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Gulf of Khambat 

In recent times people have developed a great interest in 
clean sources of energy. This is stimulated by the discovered 
po l lu t i ng e f fec t s of the f o s s i l fue ls and the increased f u e l 
consumption. The use of nuclear energy is not accepted by so­
c ie ty due to the danger of a nuclear drop-out and the pro­
blems with nuclear waste. At f i r s t sight any p o s s i b i l i t y to 
produce clean energy should be taken. 

One of the sources of clean energy is water. Hydroelectric 
dams are known f o r some time. A f a i r l y new method is the use 
of the t ide to produce e l e c t r i c i t y . The Gulf of Khambat in 
India is characterized by a large t i d a l range. Thus, i t is 
one of the possible locations to construct a t i d a l power 
s ta t ion . 

Around the Gulf of Khambat there is a demand f o r i r r i g a t i ­
on water. The fresh water discharging from the Narmada r i ve r 
can be used f o r that purpose. However, th i s water must be 
stored. 

So the idea came up to close the Gulf of Khambat in order 
to accomplish both goals. In th i s f i n a l report the technical 
aspects of both the closure and the t i d a l power s tat ion are 
discussed. 

The environmental impact of such a project w i l l be enor­
mous. The change of a sa l t water in a f resh water regime w i l l 
cause a change in vegetation and fauna. This w i l l take many 
years. Also the way of l i f e of the local inhabitants w i l l 
change considerably. Although these aspects are only s l i g h t l y 
mentioned in t h i s technical report we do real ise that i t is 
not self-evident that a project l i ke th i s is f i n a l l y r e a l i ­
sed. 

With th i s report we expect to have contributed in the insight 
in the development p o s s i b i l i t i e s of the Gulf of Khambat. We 
l i k e to thank a l l persons mentioned in the l i s t of referen­
ces, and especial ly the members of the committee of supervi­
sion, f o r t h e i r help. 

P.L.M. Jansen and I .C. Vreeburg 
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Summary 

Introduction 

The Gulf of Khambat in India is an estuary with an extremely large t i d a l 
range which in average circumstances varies between approximately 4.5 m f o r 
a neap-tide and 8.5 m. f o r an average spr ing- t ide . This large t i d a l 
d i f ference goes hand in hand with a t i d a l f low in the range of 6 to 11 * 
109 m3 per t i d a l cycle. Due to these features the Gulf of Khambat has a 
large potent ia l f o r t i d a l power energy. 

In the areas surrounding the Gulf of Khambat there is a need f o r fresh 
i r r i g a t i o n water. Three r ivers discharge in the Gulf , of which only the 
Narmada discharge is of s i g n i f i c a n t importance when we speak about an 
i r r i g a t i o n pro jec t . In order to use th i s water i t w i l l have to be stored. 
Therefore a large basin is required. 

The aspects above lead to the proposal to construct a t i d a l power s tat ion 
in the Gulf of Khambat, possibly combined with fresh-water storage f o r 
i r r i g a t i o n purposes. In th i s report only the combination of the two goals 
is discussed. An advantage of th i s development scheme is that the energy 
produced in times the demand f o r e l e c t r i c i t y is low, can be used to trans­
port i r r i g a t i o n water to the areas where i t is needed. The choice f o r th i s 
scheme implies the construction of two separate basins, one f o r fresh-water 
storage and a t i d a l basin used f o r the energy production. Somewhere in the 
entrance of the Gulf of Khambat a closure dam w i l l have to be constructed. 

Closure and final dam 

The closure dam w i l l a f f e c t the propagation of the t ides in the Gulf of 
Khambat. In order to study the order of magnitude of th i s influence a one-
dimensional t i d a l model of the gulf has been made [chapter 3 ] . I t was found 
that the t i d a l d i f ference w i l l s l i g h t l y increase by dam construction. The 
t i d a l di f ference in f r o n t of the dam is larger when the dam is situated 
fu r the r to the north. The fresh-water storage however asks f o r the i n c l u s i ­
on of the Narmada mouth. F ina l ly an alignment south of the Narmada mouth 
and north of Piram Island was chosen [section 4 . 1 ] . 

The closure of the estuary is a d i f f i c u l t operation. This because of the 
large t i d a l differences and extreme f low ve loc i t i e s which occur when the 
area of the closure gap is reduced. In case of horizontal cons t r ic t ion 
ve loc i t i es of more than 8 m/s can be expected in normal circumstances. This 
asks f o r rock with a mass of 20 tons in the f i n a l stage of the closure. 
Ver t ica l closure l i m i t s the ve loc i t i e s to 6 m/s. Now rock with a mass of 15 
tons w i l l do. At least a grading with stones of 15 - 20 tons w i l l be 
applied. 

In the f i n a l dam intake works f o r the t i d a l power s ta t ion with a width 
of about 5500 m. must be embedded. This lead to the proposal to use th i s 
f low area during the closure to l i m i t the ve loc i t i e s in the f i n a l stage. 
F i r s t , using rock, a s i l l is dumped on which prefabricated caissons, 
containing both the intake works and the turbine tubes, are sunk. Then a 
v e r t i c a l closure is applied t i l l a s i l l level of 5 m. below Benchmark, is 
reached. Above th i s level control led dumping with barges w i l l be d i f f i c u l t . 
On the s i l l a horizontal cons t r ic t ion is carr ied out in order to complete 
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the closure. In th i s way, although the closure is par t ly hor izon ta l , the 
ve loc i t i e s are l imi ted to approximately 6.5 m/s. The maximum grading is 
10 - 15 tons. 

In order to prevent f o r severe scour close to the dam a bottom protect ion 
must be placed before the closure operation is. s tarted. The p o s s i b i l i t y 
discussed in th i s report is the use of stones on geo- tex t i l e . The maximum 
grading that has to be applied is 1 - 3 tons. The length is safely estima­
ted as approximately ten times the downstream depth. Considering the scale 
of the project i t may be favourable to develop a d i f f e r e n t method. 

Except the provisions f o r the exp lo i ta t ion of the t i d a l power s ta t ion two 
other structures have to be situated in the dam. In order to control the 
level of the f resh water basin a spillway is constructed east of the t i d a l 
basin. West of the intake works a ship lock is placed. This lock is the 
entrance to the t i d a l basin in general and Bhavnagar port s p e c i f i c a l l y . 

The closure dam is not suited to accommodate a double-tracked rai lway and a 
road. Besides the fresh-water basin must be protected f o r sa l t in t rus ion 
and fresh-water losses through the f i n a l dam. I t is proposed to construct 
the f i n a l dam by means of hydraulic s a n d - f i l l , against the basin-side slope 
of the closure dam. This method can only be applied when the f low ve loc i ­
t i e s are low (< 2 [m/ s ] ) . In order to accomplish th i s a f i l t e r layer and a 
ballasted geo- text i le are placed f i r s t . Af te r bui ld ing the embankment core 
the slope protection on both sides is placed. I t consists of rock on the 
sea-side and concrete blocks on the basin-side of the f i n a l dam. On the 
f in i shed dam the railway and the road can be b u i l t . 

