediction of the design parameters determined to a consider-
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able degree the extent of risks during the execution of the works. Therefore 

the accuracy of the predicted design values of q/A was guaranteed by contract 

by the Public Works Department [8-1]. 

To verify a model, a hindcast of it can be compared with measurements. This is 

a fairly simple procedure. The verification of the predicted design parameters 

is more difficult: In practice the conditions during the verification measure­

ments will never be equal to the conditions for which the design parameters 

had been derived. These were: average tidal conditions and extreme tidal con­

ditions with one-year return period. Since most of the verification measure­

ments would take place under more or less average tidal conditions, all mea­

sured data were transformed to these conditions. This transformation was per-

formed by using the computed relation between the tidal range at 0S4 and the 

maximum transport rate Q^x (Figure 8.2). 

When the ratio between the measured Q and Q at average tidal conditions is 

computed, the measured values of q/A are transformed to average tidal condi­

tions using the same ratio. 

The verification of the head difference over the barrier, Ah, was not done 

systematically for all measurement campaigns, since Ah became important as a 

governing parameter, only during the final construction stages of the barrier. 
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8.1.3 Results of the verification of IMPLIC-R1495 

Verification campaigns, as described in the previous section, were performed 

completely for seventeen construction stages of the barrier (one construction 

stage represents a verification for one main channel for both ebb and f lood 

flow). Additionally, a limited campaign without verification of q/A has been 

performed for eight construction stages, see Table 8.1. 
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27-11-85 

10-12-85 

12-04-86 

26-04-86 

in 

channel 

Hammen 

Hammen 

Schaar 

Hammen 

Schaar 

Roompot 

Roompot 

Schaar 

Roompot 

Hammen 

Schaar 

Roompot 

Schaar 

Hammen 

Schaar 

Hammen 

Schaar 

Roompot 

Schaar 

Hammen 

Schaar 

Roompot 

Hammen 

Roompot 

Roompot 

construction stage of the 

Hammen 

all piers 

1/2rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

7 sill beams 

7 sill beams 

9 sill beams 

14 sill beams 

14 sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

Schaar 

mats 

15 piers 

piers 

2/3rubble sill 

2/3rubble sill 

2/3rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

rubble sill 

1 sill beam 

1 sill beam 

9 sill beams 

9 sill beams 

9 sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

sill beams 

barrier 

Roompot 

mats 

mats 

mats 

18 piers 

18 piers 

18 piers 

piers 

1/4rubble sill 

1/2rubble sill 

rubble 

rubble 

rubble 

rubble 

rubble 

rubble 

rubble 

rubble 

rubble 

1 sill 

3 sill 

9 sill 

9 sill 

9 sill 

21 sil] 

sill 

sill 

sill 

sill 

sill 

sill 

sill 

sill 

sill 

beam 

beams 

beams 

beams 

beams 

. beams 

sill beams 

sort of 

campaign 

with q/A 

no q/A 

with q/A 

no q/A 

no q/A 

no q/A 

with q/A 

no q/A 

with q/A 

with q/A 

with q/A 

with q/A 

with q/A 

with q/A 

with q/A 

with q/A 

no q/A 

with q/A 

no q/A 

no q/A 

with q/A 

with q/A 

with q/A 

with q/A 

with q/A 

Table 8.1 Verification campaigns. 

8.4 



In this report the results of the verifications will not be presented inte-

grally. Only a summary of the results is given for the following items: 

- Discharge in the main channel, Q. 

- Lateral discharge distribution, expressed by q/A. 

- Effect of corrections. 

- Head difference over the barrier, Ah. 

Discharge in thejnain channel, Q. 

The measured discharges were compared with hindcasts of the tidal motion 

during the respective day of the measurements. The results of this comparison 

were used to determine the need of a re-calibration of the IMPLIC model, 

especially for the discharge coefficients of the barrier. Such a calibration 

could improve the forecasts for the following construction stages. Examples 

are given in Figures 8.3 and 8.4. 

The experience gained by the verifications was that, as the construction of 

the barrier progressed, the discharge characteristics of the barrier more and 

more dominated the tidal flow in the estuary. The influence of the discharge 

coëfficiënt y~ became more important than the schematization of the Eastern 

Scheldt estuary itself. 

-100 

Figure 8.3 Hindcast Roompot discharge (IMPLIC), rubble sill completed 
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Figure 8.4 Hindcast Hammen discharge (IMPLIC), 14 sill beams installed 

Additionally a verification was performed of the predicted design values of 

the discharge at maximum (ebb/flood)flow, Qmax- This was done by transforming 

the measured Q m a x to the corresponding value at average tidal conditions. The 

results were compared with the predicted values. Figures 8.5 and 8.6 give the 

results of the verification. The presented values of Q_„„ are given relative 

to the situation without the barrier. 

The results of the verifications, both for design values and hindcasts of the 

discharge at maximum flow, are summarized in Table 8.2. The table gives the 

average and Standard deviation of the difference between measurement and fore-

cast. All values are given as a percentage of the forecast: 

0 measured 
Tna nax Sn; ax 

forecast 

inax 
forecast 

x 100* 

The deviations are given per main channel, Roompot, Schaar and Hammen, for 

maximum ebb flow and for maximum f lood flow. Also the overall results are 

given; for each flow direction and separately for both directions. 