Tidal power station 

Tidal power stations can be designed f o r two d i f f e r e n t lay outs and f o r 
four d i f f e r e n t operating systems. I f two t i d a l basins are made a continues 
energy output can be accompliced by keeping one of the basins low and one 
of the basins high. With one basin energy can be generated during ebb, 
during f lood and during ebb and f l o o d . Chosen is f o r energy production 
during ebb because the energy production is as high as i t is f o r two way 
generation, and the investments are lower than f o r two way generation. 
Flood generation requires the same investments but gives less energy 
output. 

Four a l te rna t ive basins have been suggested, varying in seize from 250 km2 

to 510 km2. A l l four alignments are si tuated north of the closure dam at 
the west side of the Gulf of Khambat. A cross section f o r the basin dam has 
been designed with a crest height of BM + 14 metre, and a slope of 1 : 15 
under water and 1 : 3 above the water surface. With th i s cross section the 
amount of sand required f o r the dam can be calculated. The required 
quant i t ies (average 108 * 106 m3) do not vary much because the longer basin 
dams have alignments running over shallower parts of the Gulf. The costs of 
the basin dams including the revetment have been determined at Rp 5400 
crores (US$ 200 mln) f o r the two largest basins. 

With the DUFLOW computer model a simulation f o r the t i d a l power s ta t ion has 
been made f o r a l l four basins. The turbine has been simulated wi th an 
overflow varying in wide f o r d i f f e r e n t heads. In th i s way a r e a l i s t i c 
simulation can be made. The intake works have been simulated with an 
overflow with a s i l l at BM - 5 metres. 
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The turbine chosen f o r th i s project has a diameter of 8 metres and a design 
head varying with the number of turbines used f o r the basin. A higher 
number of turbines resu l t ing in a lower design head. With 200 turbines the 
energy production of a l l four basins can be calculated. The resul t is a 
gross output of 17.7 GWh/day f o r basin 1 increasing to 36.3 GWh/day f o r 
basin 4. On basis of th i s ca lcula t ion basins 1 and 2 have been abandoned as 
a l te rna t ives . Basins 3 and 4 have been put through a fu r the r economic 
evaluation. The seize of the intake structure was optimised at 6000 metres 
f o r basin 4 and 5500 metres f o r basin 3. 

For basins 3 and 4 several DUFLOW calculations have been made simulating 
d i f f e r e n t numbers of turbines. The resul t of these calculations is r ewr i t ­
ten in money by using a kWh price Rp 0.75. The cost of a turbine uni t (Rp 
59 crores) has been determined by using an cost equation. This equation has 
been cal ibrated with recent project of which costs are known. The costs of 
the intake structure has been estimated at Rp 1620 crores f o r basin 3 and 
Rp 1730 crores f o r basin 4. 

The- optimum number of turbines f o r basin 3 is 125 (annual production of 
8440 GWh) resul t ing in a annual p r o f i t (capi ta l loss as resul t of lack of 
interest included) of Rp 113 crores. The optimum number of basin 4 is 145 
turbines (annual production of 9670 GWh) resu l t ing in a p r o f i t of Rp 134 
crores. Basin 4 has therefore been chosen as preferable basin. The t o t a l 
costs of the t i d a l power s ta t ion (not including the closure dam and the 
bottom protection works) has been estimated at Rp 10,900 crores. 
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Introduction 

1 Introduction 

I.I Project Introduction 

The Gulf of Khambat is located in the west of India (see Figures 1.1 and 
1.2). This bay is distinguished by i t s very high t i d a l differences up to 11 
metres at Highest Astronomical Tide (HAT). The extreme t i d a l movement 
o f f e r s the p o s s i b i l i t y f o r the exp lo i ta t ion of a t i d a l power s ta t ion . 

Figure 1.1 Location of Gulf of Khambat in India 
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Figure 1.2 Gulf of Khambat 
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Some r ivers debouch into th i s bay. The three most important and biggest 
r ivers are in order of size: the Narmada r i v e r , the Mahi r i ve r and the 
Sabarmati r i v e r . Figures of the discharge can be found in Chapter 2, Table 
2 . 1 . With the water, sediment is transported into the Gulf. 

Fresh water is a precious good in th i s part of India. Closure of the 
Gulf o f f e r s the p o s s i b i l i t y to store a large amount of fresh water in a 
reservoir , which otherwise would f low f r e e l y into the Arabian ( sa l t ) Sea. 
The fresh water can be used to i r r i g a t e land in a wide surrounding area. 

On the basis of these character is t ics a proposal has been made in 1989 to 
close a part of the Gulf. The proposal concerns a closure near the mouth of 
the Narmada r i ve r at which the t o t a l discharge of the r i ve r flows into the 
closed part of the Gulf. A summary of the reconnaissance report is given in 
the fo l lowing section. 

1.2 Summary of the reconnaissance report 

On the 26th of September 1988 an agreement was signed between the Govern­
ment of Guyarat, Water Resources Department and Haskoning Royal Dutch 
Consulting Engineers and architects f o r the preparation of a reconnaissance 
report on the construction of a dam across the Gulf of Khambat ( th i s report 
is l i t [ 5 ] ) . In May 1989 a t h i r d revised report of the study was presented. 
In t h i s report the technical v i a b i l i t y of the dam and addit ional benefi ts 
were presented. 

Although various development schemes, related to the dam construction may 
be distinguished three benefi ts may c lear ly be considered as the most 
important v i z . : 
- f resh water storage f o r the i r r i g a t i o n and water supply of the Saurashtra 

Peninsula, 
- t i d a l energy production, 
- dam l ink ing Saurashtra with the mainland of India. 

These two schemes, therefore have been selected f o r fu r the r investigations 
and relevant dam alignments have been assessed accordingly. 

The main c r i t e r i a f o r the selection of the alignments have been: 
1. A v a i l a b i l i t y of s u f f i c i e n t water depth f o r the implementation of t i d a l 

power works. 
2. The inclusion of the Narmada r i v e r f low in the f resh water storage 

scheme. 

As the water depth north of Bhavnagar is i n s u f f i c i e n t dam construction has 
only been studied in three a l te rna t ive alignments between the Bhavnagar 
Ghogha area on the western bank and the Narmada r i v e r mouth only. Dam 
construction costs in alignments north of Bhavnagar would be considerably 
lower. The same holds, however, f o r the benefi ts (volume of f resh water and 
quanti ty of energy production). 

With regard to the costs, the s o i l conditions f o r the foundation of the dam 
are of utmost importance. The general information on the composition of the 
bottom of the Gulf of Khambat supports, however, the assumption that the 
foundation conditions may not form a major constraint . Further i n v e s t i g a t i ­
ons and studies of the dam foundation are required to obtain s u f f i c i e n t 
information concerning: bearing capacity, deformations such as settlements, 
l iquefac t ion (earth tremors), etc. 
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Various closure methods were examined and a l l considered technical ly 
feas ib le . Further optimization in terms of construction time and costs is 
required. Also material resources of construction are to be studied 
regarding s u i t a b i l i t y and economics. The least cost solut ion of the closure 
dam has been estimated at Rp 1950 crore (one crore Rupees is 107 Rupees) 
With a rate of 27 rupees to one US dol la r the costs in US$ is 722 mln. This 
solut ion concerns the alignment Ghoga-Alia Bet - Hansol and includes a 65 
km long r o c k - f i l l dam provided with a 700 m. wide spil lway and a navigation 
lock. The impact on environment, and anticipated impact on t ide and 
morphology is minor. 

The development schemes that have been looked at : 
1. Tidal power production in combination with navigation, port development 

and the crossing of the Gulf of Khambat. 
2. Fresh water storage in combination with land reclamation i r r i g a t i o n 

navigation Gulf crossing and f i she ry . 
3. Combined development in which part of the basin is used f o r f resh water 

storage and part f o r t i d a l power generation with the corresponding 
addit ional developments mentioned above. 

4. Dam as an i n f r a s t ruc tura l connection. 

The costs of a t i d a l power s ta t ion with an energy production of 20.000 GWh 
per year has preliminary been estimated at Rp 10.000 crores ( including dam 
construct ion) . Apart from the power production the road between Dahej and 
Ghoga w i l l save Rp 50 crore per year of transport cost r i s i n g to Rp 100 
crore wi th in 15 years. 

For the fresh water storage scheme an analysis was made of the ava i lab i ­
l i t y of fresh water and the corresponding i r r i g a t i o n capacity. The average 
net yie lds discharging in the Gulf of Khambat are estimated at 14 x 109 m3 

per year. From th i s water some 5.4 109 m3 could yearly be used f o r i r r i g a t i ­
on with 100% dependability and some 9.8 109 m3 with 75% dependability. Water 
w i l l be available to i r r i g a t e some 700.000 Ha. with 100% cropping in tens i ­
t y . This area could almost be doubled i f 75% dependability is accepted. 

Addit ional benefi ts of the closure are: 
1. Some 65.000 Ha adjacent to the Gulf of Khambat can be reclaimed and 

i r r i g a t e d . 
2. Fish production may double from some 7.000 tonnes per year now to some 

14.000 tonnes of f resh water f i s h . 
3. Reduction of cost of dr inking water. 

The t o t a l costs of the f resh water scheme including dam construction, land 
reclamation, i r r i g a t i o n scheme and compensation f o r the sa l t industry has 
been estimated at Rp 3,750 crores. 

In a combined option with a 500 km2 t ide basin and an energy production of 
4.900 GWH per year the addi t ional costs w i l l be about Rp 2.460 crores. The 
introduct ion of the power scheme w i l l reduce s l i g h t l y the ag r i cu l tu ra l 
benefi ts since part of the storage capacity of the f resh water reservoir is 
l o s t . Also the area that can be reclaimed is reduced. The same holds f o r 
the benefi ts of the f i s h e r i e s . 

A very preliminary evaluation indicates that the f i r s t scheme looks 
a t t r a c t i ve f o r a t i d a l scheme. The second scheme has also good potentials 
but the t h i r d scheme with combined t i d a l power and f resh water storage has 
the best potent ia l s . Water is available f o r i r r i g a t i o n as is the energy to 
transport i t . The alignment of the dam according to the 3th scheme is shown 
in Figure 1.3. 
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Figure 1.3 The dam-alignment according to scenario three of the recon­
naissance study 
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1.3 Basic assumptions and preconditions 

The scheme that has been evaluated as the most a t t r ac t ive in the recon­
naissance study has the fo l lowing features. 

The part of the Gulf of Khambat that w i l l be closed w i l l be divided i n : 

- A t i d a l basin that w i l l be used f o r the generation of energy by a t i d a l 
power s ta t ion . 

- A f resh water lake that w i l l provide water f o r i r r i g a t i o n and dr inking 
water supply. 

This scheme w i l l be the s ta r t ing-poin t f o r th i s pro jec t . Possible land 
reclamations of parts of the created fresh water lake w i l l not be elabora­
ted. Such developments w i l l a f f e c t the necessary capacity f o r the spil lway 
in the dam. This influence w i l l be taken into account in the design of the 
dam. 

In the reconnaissance report a preference has been made f o r the alignment 
between Ghogha and Dahej. In th i s report however another evaluation w i l l be 
made on basis of other possible alignments. 

The Gulf of Khambat has a rapid ly changing pattern of banks. At the same 
time maps of t h i s area are scarce or out dated. In order to have a uniform 
s ta r t ing point only one chart w i l l be used. The admiralty chart 1486 India-
West coast, approaches to Gulf of Khambat (ed i t ion 1991). This chart has 
been composed of several charts of the Indian Government. The dates of 
surveys f o r these Indian charts range between 1847 (northern part of the 
Gulf) and 1986. 

1.4 Objectives of the Study 

One of the objectives is the complete spat ia l design of the closure 
construction and the t i d a l power s t a t ion . Accordingly the place, size and 
number of the s t ruc tura l elements of the dam and the s tat ion shal l be 
determined. 

Attent ion w i l l focus on the fo l lowing points: 

Closure dam - alignment 
- number and size of s t ruc tura l works 

Tidal power s ta t ion - size of basin 
- intake structures 
- type, number and size of turbines 

In addit ion to th i s spat ia l design two more detailed studies w i l l be made. 
These studies comprise the fo l lowing subjects: 

1. The design of the cross-section of the closure dam. 
- closure method 
- material 
- development scheme 
- temporary bed protection works in closure gap 
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2. The design of the intake works as well as various generator and 
powerhouse aspects. 
- system of power s tat ion 
- kind of turbines 
- construction method 
- bed protection works 
- concrete structure 
- dimensions of stream duct 

In order to get information about the water movements and levels in the 
Gulf a f t e r the closure, a t i d a l model w i l l be made with the exis t ing micro 
computer package DUFLOW. This package can be used f o r the simulation of one 
dimensional unsteady f low in channel systems. The t i d a l model w i l l f i r s t be 
made f o r the present s i tua t ion . Calibrat ion of th i s model is possible by 
using known measurements and tide-expectations. Af t e r ca l ib ra t ion of the 
model f o r the present s i tua t ion a new model w i l l be made, which w i l l have 
the f i r s t model as a basis. The second model w i l l describe the water 
movements in the Gulf a f t e r and during the closure. 