All values in Table 8.2 are relative values, given as percentages. Negative 

values indicate a measurement less than the forecast. 
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Figure 8.5 Verification predicted discharge at maximum flood 
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Figure 8.6 Verification predicted discharge at maximum ebb 
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relative 

deviation 

[?] 

Roompot 

Schaar 

Hammen 

Total 

Overall 

design values Qmax 

max. ebb 

mean 

-1.5 

-5.3 

2.6 

-1.6 

o 

6.2 

10.2 

9.6 

8.9 

max. flood 

mean 

4.1 

2.5 

3.8 

3.5 

0 

4.8 

11.3 

5.6 

7.5 

mean = 0.9?, o = 8.5? 

hindcast Q ^ 

max. ebb 

mean 

1.5 

-2.7 

-2.4 

-2.1 

0 

5.4 

3.9 

6.4 

5.1 

max. flood 

mean 

3.1 

4.4 

-2.4 

1.7 

o 

4.7 

5.0 

3.3 

5.2 

mean = -0.2?, o =5.4? 

Table 8.2 Results of verification Qmov IMPLIC. 

The conclusions from the results presented in Table 8.2 are: 

- The model errors mostly had a random character, even when the individual 

channels were considered. The p values of the errors were always much 

smaller than the o values. 

- The errors in the hindcasts were less than in the design values. The same 

also applies to the differences between the different channels. 

- The accuracy of the initial calibration of 10? (maximum error, see 6.2.5) 

had also been achieved with the hindcasts (maximum deviations * 2 o » 10?). 

Lateral distribution of the transport rate, q/A. 

The measured prototype values of q/A have been compared with the design values 

at maximum flow. This has been done to determine the overall accuracy of the 

prediciton of q/A as a design parameter. Examples of the results of these 

checks are given by Figures 8.7 through 8.9. In addition to the overall in-

accuracy of q/A from IMPLIC-R1495, the inaceuracy of R1495 was determined se-

parately, by excluding the error in the predicted discharge as computed by 

IMPLIC. 

All results are collected in Table 8.3. The deviations are given as in 

Table 8.2 divided per main channel (Roompot, Schaar and Hammen), for maximum 

ebb flow and for maximum flood flow. Also the overall results are given; se-

perate for each flow direction and for both directions. 

All values in Table 8.3 are relative values, given as a percentage. Negative 

values indicate a measurement less than the forecast. 
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relative 

deviation 

[?] 

Roompot 

Schaar 

Hammen 

Total 

Overall 

overall error (q/A)max 

(IMPLIC + R1495) 

max. ebb 

mean 

0.4 

-10.9 

2.9 

-2.1 

a 

11.8 

7.6 

11.0 

11.9 

max. flood 

mean 

6.1 

-3.8 

1.5 

2.0 

a 

9.1 

15.3 

12.2 

12.6 

mean = 0.0? o = 12.4? 

excluding error in Q_ax 

(R1495 only) 

max. ebb 

mean 

2.2 

-5.1 

2.1 

0.1 

O" 

9.9 

6.2 

9.5 

9.4 

max. flood 

mean 

1.2 

-1.4 

-0.1 

0.2 

o 

8.4 

9.2 

10.7 

9.2 

mean =0.1? o = 9.3? 

Table 8.3. Results of verification (q/A)_ov, 
JU1CLA 

Conclusions from Table 8.3. are: 

- The errors in R1495 have a random character, even when individual channels 

are considered. 

- When the errors of the discharge are included the overall error in the q/A 

forecasts is 12.4? (o7y), against 15? that was assessed beforehand. 

- When the error of the forecast of the discharge was excluded, the overall 

error in the lateral distribution of q/A, as computed with R1495, was 9.3?. 

To assess the consequences of the inaccuracy of the forecasts, it is important 

besides the mean error and its Standard deviation also to determine the proba-

bility distribution. Initially the distribution function was assumed to be 

normal one [8-1]. The actual distribution of the overall errors in the fore­

cast of q/A at maximum flow is given by Figure 8.10. lts distribution is in­

deed approximately a normal distribution. 

The deviations given in Figure 8.10 were averaged over all construction stages 

of the barrier. It was also of interest to learn how the errors were distri­

buted over the construction stages. In Figure 8.11 the predicted design values 

of q/A have been plotted against the measured values. Here low velocities 

eorrespond to early construction stages and high velocities to later stages. 

The figure shows that the deviations are equally distributed over low and high 

velocities, and thus over all construction stages. 
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Effect of corrections, operational control 

The most critical operations, such as the placing of the sill beams, were eon-

trolled by on-line velocity measurements. With the help of these measurements 

the short-term operational forecasts could be improved. The short-term fore­

casts were computed with the IMPLIC/R1495 system, six hours ahead, based on 

astronomieal tide data and meteorological effects. By a relatively simple 

manual correction the deviations in the forecast one to two hours ahead, could 

be reduced to half the value achieved without the input of the on-line 

measurements [8-2], 

Head difference over the barrier, Ah 

An overall check of the accuracy of the Ah forecasts was not useful, since the 

accuracy of the measurement of Ah in the prototype strongly depended on the 

narrowing of the channel, and thus on the construction stage of the barrrier. 

Roughly speaking three regimes could be discerned: 

- narrowing less than 50?; construction stages until the rubble sill was com-

pleted: 

The value of Ah was small, less than 0.25 m. The discharge was only 

slightly affected by the barrier; less than 10?. The accuracy of Ah was 

mainly governed by the accuracy of the discharge coëfficiënt y_ which was 

rather inaccurate for these construction stages. A prototype evaluation was 

not possible because of the relatively large errors in the measured (small) 

head differences. 