In the reconnaissance report many advantages of the closure of the Gulf of 
Khambat have been discussed. The c r i t i c a l reader of that report w i l l have 
missed the disadvantages of the closure. In th i s report an inventory w i l l 
be drawn up of the disadvantages in chapter 6. 
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Project area 

2 Description project area 

2.1 India 

India is a federal parliamentary democratic republic with New Delhi as i t s 
c a p i t a l . The country can be found on the globe between 37,6° - 8,4° 
northern longitude, and 68 ,7° - 97,3© eastern longitude. The number of 
inhabitants is estimated at 840 m i l l i o n , and they l i ve on an area of 3,3 
m i l l i o n square kilometres. The national currency is the Rupee, at th i s 
moment the value of a Rupee is about 27 Rupees to one US Dol lar . The o f f i ­
c i a l language is Hindi , the o f f i c i a l name f o r India is Bharat. 

About the economic standard in India i t must be said that many people 
l i v e in poverty. India is an agr icu l tu ra l state but at the same time, there 
is sometimes a serious shortage of food. An Indian proverb summarizes i t in 
one key sentence; Live is gambling f o r r a i n . Lately i r r i g a t i o n projects 
have made a posi t ive change in the amount of ag r icu l tu ra l products that are 
produced. 

The geological make up of India can p a r t i a l l y be explained with the 
tectonic movements. India is si tuated on one plate , which in h is tory has 
moved from the south of A f r i c a to the south of Asia. Col l id ing with Asia 
the Himalaya mountains have been formed. This process is s t i l l taking place 
and earthquakes s t i l l occur in the Himalaya region. At the north-western 
edge of the Indian plate ( i n Pakistan) the plate is f a u l t i n g past another 
pla te , the Iranian plate . Sudden movements of the plates have great e f fec ts 
in t h i s f a u l t area. Focusing on the Khambat region i t can be said that no 
earth movements of s ignif icance take place. The distance to the Himalaya is 
f a r too great to notice earthquakes. The distance to the f a u l t area in 
Pakistan is also considerable, more then 750 km., and earthquakes taking 
place in th i s f a u l t - l i n e are reduced to earth tremors in the Khambat 
region. 

Other mountain ranges in India are the western and eastern Ghats, located 
respectively along the western and eastern coast of India, while the 
Arava l l i mountain range is located in the north western part of India, near 
the coast and three other mountain ranges run from the Gulf of Khambat to 
the Bay of Bengal namely the Vindhya mountain range, the Satpura mountain 
range and the Mahadeo h i l l s . 

The exact location and extent of the ranges can be seen in Figure 2 . 1 . 

The course of the most important r ivers is shown in Figure 2.2. The largest 
r i v e r is the r i v e r Ganges, running from Tibet past New Delhi to Bangla Desh 
and the Bay of Bengal. Of more importance to the project under study are 
the r i v e r Narmada, the r i v e r Mahi and the r i ve r Sabarmati. These three 
r ive rs do not receive any water from the Himalaya mountain range. Large 
r a i n f a l l in the monsoon period provides the water f o r these r i v e r s . The 
v a r i a b i l i t y and the unpred ic tab i l i ty of the r a i n f a l l leads to a variable 
discharge of the r i v e r s . Figures of the discharges are given in Table 2 . 1 . 
The source of these data is the Khambat Gulf Reconnaissance Report 
[ l i t ( 5 ) ] . The f igures show the i r r e g u l a r i t y of the discharges. 
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Himalaya 
Eastern Ghats 
Western Ghats 
Mahadeo 
Satpura 
Vindya 
Araval1i 

Figure 2.1 Mountain ranges in India 

1 Ganges 
2 Krishna 
3 Godvari 
4 Tapti 
5 Narmada 
6 Mahi 
7 Sabarmati 

Figure 2.2 Rivers in India 
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Serial Year Annua" Inflow from Annual Combined 
no. River River River Inflows of these 

Narmada Mahi Sabarmati three Rivers 
into the Gulf 

1 1915 10 22 0 32 0. 15 10.69 
2 1916 16 21 5 96 1 20 23.37 
3 1917 21 62 8 70 1 30 31.62 
4 1918 0 10 0 13 0.23 
5 1919 23 48 3 14 0 55 27.17 
6 1920 0 50 0 27 0.77 
7 1921 2 12 0 46 2.58 
8 1922 4 19 0 56 4.85 
9 1923 13 64 0 68 0 10 14.42 

10 1924 3 58 3 48 0 51 7.57 
11 1925 0 35 0 21 0.56 
12 1926 15 91 1 00 2 17 19.08 
13 1927 4 34 0 94 5.28 
14 1928 0 59 2 65 0 60 3.84 
15 1929 0 76 0 49 1.25 
16 1930 4 28 4 94 0 25 9.47 
17 1931 17 59 8 70 0 82 27.11 
18 1932 5 17 0 68 0 25 6.10 
19 1933 19 44 13 20 1 38 34.02 
20 1934 15 17 1 10 0 81 17.08 
21 1935 0 74 0 33 1.07 
22 1936 9 10 0 24 0 10 9.44 
23 1937 12 49 5 73 0 80 19.02 
24 1938 12 06 0 82 0 23 13.11 
25 1939 2 26 0 42 0 16 2.84 
26 1940 8 83 1 02 0 15 10.00 
27 1941 6 93 0 76 7.69 
28 1942 17 62 3 14 0 26 21.02 
29 1943 11 91 1 07 0 58 13.56 
30 1944 34 54 19 66 1 93 56.13 
31 1945 7 95 6 03 0 66 14.64 
32 1946 15 89 11 96 0 52 28.37 
33 1947 11 96 0 93 0 24 13.18 
34 1948 14 91 0 50 0 09 15.50 
35 1949 4 79 0 80 0 20 5.79 
36 1950 0 44 6 89 0 73 8.06 
37 1951 0 28 0 13 0.41 
38 1952 7 01 0 67 7.68 
39 1953 0 84 0 68 1.52 
40 1954 4 65 10 37 1 00 16.02 
41 1955 14 22 3 53 1 28 19.03 
42 1956 9 31 0 61 1 53 11.45 
43 1957 0 50 0 08 0.58 
44 1958 3 92 5 73 0 56 10.21 
45 1959 16 38 1 90 1 32 19.60 
46 1960 0 54 0 20 0.74 
47 1961 30 88 9 12 0 94 40.94 
48 1962 5 86 0 24 6.10 

Table 2.1 Hydrological Series of Combined Inflow from River Narmada, 
River Mahi and River Sabarmati (in 109 m 3 / Annual Inflow). 
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Climate 

The climate of India and i t s adjacent waters is dominated by the monsoons 
or seasonal winds. In winter , under influence of an area of high pressure 
over Central Asia, winds are mainly blowing from the north or north-east 
with a high degree of constancy: north east monsoon. Temperatures in New 
Delhi r i se to 25° C only during th i s cold season. 

In summer an area of low pressure is lying over the Asia-mainland and winds 
are mainly blowing from the south west with a high degree of constancy: 
south west monsoon. Early in the summer temperatures r i se to 40° C and 
more. Af te r June however the south west monsoon brings cloudy-unsettled and 
very damp weather, with much heavy ra in on the west coast of India south of 
about 20° north and occasional gales. 

The r a i n f a l l in India is divided in a very unequal way. South-west of the 
western ghats and south of the Himalaya the t o t a l p rec ip i t a t ion is more 
than 3.000 mm, loca l ly the p rec ip i ta t ion can even be more then 10.000 mm. 
In the rest of India the p rec ip i t a t ion is less then 3.000 mm. In the north 
west region of India the p rec ip i t a t ion is even less then 500 mm: the Harr-
dessert. Prec ip i ta t ion values f o r India are given in Figure 2.3. 

> 2000 mm 

1000 mm -

2000 mm 

500 mm -

1000 mm 

< 500 mm 

Figure 2.3 Precipitation values for India 

These values are the average values. I f , f o r example, the south west 
monsoon bears o f f to the north and reaches the province of Gujarat, the 
p rec ip i t a t ion south west of the western ghats is lower then 200 mm, but the 
p rec ip i t a t ion in the Gujarat exceeds the average by a fac to r three or fou r . 
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Land utilization 

Being an agr icu l tu ra l country, most of the u t i l i z e d soi ls are used f o r 
agr icul ture (80%). Agricul ture in India means arable farming. Rice and 
wheat account f o r respectively 40 and 30%, other grains f o r 22% and 
vegetables f o r 8%. The p rec ip i t a t ion determines what kind of crop can be 
cu l t i va t ed . In places having a high prec ip i ta t ion r ice is cu l t iva ted , in 
areas with a low prec ip i t a t ion m i l l e t , maize and peanuts are cu l t i va t ed . In 
areas having a very low p r e c i p i t a t i o n , as in west-India land is used fo r 
extensive stock breeding. 

There are two major indus t r i a l areas in India. The biggest of the two is in 
east India, Calcutta. The other is situated north of the Gulf of Khambat. 

2.2 Gulf of Khambat 

The Gulf of Khambat is si tuated in the eastern part of the province 
Gujarat. Gujarat is one of the more t h r i v i n g provinces of India. There is a 
large indus t r ia l zone in Gujarat and much business is taking place due to 
the good shipping f a c i l i t i e s , and the long his tory of business in th i s 
area. The largest harbours near the Gulf of Khambat are. 

* Jafarabad distance 120 km 
** Pipavav Bandar distance 100 km 

* Bhavnagar distance / -
* Hazira distance 60 km 

*** Bombay distance 250 km 

The distance of the harbour to the Gulf of Khambat (Piram Island) is put 
behind the harbour name. The number of stars before the harbour name gives 
an indicat ion of the size of the harbour. 

Chart information 

Information about the contours of the coast and the bottom lines is taken 
from Admiralty Chart 1486 India - West coast, approaches to Gulf of 
Khambat. This chart has been put together from various Indian Government 
Charts. These source data are not always very recent. The part of the Gulf 
north of Bhavnagar has been measured f o r the last time in 1850. The data 
used f o r the rest of the chart are more recent. Dates of surveys range from 
1930 (only a very small area) to 1986 (the biggest part of the chart . Since 
t h i s chart is the only obtainable source of information, i t w i l l be used as 
a basis f o r the design of the dam and t i d a l power s ta t ion . I t is recommen­
ded to arrange f o r a new set of data f o r the Khambat area i f the project 
w i l l proceed. 

The depths in the chart are given in metres reduced to Chart Datum, which 
is approximately the level of lowest astronomical t i d e . This lowest 
astronomical t ide (LAT) is not a horizontal plane. The LAT in the northern 
part of the Gulf is lower then in the southern regions due to the increased 
t i d a l range. In Table 2.2 Chart Datum is given f o r several harbours in the 
Gulf and near to the Gulf. 
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Location Chart Datum below 
Mean Sea Level (MSL) 
in metres 

Jafarabad 1.6 
Port Albert Victor (Pipavav Bandar) 1.7 
Gopnath 2.9 
Bhavnagar 5.8 
Luhara 4.9 
Suvali (Hazira) 3.6 
Daman 3.0 
Bombay 2.4 

Table 2.2 Chart Datum in relation to Mean Sea Level 

The average depth during the t i d a l movements f o r every point in the Gulf 
can be determined by taking the given depth in the chart and add i t to the 
loca l ly d i f ference between Chart Datum and Mean Sea Level. In terpola t ion 
between known differences gives an acceptable value. 

Bottom Information 

In the regions where r ivers f low into the Gulf, the r ivers bring very f i n e 
sediment in the Gulf. In these regions, the beach consists mostly of mud. 
At the west coast of the Gulf, there is only one small r i ve r discharging 
near Bhavnagar. This is the only location at the west coast where mud is 
found. The rest of the coastal bottom consists of sand or a mixture of mud 
and sand. At the east coast of the Gulf, several small r ivers and a few 
large r ivers f low out in the Gulf. The coastal bottom in th is area consists 
f o r a very large part of mud. 

For the project area information is used of two studies 

The f i r s t study was spread out over the ent i re Gulf south of Bhavnagar. At 
locations between the beaches, some samples have been taken. The resul t of 
th i s invest igat ion shows that the bottom is very layered. The samples were 
only taken to a depth of three metres, but sometimes more then ten layers 
could be discerned. A global resul t of the measurements is shown in Figure 
2.4. Sand is indicated with a S, mud with a M and layers of sand and mud 
with M.S. For the deeper part of the Gulf, bottom borings show that the 
bottom consists mostly of f i n e sand. At some locations the sand is mixed 
with some th in layers of s t i f f c lay. 

The second study was more directed at the possible dam locat ion. Near the 
proposed dam s i t e (proposed in the reconnaissance study) two boring have 
been made to a depth of 30 metres below mean sea l eve l . The borings can be 
found in Annex I . These two borings were used as a basis to describe the 
sub-soil f o r the dam. Three bore-logs were drawn f o r the d i f f e r e n t sections 
of the dam. One f o r the (deep) section in the middle of the Gulf of 
Khambat, one f o r the shallower parts of the dam location and one f o r the 
sections above Bench Mark (during ebb these sections have run d r y ) . The 
boring f o r the shallower parts of the dam location is shown in Figure 2.5. 
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Figure 2.5 Borelog valid for the shallower parts 
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Even deeper then the a l l u v i a l depositions (several tens of metres below the 
bottom surface), the tectonic map shows a non-active north south f a u l t in 
the centre of the Gulf and two non-active east west f a u l t s , one at the 
northern edge of the Gulf and one along the axis of the Narmada r i v e r . 
These f a u l t s are overlain with Ter t iary and Quarternary rocks and have not 
shown much a c t i v i t y the last two centuries. 