- narrowing between 50? and 75?; positioning of the sill beams: 

The accuracy of the prediction of Ah was better than with previous con­

struction stages. The barrier formula that was used is correct here. The 

discharge coefficients could be determined with an error less than 10?. The 

error in the predicted Ah could consequently be estimated as less than 

20? , since Ah ~ y~2. Field experience shows that this estimate was correct 

[8-31. 

- narrowing more than 75?; all sill beams installed with a number of gates 

closed: 

Ah was large and could be measured accurately. However, the discharge was 

small and could not be measured accurately, especially in field situations. 

Because of this, the overall discharge coëfficiënt of the barrier in a 

channel could not be determined accurately. With the discharge coefficients 
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predicted beforehand, the error in the predicted Ah turned out to be 10% to 

20% . Once experience was gained with a specific geometry of the barrier, 

re-calibration diminished the errors in Ah computation with 5% to 10% . 

accuracy of the models determined from hindcasts. 

8.1.4 Accuracy of the scale models, M1000-M1001 

A direct verification of the scale models M1000-M1001 with the field data from 

the measurement campaigns given in Table 8.1 was not possible without hindcast 

tests. As a result of the numerous changes in the construction scheme of the 

barrier, hardly any construction stage from these campaigns matched an 

available scale model test. However, conducting hindcast tests was very expen-

sive, and thus was decided against. 

Because the models IMPLIC and R1495 were calibrated on base of the results of 

the scale models, the results of the verification of IMPLIC and R1495 could be 

used as an indirect verification of the scale models for discharge Q, lateral 

discharge distribution, q/A and head difference Ah. 

Discharge, QL and head difference, Ah 

Except for early construction stages, both Q and Ah were mostly determined by 

the discharge coëfficiënt y_. The value of y_ was derived from M1000-M1001. 

The accuracy of Q and Ah from the scale models would thus be the same as from 

IMPLIC. 

Lateral distribution of the transport rate, q/A 

The R1495 model was calibrated on the basis of the M1001 results. Because an 

exact fit of the results was not possible with the R1495 model, R1495 would 

thus be less accurate than M1001. Therefore, the error in q/A from M1001 would 

be less than 9% (a/y). The exact value of the error could not be given; the 

error in M1001 was estimated at 5% (o/v). 

Conclusion 

The accuracy of Q, q/A and Ah, determined through the scale models M1000-

M1001, was slightly better than those determined with IMPLIC-R1495. 

However, the flexibility of the scale models was considerably less than the 

numerical models. Because of continuous changes in the planning of the con­

struction, the results from the scale models had to be "translated" to diffe­

rent construction stages. In practice the errors of this translation were 
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larger than the errors made by using IMPLIC-R1495. Because of this, the scale 

models were not used directly. Note however, that scale models were indispen-

sible for the calibration of IMPLIC-R1495. 

8.2 Reproduction of downs tream flow pat tem 

8.2.1 Introduction 

In this section the reproduction of the flow pattern directly downstream of 

the barrier will be discussed. This flow pattern is an essential parameter for 

the prediction of local scour downstream of the bed protection works on both 

sides of the barrier. The development of scour holes was in first instance 

predicted through scour tests in the hydraulic scale model of the mouth of the 

Eastern Scheldt (see Chapter 5; detail model M1001). During the study period 

it was concluded that the scour could be calculated if a reliable prediction 

of the velocity distribution at the end of the bed protection was available. 

The most interesting phase (related to scour problems) during the construction 

is the installation of the sill beams. It causes an abrupt change in the flow 

pattern (steep velocity gradients, strong eddies). The reproduction of the 

flow pattern had been carried out for a number of construct ion stages for 

which extensive field data were available. For these construction stages the 

flow pattern in the vicinity of the barrier had been computed with the WAQUA-

models of the Eastern Scheldt (see Chapter 7) and the resul ts were compared 

with the observed flow. 

In addition, results of tests in the scale model were available and have also 

been compared with the field data. In this way a preference could be given 

whether physical scale models or numerical models should be used to determine 

(predict) the flow pattern in the vicinity of a structure as the storm-surge 

barrier. 

8.2.2 Setup of the reproduction 

For a number of building stages related to the installation of sill beams ex­

tensive field data were available. These data consisted of water levels, head 

differences, discharges, flow velocities and flow directions upstream, down­

stream and at the site of the barrier. 

A special type of measurements was the so-named 'Ametek'-measurements: the 

downstream velocity distribution at the end of the bed protection was measured 

by a set of special equipment ('Ametek'= acoustic measuring system for deter-

mination of velocity profiles). The following list shows the building stages 

(grouped by main channel) for which 'Ametek'-measurements were available: 

8.15 



Roompot: rubble sill completed 

9 sill beams placed 

21 sill beams placed 

barrier completed 

Schaar : 1 sill beam placed 

9 sill beams placed 

16 sill beams placed 

barrier completed 

Hammen : rubble sill completed 

7 sill beams placed 

9 sill beams placed 

14 sill beams placed 

15 sill beams placed 

barrier completed 

For all these building stages the flow pattern was computed with the 

WAQUA-models. The schematization of the barrier in the numerical models was in 

first instance according to the original approach for incorporation of energy 

losses. At the barrier site the long-wave equations were replaced by the fol-

lowing barrier equation (see also Section 7): 