Climate 

The province of Gujarat has a t rop ica l continental climate. I t is strongly 
influenced by monsoon winds. The ra in season runs from June to October. 
Ra in fa l l takes place in short downpours. Regular r a i n f a l l can only be 
expected in July and August (one rainy day every two or three days). This 
strongly concentrated r a i n f a l l causes temporarily very high discharges in 
the r ivers with a high p robab i l i ty of f looding and erosion. The remaining 
part of the year there is usually not much r a i n . In the Khambat region the 
annual p rec ip i t a t ion is about 1.000 to 1.500 mm. 80% of t h i s t o t a l f a l l s in 
the months July, August and September. 

Wind and Waves 

Wind and wave characteris t ics in the Khambat region are also dominated by 
the monsoon climate. 

From December to February, when there is a high-pressure area over the 
mainland of India and a low pressure area over the north east of A f r i c a , 
the winds blow from the north east. Wind is blowing from the i r regular land 
surface and is therefore not very strong (4 m/s), thus waves in the Gulf of 
Khambat are not high because of the low wind speed. 

From March to May the wind d i rec t ion turns from west to north and the wind 
increases to 6 metres per second (average). In th i s s i tua t ion there is 
s t i l l no strong wave f i e l d in the Gulf because of th i s low wind speed and 
the l imi ted f e t ch . The maximum s i g n i f i c a n t wave height with a wind speed of 
6 metres per second and a fe tch of 40 km is 0.8 m. 

From June to September the average wind speed is 10 m/s and the wind 
d i rec t ion is SW. In th i s s i tua t ion the s ign i f i can t wave height reaches i t s 
maximum value. The high wind speed and unlimited fe tch (unlimited f o r waves 
in the Gulf of Khambat) give an average s ign i f i can t wave height of 1.5 m. 

From October to November the wind speed f a l l s back to less then 5 m/s with 
no stable wind d i r ec t ion . Wave heights are l imi ted to 1.0 m. 

Studies f o r the Gulf of Khambat have been made by D e l f t Hydraulics ( l i t 
[ 2 6 ] ) . Results of these studies are presented in the next paragraph. The 
design conditions f o r wind and waves occur in the months June, July and 
August when wind speed and wave height can reach extreme values due to 
t rop ica l cyclones. Data from weather measurement stations in the Gulf show 
that the chance of a t rop ica l cyclone reaching the Gulf of Khambat with a 
wind speed of 26 m/s or more is 4.3 %. The chance of a cyclone with a wind 
speed of more then 30 m/s passing the Gulf is 2.6 %. 

For more detailed information about wind speed, data are extrapolated of 
data from the Bombay weather s t a t ion . Differences between Bombay and the 
Gulf of Khambat are governed by a mul t ip ly ing f ac to r . This fac tor is 
determined as 1.3. 
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Following from the study of the hourly wind data of Bombay applied to the 
Gulf of Khambat. 

50 % chance of exceedance: 19 m/s. 
10 % chance of exceedance: 26 m/s. 
2 % chance of exceedance: 34 m/s. 
1 % chance of exceedance: 39 m/s. 

Near to the dam s i te a reduction is proposed of ten percent in view of the 
sheltering e f f e c t of Cathiawar. The new numbers become: 

50 % chance of exceedance: 17 m/s. 
10 % chance of exceedance: 24 m/s. 
2 % chance of exceedance: 31 m/s. 
1 % chance of exceedance: 35 m/s. 

Wind speeds can increase considerably during a squal l . A squall is defined 
as a sudden increase of wind speed by at least 3 stages on the Beaufort 
scale, whereby the wind speed reaches at least 11 metres per second (force 
6 Beaufort) and remains so f o r at least one minute. The sudden increase of 
wind may take less then one minute. These squalls occur during the passage 
of huge convective clouds and are mostly connected with intensive ra in 
showers and often with thunderstorms. Here they occur almost exclusively 
during the south west monsoon (May to September) with a maximum in July. 
Most of the squall last less then 15 minutes. For the wind speed during a 
squal l , m u l t i p l i c a t i o n factors are used. 

Period considered 5 seconds ("gust") -> fac tor 1.40 
Period considered 1 minute -> fac tor 1.24 
Period considered 10 minutes -> fac tor 1.10 

Extreme wave heights to be exceeded on the average with a chance of 10 %, 
2 %, or 1 % only are expected to be always associated with the extreme wind 
speeds of t rop ica l cyclones. I t must be stated beforehand that the estima­
t ion of p robab i l i t i e s of extreme wave heights associated with t rop ica l 
cyclones is s t i l l a more speculative matter than the estimation of the 
p robab i l i t i e s of extreme wind speeds, because re l i ab le observations of high 
waves in t rop ica l cyclones are very d i f f i c u l t and therefore rare . 

To translate the given extreme wind speeds in extreme wave heights, two 
calculations have been made. For the f i r s t equations given in the Shore 
Protection Manual (pp 3-77, 3-88) are used. These equations can be applied 
f o r wave predict ion in deep water as a resu l t of cyclones. The second 
calculat ion is made with the computer program HISWA (Hlndcast Shallow water 
WAves). 

Calculation with the equations in the Shore Protection Manual 

As was mentioned before, the equations can be applied f o r wave predict ion 
in deep water as resul t of cyclones. Since the waves in the Gulf of Khambat 
are not generated in nor t r a v e l l i n g through deep water, the calculated 
waves are too high. Equations f o r wave predict ion as resul t of t r op i ca l 
cyclones in shallow water have not been developed. To get a more r e a l i s t i c 
value f o r the wave height, and the wave period in the Gulf, the wave 
heights, and the wave periods calculated from the deep water equations are 
converted to the shallow water conditions (depth is 25 meters average). 
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The conversion takes place as fo l lows: 

1 With the calculated wave height f o r the deep water s i tuat ion and the 
wind speed an equivalent fetch can be determined (the fetch combined with 
the wind speed would give the calculated waves). 

2 With th i s equivalent fetch and with the given wind speed a wave 
predict ion can be made f o r shallow water, the wave prediction consists of 
a predict ion f o r the wave height and f o r the wave period 

This process of wave predict ion is presented and can be checked in annex 
I I : Calculation wave predict ion f o r the Gulf of Khambat 

The resul t of the calculations are presented in Table 2.3: 

chance of exceedance wave height in metres wave period in seconds 

10 % 4.4 9.5 
2 % 5.1 10.0 
1 % 5.5 10.5 

Table 2.3 Predicted significant wave heights and wave periods for the Gulf 
of Khambat with the equations of the Shore Protection Manual 

These values f o r the maximum wave height are given with much reserve. 
Especially the wave heights near the dam s i te can vary because of l i m i t i n g 
fac tors as: 
- l imi ted fetches, 
- shallowness, 
- turbulent currents. 