Qb = p2B (db+a) /2g (hrh3) (8.1) 

where: 

Q^ = discharge per barrier opening (m3/s) 

u„ = discharge coëfficiënt (-) 

B = width of barrier (m) 

d^ = depth of barrier w.r.t reference plane (m) 

a = water level w.r.t reference plane (m) 

g = acceleration due to gravity (m/s2) 

h1 = upstream water level (m) 

ho = downstream water level (m) 

It turned out that with this schematization the downstream flow pattern was 

not reproduced correctly. The implementation of the barrier equation in the 

computational scheme seemed to be the cause of the problems and so supplemen-

tary computations were earried out with a different approach to the energy 

losses at the barrier. 

In these supplementary computations the building stages of the barrier were 

schematized by merely adjusting the local water depth and/or the local rough-
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ness. With respect to the local water depth two alternatives were used, 

namely: the local depth equal to the original water depth in the channel or 

the local depth adjusted in such a way that the cross-sectional area equals 

the area at the throat of the barrier. The schematization had to be made in 

such a way that the discharge charaeteristics did not change. At the barrier 

site an adapted fixed value of the Chézy coëfficiënt had been calculated by 

equating the Chézy equation to Equation 1. 

This results in the following equation: 

P2 B(db+a) /2gT 
C = Ax (d+a)i-s 

where: 

C = adapted Chézy coëfficiënt 

P2 = discharge coëfficiënt 

B = width of barrier section 

d^ = depth of barrier w.r.t reference plane 

a = water level w.r.t reference plane 

g = acceleration due to gravity 

L = length of adjustment (1 or 2 grids) 

Ax = width of grid 

d = depth of bottom w.r.t. reference plane 

The calculation of the adapted Chézy value was carried out for a water level 

at the reference plane (N.A.P.), which is very close to mean sea level. 

Because of the fixed value of C the resulting discharge charaeteristics of the 

barrier showed some deviation as a function of the downstream water level. For 

the reproduction of the flow pattern this was considered to be of minor 

importance. 

8.2.3 Results of the reproduction 

The flow patterns were computed for all the building stages for which 

'Ametek'-measurements were available; for the schematization of the energy 

losses at the barrier site three methods were applied (see Section 8.2.2). 

These methods are: 

- Method 1: Substitution of the long-wave equations by a barrier equation 

(= original method) 

- Method 2: Adjustment of local water depth and roughness 

- Method 3: Adjustment of roughness only 

(m*/s) 

(-) 

(m) 

(m) 

(m) 

(m/s2) 

(m) 

(m) 

(m) 

(8.2) 
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An extensive presentation of the results is given in [8-4] en [8-5]. For two 

more or less representative situations the results are discussed below, these 

situations are (see also Figure 8.12): 

- The Roompot: 21 of the 31 sill beams installed; ebb flow. 

- The Hammen: all 15 sill beams installed; flood flow. 

ROGGENPLAAT HAMMEN SCHOUWEN 

ROOMPOT 
NOOR0-8EVELAW0 NOOROLAND 

Figure 8.12 Cross-section of the barrier under construction in the Roompot 

and the Hammen channel 

In these situations the flow was dominated by three-dimensional effects: 

- The Roompot: At the transition between the barrier section with rubble sill 

and the adjacent one with the concrete sill beams, there was a sharp dis-

continuity in the barrier, in the cross-sectional opening and in the dis­

charge coëfficiënt. Downstream this discontinuity a mixing zone with a 

sharp velocity gradiënt developed. 

- The Hammen: Downstream the barrier large eddies were formed behind the 

abutments of the dam. 

Most of the results presented below, have been computed according to Method 2, 

except for one example which shows the effect of Method 1 and Method 3. In 

addition, results are presented from tests in the hydraulic scale model M1001. 

The results for both the Roompot and Hammen flow situations are presented in 

Figures 8.13 through 8.21: 

- The computed flow pattern in the Roompot has been plotted in Figure 8.13 

for maximum ebb flow. 

- In Figure 8.14 the observed and computed discharge in the Roompot are given 

for both ebb flow and flood flow. 

- The observed and computed flow velocities and flow directions at 350 m up-

stream and 630 m downstream of the barrier, are presented in Figure 8.15 

(maximum ebb flow). The discharge per opening has also been plotted in 

Figure 8.15. 
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- The discharge in the Hammen is presented in Figure 8.16. 

- In Figures 8.17 through 8.19 the computed flow pattern in the Hammen during 

maximum flood flow, has been plotted for Method 1, 2 and 3 respectively. 

- Figure 8.20 shows for the three methods of schematization a comparison of 

the computed velocities at 630 m downstream of the barrier. 

- Figure 8.21 finally gives the observed and computed velocities at 400 m up-

stream and 630 m downstream of the barrier and the discharge per barrier 

section (maximum flood flow). Additional to the field data and computed 

velocities, the measured flow velocities in the scale model are also given 

at 630 m downstream of the barrier. 

Figure 8.13 Roompot channel, flow patterns maximum ebb flow (Method 2) 
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Figure 8.16 Hammen channel, transport rates 

1 0 ' 5 2 B 2 5 3 a 35 18 <5 50 55 SB 65 78 75 

35 10 15 5B 55 S0 65 78 75 

Figure 8.17 Hammen channel, flow pattern maximum flood (Method 1) 
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Figure 8.18 Hammen channel, flow pattern maximum flood (Method 2) 
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Figure 8.19 Hammen channel, flow pattern maximum flood (Method 3) 
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Based on these and other [8-4] and [8-5] results, the performance of the three 

numerical methods for representation of the barrier is briefly discussed: 

- Method 1: Substitution of the long-wave equations by a barrier equation. 

The flow pattern directly downstream of the barrier (which in this method 

formed an internal boundary in the model) was incorrect. The dispersion of 

the main flow was rauch stronger than in the prototype, downstream the bar­

rier the absence of large eddies was obvious. The computed discharge and 

head difference agreed well with observations. 

- Method 2: Adapted fixed roughness and adjustment of local depth. 

The downstream flow pattern gave a fairly good reproduction of the proto­

type; the barrier is no longer an internal boundary in the model. The dis­

persion of the flow and the velocity gradients were nearly equal to the 

prototype values and large eddies were present downstream the abutments. A 

disadvantage of this method is the rough approximation of the resistance; 

because an averaged roughness was used, it was not possible to account for 

the influence of different flow directions and different flow conditions. 

This resulted in a less accurate reproduction of the discharge and the head 

difference than with Method 1. A modification in the program to account for 

above variability is feasible and has already started (see Section 8.2.4). 

- Method 3: Adapted fixed roughness. 

The downstream flow pattern was, more or less, half-way between the results 

of Method 1 and Method 2. The dispersion of the flow varies from a little 

stronger to much stronger than the dispersion according to Method 2. Down­

stream the abutments eddies are, however, practically absent. 

The tests in the hydraulic scale model show a similarity with the prototype 

more or less equivalent to 'Method 2' of the numerical models. However, it 

should be pointed out here, that in the scale model no specific tests were 

earried out to investigate the reproduction of the 'Ametek'- measurements. 

Results were used from tests which had the best resemblance in geometry with 

the actual building stage. For some building stages the number of placed sill 

beams in the model differed slightly from the prototype. 

8.2.4 Conclusions 

Comparison of the results of the numerical models with the field data showed 

that, in general, the agreement between the model and the field data was good: 

- Computed discharges agree well with field data 

- The agreement between the computed flow pattern and the field data is very 
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good upstream of the barrier and at the site of the barrier 

- Downstream of the barrier the agreement between the computations (method 2) 

and the field data was acceptable. The computed maximum velocities have an 

inaccuracy of 5 to 10% for construction stages without large discontinui-

ties and 10 to 20% for construction stages with large discontinuities. 

- The steepness of the velocity gradients downstream of the barrier were 

simulated rather well. However, the location where these gradients occured, 

had an inaccuracy of 50 to 100 m (channel width 1 to 2 km). For engineering 

applications, for example the calculation of scour holes, this difference 

was acceptable. 

The depth-averaged flow pattern computed by the numerical models is as ac­

curate as that obtained from the hydraulic scale model. The method to deal 

with the energy losses at the barrier site largely influences the quality of 

the results of the numerical models. 

On the basis of these results it was deeided to develop a new method for the 

introduction of energy loss at the barrier: 

- Method 4: Dynamically adapted roughness 

This is a mixed version of Method 1 and 2 (or 3). At the barrier site the 

roughness coëfficiënt is continuously adapted as given by Equation (8.2) so 

that the discharge and head loss satisfy Equation (8.1) for a given value 

of the discharge coëfficiënt . 

Thus a new Chézy value is continuously calculated during the computation and 

this makes it possible to use different coefficients for different flow direc-

tions and different flow conditions. 

8.3 Coëfficiënt of discharge 

8.3.1 Model and field data and their accuracy 

Theoretical aspects and the (scale and numerical) model investigations on the 

coëfficiënt of discharge of the barrier (p_) at various construction stages 

have been described in Chapter 4. 

In Section 4.2.3 the inaccuracy of reproduction of y_ in the scale models has 

been estimated at ± 7%. For determination of p^ from observations (of Q 

and Ah) in these models, measurement inaccuracies of these two quantities add 

to increase the inaccuracy of y~. At early stages of construction, Q is large 

and Ah is small, meaning a small inaccuracy of Q and a large inaccuracy 

of Ah. At final stages of the construction, the opposite is true. The 
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"average" measurement error of Q is estimated at ± 5? and that of Ah also at ± 

5?. Assuming again that all errors are mutually independent, the inaccuracy 

range of y^ determined in the scale model, becomes ± 10?. 

For the numerical models, y~ is an input value in the case of the one-dimen-

sional model (IMPLIC). In the case of the two-dimensional models, the inaccu­

racy in the computed v? is made up of two components: inaccuracy in the values 

of y„ as determined through the flume tests (estimated at ± 5?, see Section 

4.2.2) and inaccuracies related to spatial schematization and resolution power 

of the model. The contribution of the latter component is difficult to esti-

mate. One tends to estimate the combined inaccuracy lower than the correspon-

ding scale model value. However, the (not yet clarified) need to reduce the 

values of y„ for the construction stage "sill completed" by 20? in the WAQAU 

models (see Section 4.2.4) urges caution. As long as a satisfactory explana-

tion has not yet been found, it will be safer to take the inaccuracy range in 

the numerical models equal to that of the scale models, namely ± 10?. 