So fa r a l l considerations and conclusions re fer to the s ign i f i can t wave 
heights. I t is well-known that some individual waves are much higher than 
the s i g n i f i c a n t wave height and that the probable highest individual waves 
increases with the duration considered. In order to estimate the probable 
highest individual waves associated with the extreme s ign i f i can t wave 
heights as given ea r l i e r in th i s chapter by applying the rayleigh d i s t r i b u ­
t ion the fo l lowing should be done. 

1 Determine the duration of the maximum wind speed. The duration of th i s 
wind speed is the size of eye of the cyclone divided by the speed of the 
t r a v e l l i n g cyclone. In the former calculations the size of the eye of 
the cyclone is assumed as 80 kilometres, and the t r a v e l l i n g speed of the 
cyclone as 10 metres per second. The duration of the storm then becomes 
5400 seconds. 

2 Divide th i s duration time by the most probable wave period to get the 
t o t a l number of waves. 

3 The m u l t i p l i c a t i o n fac tor f o r the s i g n i f i c a n t wave height to get the 
maximum wave height can be determined from Equation 2 . 1 . 

H„ = 0 .707 H . 
n 
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In annex I I I the maximum wave heights are calculated. The resul ts can be 
found in Table 2.4. 

change of exceedance maximum wave height in metres 

10 % 7.9 
2 % 9.1 
1 % 9.7 

Table 2.4 Predicted maximum wave heights for the Gulf of Khambat with 
the equation of the Shore Protection Manual 

Calculation with the HISWA computer model 

In the computer model calculations with wind speeds of 31 m/s, 24 m/s and 
17 m/s have been conducted.The results f o r the calculat ion with 31 m/s are 
given in Figure 2.6. There are large differences between the two d i f f e r e n t 
calculations (the equations of the Shore Protection Manual and the HISWA 
model). The reason f o r these large differences l ies par t ly in the ( i n v a l i ­
d i t y of the equations of the Shore Protection Manual. As was mentioned 
ea r l i e r in th i s section the equations are only va l id in deep water. The 
conversion to shallow water does not seem to give the desired r e su l t . An 
other reason f o r the d i f ference is that the computer model takes r e f r ac t ion 
and d i f f r a c t i o n into account. The calculat ion with the SPM equations are 
made with average water depths. The f igures as resul t of the HISWA model 
have to be considered as more r e l i a b l e . 

The maximum wave height f o r the d i f f e r e n t maximum wind speeds are given in 
Table 2.5. 

chance of exceedance maximum s ign i f i can t wave period (s) 
wave height (m) 

10 % 2.4 6.0 
2 % 3.0 7.0 
1 % 3.8 7.5 

Table 2.5 Predicted significant wave heights and wave periods for the Gulf 
of Khambat with the HISWA model 

The s i g n i f i c a n t wave height presented in Table 2.5 is only v a l i d f o r a 
small part of the proposed dam s i t e . The wave height near Bhavnagar is 
considerable lower due to the sheltering e f f e c t of Piram Island. Maximum 
wave heights are reduced to 2.0 metres and lower. Near Al ia Bet the wave 
height is also considerable lower than 3.5 metres due to the shallowness of 
th i s region. I f the d i rec t ion of the incoming waves and wind is varied the 
maximum s ign i f i can t wave height near Bhavnagar and Al ia Bet does not r ise 
noticeable. 
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OUTPUT ISO LINES OF WAVE HEIGHT 
Figure 2.6 Iso lines of the wave height for a wind speed of 31 m/s 

For the maximum individual wave height the same equations hold as are used 
in the previous section. The time in which th i s maximum individual wave can 
occur is in the time frame in which the water level is high enough to have 
the maximum waves calculated in HISWA. The water level f o r these c a l c u l a t i ­
ons were set at B.M. + 8 metres. The length of t h i s time frame is approxi­
mately 2 hours. The number of waves that reach the area of interest is 2 * 
60 * 60 / T. The wave period varies with the wave height as does the 
m u l t i p l i c a t i o n fac tor f o r the maximum individual wave. 
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change of exceedance maximum wave height in metres 

10 % 3.0 
2 % 3.7 
1 % 4^6 

Table 2.6 Predicted maximum wave heights for the Gulf of Khambat with 
the HISWA computer model 

Again the values of the maximum individual wave height as resul t of the 
HISWA calculat ion have to be considered as more r e l i a b l e . 

The waves calculated with the Hiswa computer model may be more r e l i a b l e , 
they are however not perfect . The HISWA model can not calculate cor rec t ly 
with a double frequency peak. So i f waves generated in the Arabian Sea 
reach the Gulf of Khambat, these waves break over the shallow parts of the 
Gulf of Khambat, causing waves having decreased wave height but having the 
same r e l a t i v e l y high wave period. Waves generated in the Gulf of Khambat 
region are new and have a r e l a t i v e l y low wave period (and a high steep­
ness). In the computer model these two wave f i e l d s can not be combined but 
are calculated more separately than they should be resu l t ing in lower 
resu l t ing waves. The wave height that w i l l be used f o r construction of the 
dam and the caissons is a wave height somewhat higher than the computer 
resu l t s , the s ign i f i can t wave height with a change of 1 % of exceedance 
w i l l be set at 5.0 metres, with a wave period of 10 seconds. The maximum 
wave height with th i s accepted s i gn i f i c an t wave in the time frame of two 
hours is 6.0 metres. 

In extreme storm surges (the wind blowing from the south and exceeding 20 
m/s) a r i se of the sea water level as resul t of wind set up can be expected 
of 2.0 metres, [see l i t . (5 ) ] 

32 



Tides 

3 Tidal movement 

3.1 Tides in general 

On the oceans a periodic r i s i n g and f a l l i n g of the water level occurs. This 
phenomenon is known as t i d e . In th i s section the causes of t i d a l const i tu­
ents w i l l be discussed. 

3.1.1 Astronomical Tides 

CENTRIFUGAL 
F O B C f 

ATTRACTION 

mSJLTAHl FORCE 

Figure 3.1 Forces of the earth-
moon system [lit. (1)] 

The t i d a l movement is driven by the g rav i ta t iona l a t t r ac t ion of the moon 
and sun acting on the ro ta t ing earth. The influence of other ce les t i a l 
bodies has proved to be neg l ig ib le . 

The most important contr ibut ion in 
the t i d a l movement is the a t t r ac t ion 
of the moon. Although the mass of the 
sun is much greater than that of the 
moon, the influence of the l a t t e r 
more than doubles that of the sun 
because of the r e l a t i v e l y short 
earth-moon distance. In the earth-
moon system there are two types of 
forces: a t t r ac t ion and cen t r i fuga l 
forces (Figure 3.1) . Newtons law of 
g rav i ta t ion t e l l s us that the earth 
and the moon exert a t t r ac t ion forces 
upon each other. These forces are 
balanced by the cen t r i fuga l forces 
due to the ro ta t ion of the two bodies 
around the i r common centre of mass. 
This equi l ibr ium exists only f o r the 
earth as an e n t i t y . The d i s t r i b u t i o n 
of the forces over the earths surface is characterized by resul tant forces 
which cause high water on the l ine extending from the moon through the 
centre of the earth. When we assume that the earth doesn't ro ta te , the time 
of revolut ion of the moon is 24 hours and 50 minutes. This means that high 
t ide occurs every 12 hours en 25 minutes. The described, cosine-shaped, 
t i d a l constituent is cal led the M 2 - t ide. 