In the course of the construction period (1984-1986), several major field cam-

paigns were carried out. In these compaingns, extensive water level and cur-

rent velocity (discharge) measurements were carried out, each campaign 

covering at least one (semi-diurnal) tidal period. 

The measurements included the water level in the work harbours and discharge 

cross-sections adjacent to the barrier site, thus providing data to compute 

the discharge coëfficiënt y,. The results of the measurement campaigns listed 

in Table 8.4 have been used to verify the y_-results of the various models as 

discussed further in Section 8.3.2. 

These campaigns are the same (but not all of them) as those used in other 

verifications, see Table 8.1. 

Discharge measurements in large tidal channels as those of the Eastern Scheldt 

have an inaccuracy range of about ± 10?. Taking errors of Ah-measurements into 

consideration, the inaccuracy of y„ determined in the field can thus be ex-

pected to range between ± 10? (at high Ah) and ± 15? or larger (at low Ah). 
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Date 

27-09-84 

26-10-84 

07-02-85 

20-06-85 

20-06-85 

26-06-85 

23-07-85 

26-07-85 

09-09-85 

14-09-85 

16-09-85 

26-09-85 

27-09-85 

01-10-85 

21-11-85 

27-11-85 

10-12-85 

12-04-86 

26-04-86 

21-05-86 

26-05-86 

21-09-86 

Extensive discharge 

measurement in 

Roompot 

Schaar 

Roompot 

Hammen 

Schaar 

Roompot 

Schaar 

Hammen 

Schaar 

Hammen 

Schaar 

Roompot 

Schaar 

Hammen 

Schaar 

Roompot 

Hammen 

Roompot 

Roompot 

Hammen 

Schaar 

Roompot 

Construction stage in 

relevant channel 

all piers placed 

sill completed 

mid-height of sill crest reached 

sill completed 

sill completed 

sill completed 

sill completed 

sill completed 

9 sill beams placed 

14 sill beams placed 

9 sill beams placed 

sill completed 

all sill beams placed 

all sill beams placed 

all sill beams placed 

9 sill beams placed 

all sill beams placed 

21 sill beams placed 

all sill beams placed 

all sill beams + rubble side-fill 

Table 8.4 Summary of field campaigns used for ii->-verifieation 

8.3.2 Verification of the results of the models 

From the data of the measurements listed in Table 8.4, the discharge coëf­

ficiënt of the structure p_ was computed for the relevant channel and con­

struction stage. For this the average computed value in a period of two hours 

around maximum ebb flow and a period of two hours around maximum flood flow 

were taken as y_-ebb and p_-flood, respectively. 

Inspection of the instantaneous values of y- showed no systematic variation, 

either as a function of Q or as a function of the water level, during the said 

two hours. 
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The results have been plotted in the figures presented earlier in Chapter 4, 

giving model-computed or measured p^ als a function of y„ A (Figures 4.14 

through 4.16). To facilitate comparison, model results are given a small 

points with a band enveloping all model results given in faint print, whereas 

the field results are given as large bold printed dots, see Figures 8.22 

through 8.24. 

In these above figures, the points representing construction stage "all sill 

beams + rubble side-fill" are excluded; they are presented in Table 8.5. The 

presence of the side-fills, meaning that the construction of the barrier is 

completed, causes y_ to increase significantly, particularly during ebb flow. 

Source 

Detail scale model 
* 

Prototype 

Ebb flow 

Roompot 

1.00 

1.05 

Schaar 

0.98 

1.01 

Hammen 

1.02 

1.01-1.04 

Flood flow 

Roompot 

1.00 

0.99 

Schaar 

1.02 

0.97 

Hammen 

0.99 

0.96-0.99 

from lower part of Table 8.4 

Table 8.5 Discharge coefficients construction stage "all sill 

beams + rubble side-fill" 

Inspection of Figures 8.22 through 8.24 and Table 8.5 shows that: 

1. The band enveloping all scale and numerical model results has an average 

width equal to or less than ± 10$ (see Section 8.3.1), in some cases with a 

. smaller width at low y„ A values and a larger width at large y? A values. 

Due to the very low magnitude of Ah at large y? A values, the accuracy 

of u~ can, indeed, deteriorate significantly. 

2. The differences between the results of the various models are not syste-

matic and can be described as random or erratic. 

3. Judging from the point of view of the relation y_ versus y? A, the 

prototype results are significantly more erratic than those of the models. 

This is partly due to the larger determination inaccuracies in the field. 

4. Taking points 2 and 3 above into consideration, Figures 8.22 through 8.23 

indicate a reasonable agreement between prototype and the models. There 

seems to be a tendency of the models to overestimate y~-flood in de Roompot 

and Hammen channels. 

5. The agreement between the detail scale model and prototype results for the 

completed storm-surge barrier (Table 8.5) is good. 
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Figure 8.22 Verification of y-results of the models, Roompot channel 
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9. Summary and Conclusions 

9.1 Hydraulic boundary conditions 

Because of the type of structure of the storm-surge barrier in the Eastern 

Scheldt as well as its construction method, the hydraulic boundary conditions 

were of major importance for both the design of the barrier and the construc­

tion phase. 

Forecasts of the hydraulic conditions were used: 

- as design parameters 

- for planning of the construction activities 

- for operational control of the eonstruction activities 

An accurate forecast system was needed, that had to function during the entire 

construction period, which was over four years long. Further, the system had 

to be highly flexible because of the numerous changes in the planned construc­

tion order of the barrier. 

A restricted number of hydraulic parameters were forecasted, the selected 

parameters were: 

Q = discharge through a main channel 

q/A = average velocity per pier section 

Ah = head difference over the barrier 

These parameters can be regarded as the "governing parameters" for the hydrau­

lic problems to be solved, such as stability of rubble stone layers, local 

scour, etc. The forecast system was dedicated to these governing parameters. 

The right choice of the basic parameters was the key to succes of the forecast 

system. 

9.2 Modelling tidal flow 

Following simulation techniques were used for modelling the tidal flow in the 

Eastern Scheldt estuary: 

- hydraulic scale models 

- numerical models 

The hydraulic scale models use the same laws of physics for the simulation of 

the water motion which govern the water motion in nature. The scaled phenomena 

are correctly reproduced by the model if the relevant scale laws are adhered 

to. 
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The numerical models simulate the water motion by the numerical solution of 

the equations which describe the water motion (Navier-Stokes). 

Three types of numerical models, can be distinguished i.e. one-, two- or 

three-dimensional models. Integration of the basic equations in vertical and 

horizontal direction, yields the two- and one-dimensional long-wave equations 

respectively. 

In the studies for the storm-surge barrier three simulation techniques were 

applied, following the historical development: 

- hydraulic scale models 

- one-dimensional numerical models 

- two-dimensional numerical models. 

At the start of the hydraulic research (1969) only scale models were used. 

Available were: an overall tidal model, a steady-state detail model 

and several detail models of sections of the barrier. 

During the research period more and more numerical models were being used. 

Both one-dimensional and two-dimensional models were developed. 

Two-dimensional depth-averaged numerical models gradualy replaced the scale 

models for 2-DH applications. The overall tidal model was replaced entirely. 

The detail model was partially replaced by two-dimensional numerical models; 

but particularly for three-dimensional aspects, the scale model was still in-

dispensible. 

The one-dimensional numerical models were mostly used additional to the scale 

models, and not as a replacement of the scale models. Extensive operational 

forecasts were only possible with the one-dimensional models. The scale models 

and two-dimensional numerical models served as a check and for the calibration 

of the one-dimensional models. 

9.3 Simulation of storm-surge barrier 

The resistance to flow caused by the storm-surge barrier can modify the tidal 

motion in the entire estuary. Therefore it was essential that the hydraulic 

characteristics of the barrier were correctly simulated in the models. 

The hydraulic characteristics of a structure can be expressed by the coëf­

ficiënt of discharge describing the emperical relationship between the dis­

charge through the structure and the head difference across it. 
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When considering the coëfficiënt of discharge of a structure as the storm-

surge barrier, one has to distinguish between: 

- y„ : the coëfficiënt of a uniform, infinitely wide (Section of the) struc­

ture; 

- y~ : the coëfficiënt of the entire structure in its surroundings and depen-

ding on the definitions used of Ah and downstream water level. 

In principle: 

P3 * y2 

where: 

_ n 
y = [ I y . A ]/A 
t 1=1 d>x 1 

y„ can be computed for an arbitrary construction stage from known (flume 

tests) data on y? for the various seetions of that structure. 

y_ can only be predicted through a model; the Eastern Scheldt studies showed 

that both a scale model and a two-dimensional numerical (detail) model can be 

used for that purpose. In the numerical model, y~ values have to be used to 

describe the resistance at the various grids of the structure. 

9.4 Applied tidal models 

9.4.1 Hydraulic scale models 

Two hydraulic scale models of the Eastern Scheldt were available: 

- a distorted overall tidal model of the entire estuary, vertical scale 1:100 

and horizontal scale 1:400 

- a steady-state detail model of the mouth of the estuary with the three main 

channels, undistorted scale 1:80. 

From the investigations in the overall tidal model information was obtained on 

the tidal movement (water levels and discharges), mutual influence of closure 

gaps and flow patterns. 

Investigations in the detail model gave detailed results on flow pattern, 

current-veloeities and -directions in the vicinity of the barrier and the ef-

fective cross-sectional area of the barrier. In addition, the detail model was 

used to investigate local scour and stability of materials. 
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The overall model was in operation until 1983. From that time on it was re-

placed by numerical models. The detail model could not be completely replaced 

by numerical models. 

Before the actual investigations started, an extensive calibration for the 

initial situation was carried out. Later, several verifications were made for 

different tides and different situations (related to bathymetry and construc-

ted dam sections). As a result of the calibration and the verifications, the 

following accuracy of the model could be achieved: 

- water levels: amplitude ±2% and phase ±5 minutes 

- discharge: amplitude ±5% and phase ±10 minutes 

- velocity distribution ±0.15 m/s 

9.4.2 One-dimensional numerical models 

A one-dimensional model of the Eastern Scheldt, based on the IMPLIC-system, 

was available. The main function of the model was to compute the water levels 

in the Eastern Scheldt, the head differences over the barrier and the dischar­

ges through the three main channels. Because of its short running time, this 

model was suitable for operational forecasts. The hydraulic characteristics of 

the storm-surge barrier were derived from the scale models. 

For the computation of the lateral distribution of the discharge along the 

barrier, a quasi two-dimensional model was available. The discharge through a 

main channel and the water level on both sides of the barrier were derived 

from the results of the one-dimensional tidal model. The quasi two-dimensional 

model was calibrated with the results of the scale model tests. 

From an accuracy analysis the following inaccuracy ranges were estimated for 

the prediction of design values of the hydraulic parameters: 

- Q : discharge per main channel, Standard deviation of the errors is 10%. 

- q/A: average velocity per barrier section, Standard deviation of the errors 

is 15% (overall error, including errors in predicted discharge, Q). 

9.4.3 Two-dimensional numerical models 

For the Eastern Scheldt a series of off-line nested two-dimensional numerical 

models was available. The models were based on the WAQUA-system for the depth-

averaged simulation of hydrodynamics and water quality for well-mixed flow. 

The grid size of the models ranged from 400 m for the overall model of the en-
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tire estuary, to 45 m for the most detailed models of the three main channels. 

Moreover, models with intermediate grid sizes of 100 m and 90 m were in opera-

tion. 

The computations with these models provided information on tidal movements, 

mutual influence of building stages, flow pattern, current-velocities in the 

vicinity of the barrier. Naturally, the amount of detail of the computed flow 

pattern is dependent on the applied grid size. 

This means that the coarse-grid model was mainly used to provide the informa­

tion on the overall tidal movement, whereas the most detailed model gave the 

information on the velocities in the vicinity of the barrier. 

In 1983 after an extensive testing period, it was decided to use these models 

instead of the overall tidal scale model. 

As a result of the calibration of the models and several verifications the 

following accuracy of the results related to the reproduction of the overall 

tidal flow was achieved: 

- water levels: amplitude ±2% and phase ±5 minutes 

- discharges: amplitude ±5% and phase ±10 minutes 

The numerous computations for arbitrary building stages of the storm-surge 

barrier showed that the schematization of the barrier (with concentrated head-

losses) in the computational scheme was very important. The way of sehematiza-

tion does influence the tidal movement and the discharge- and velocity-

distrubutions in the vicinity of the barrier. 

9.5 Comparison with field data 

9.5.1 Verification of the one-dimensional numerical models 

Systematic measurement campaigns were carried out for the verification of: 

- Individual models of the forecast system: 

Here the accuracy of the models was determined by a hindcast of the mea-

surements. 

- Prediction of the design values of the hydraulic parameters: 

For this the measurements had first to be translated to design conditions 

before they could be compared with the predictions. 
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For the transport rate through the main channels, Q, and the average velocity 

per pier section, q/A, a systematic verification was performed throughout all 

construction stages of the barrier. The general conclusions from this verifi­

cation were: 

- The hindcast accuracy of Q was hardly influenced by construction progress 

of the storm-surge barrier. The maximum error in the initial calibration 

was "\0%; this resulted in a Standard deviation of about 5%. 

- The error in the predicted design values of q/A turned out to be less than 

the inaccuracy range of 15/&, assessed beforehand. 

An overall verification of the forecasts of the head-difference over the 

barrier, Ah, was not performed directly. From the results of the verification 

of the discharges and the coëfficiënt of discharge, the hindcast-error in Ah 

was estimated to be between 10? and 20% (standard deviation). 

9.5.2 Reproduction of downstream flow pattern 

The downstream flow pattern is an essential parameter for the prediction of 

local scour downstream of the bed-protection works. The prediction of scour 

was in first instance made through scour tests in the detail scale model. 

During the study period it was concluded that scour could be calculated if a 

reliable prediction of the velocity distribution at the end part of the bed 

protection was available. 

For a number of building stages related to the plaeing of the sill beams, a 

reproduction of the downstream-velocity distribution was executed in the two-

dimensional numerical models. With these building stages the following charac-

teristic events in the flow pattern were present: 

- large eddies behind the abutments of the dam 

- steep velocity gradients downstream of discontinuities at the axis of the 

barrier. 

In the two-dimensional numerical models the energy loss at the barrier site 

was schematized in three different ways: 

1. substitution of long-wave equation by a barrier equation 

2. adjustment of local water depth and roughness 

3. adjustment of roughness only 
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From the results of the reproduction the next conclusions were derived: 

- The agreement between the computation (Method 2) and the field data was ac-

ceptable; the inaccuracy in the computed velocities for construction stages 

without and with large diseontinuities was ±5 to ±10? and ±10 to ±20? re­

spect ively; 

- The steepness of the velocity gradients was nearly correct, only the loca-

tion of the gradients could shift to some extent; 

- The flow pattern computed by the numerical models was as accurate as that 

obtained from the physical scale model. However, the method to deal with 

the energy losses greatly influenced the quality of the results form the 

numerical models. 

9.5.3 Coëfficiënt of discharge 

The inspection of the values of p» as function of u~ A, determined from the 

various models and in the field, shows that: 

- The band enveloping all model results, had an average width < ±10?, which 

was the predicted inaccuracy range for determining y_ in these models. At 

large p„ A values, the accuracy of p_ could deteriorate significantly. 

- The differences between the results of the various models are not systema-

tic and ean be described as random or erratic. 

- Judging from the point of view of the relat ion y_ versus y? A, the proto­

type results were significantly more erratic than those of the models. This 

is partly due to the larger determination inaccuracies in the field. 

- The agreement between prototype and the models was reasonable. There seemed 

to be a tendency of the models to overestimate p^-flood in the Roompot and 

Hammen channels. 

- The agreement between the detail scale model and prototype results is good 

for the completed storm-surge barrier. 
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