The influence of the sun can be explained in the same way. This is the 
S 2-tide which has an amplitude less than half the M2 amplitude. The period 
of t h i s constituent is 12 hours. The d i f fe rence in period of the M2 and S2 

consti tuent causes the t i d a l range to vary. When earth, moon and sun are 
aligned the M2 and S2 consti tuent have t he i r maximum (or minimum) at the 
same time which resul ts in a high t ide that is higher than the average. In 
the same way low tides are lower than the average. This s i t ua t ion , which is 
cal led spr ing- t ide , takes place every 14,3 days at respectively f u l l and 
new moon. At the other extreme, when M2 an S2 are out of phase at the moons 
f i r s t and t h i r d quarter, the t i d a l range is small; neap-tide. 

A charac ter i s t ic which has been neglected so f a r is that the plane of 
the moons o r b i t is at an angle with the plane of the earths equator. This 
angle is called the moons dec l ina t ion . 

The same counts f o r the sun. This diurnal phenomenon is described by the 
K v, 0, and P, const i tuents . K, is a combination of the influence of the sun 
and the moon. 0X and Px are respectively s o l i t a r y lunar and solar cons t i tu­
ents. Because of the diurnal constituents two successive high t ides are not 
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DIURNAL TIDE 

f w i 

similar in height. This is cal led da i ly 
inequal i ty . At some places the diurnal 
t ides even dominate the semi-diurnal 
t ides (Figure 3 .2) . 
The decl inat ion of the sun and moon is 
not constant in time. I t changes during 
the o r b i t a l cycle. This is described by 
the semi-diurnal K2 consti tuent . The 
distance from the moon to the earth also 
varies. This e f fec t s in varying t ide -
ra is ing forces which are taken into ac­
count by a semi-diurnal N2 constituent. 
The moon causes also a wave with a per i ­
od of one cycle per f o r t n i g h t , t h e Mf 

consti tuent , which is mainly s ign i f i can t 
in shallow water. Figure 3.2 The equilibrium tide 

[lit. (1)] 
The i n i t i a l t i d a l wave runs around the world on the southern hemisphere 
(the only world spanning sea-area) at about 65 ° l a t i t u d e . There are two 
major waves synchronous with the moon, one wave top under the moon and one 
diametral across. The cd of the earth at 65 ° l a t i tude is c. 16,000 
kilometres, therefore the wave is about 8,000 kilometres. 

This generated wave runs along the southern borders of the oceans and 
propagates northwards into these oceans. 

SEMI- DmflNAL TIM rWI 

3.1.2 Meteorological and shallow water tides 

In the previous section the t ide is described as a combination of astrono­
mical consti tuents. In r e a l i t y the ocean i t s e l f also plays an important 
ro le . The variat ions of the water-level propagate with a cer ta in wave speed 
which depends on the water depth. When t i d a l waves reach shallow waters 
they are influenced by the bottom topography and coastl ine geometry. This 
influence is important when the non-linear terms play a part in the dynamic 
equations which describe the propagation of the t ides . Two non-linear 
phenomena are described below: 

Because there is a d i f ference in depth at low and high water the 
trough of the t i d a l wave is more retarded than i t s crest . This causes 
d i s t o r t i o n of the t i d a l wave. 

The bottom f r i c t i o n is proportional to u | u | , where u is the f low-
ve loc i ty . 

Both phenomena are described by introducing over-tides of respectively four 
and six osc i l l a t ions a day (M,- and M6-component). 

Other non-linear e f f ec t s or ig inate from in terac t ion between the astrono­
mical consti tuents. This generates compound t ides wi th frequencies equal to 
the sum or the d i f fe rence of the frequencies of the o r ig ina l consti tuents. 
Over-tides do not have an astronomical background but they can be very 
important f o r coastal seas and estuaries. 

The variat ions of the water-level due to t ides are also influenced by 
meteorological phenomena l i k e atmospheric pressure changes and wind stres­
ses. The influence of these e f f ec t s has not been taken into account fo r 
th is p ro jec t . 
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3.2 Tides in the Gulf of Khambat 

The i n i t i a l t i d a l wave, with a wave-length of 8,000 kilometres, runs along 
the southern borders of the oceans and propagates northwards in these 
oceans. The propagation of the t i d a l wave in the Indian ocean can be seen 
in Figure 3.3. The wave speed of the t i d a l wave can be calculated with 
Equation 3 . 1 . (Shallow water equation, because L = 8,000 kilometres; D = 
4,000 metres) 

c = Jgct (3.1) 

In the present s i tua t ion the fo l lowing values were used: 
g = 9.8 m/s2 

d = 4,000 m 
t h i s resul ts i n : c = y/9 .8*4000 = ca. 200 m/s 

Figure 3.3 Tidal wave propagation in the Indian ocean [lit. (28)] 

The t i d a l wave reaches the Gulf of Khambat some 16 hours a f t e r departure 
from the place of o r i g i n . 
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The Gulf of Khambat is characterized by a large t i d a l d i f fe rence . This 
varies, f o r an average spr ing- t ide , from 5,1 m at Bulsar to 8,8 m at 
Bhavnagar1, The location of these places, and others mentioned in th is 
chapter can be found in Figure 1.2, in chapter 1. For a neap-tide these 
values are respectively 2.4 and 4.8 m. Further to the north the t i d a l 
d i f ference is even bigger. When we take the t ide at Bulsar as a reference 
i t is possible to determine an ampl i f i ca t ion- fac to r f which is the r a t i o 
between the t i d a l differences at Bhavnagar and Bulsar. The value of th is 
fac tor f is 1.7 f o r a spring-t ide and 2 f o r a neap-tide. 

Besides a di f ference in amplitude there is also a difference in time 
when high water is reached. High t ide in Bhavnagar occurs (according to the 
Admiralty Tide Tables [ l i t . ( 2 ) ] ) approximately two hours la ter than in 
Bulsar. Dependent on the t i d a l amplitude at a certain moment th i s value can 
be 15 minutes more or less. The distance between Bulsar and Bhavnagar is 
120 km. 

In Section 3.1 the astronomical constituents of the tides were treated in 
general. In Table 3.1 the amplitudes of the most important t i d a l const i tu­
ents of three places " i n " the Gulf of Khambat are presented, 

heights in m Bulsar Pipavav Bandar Bhavnagar 

amplitude M2 1.86 0.88 3,14 

amplitude S, 0.72 0.35 0,96 

amplitude K; 0.74 0.50 0.76 

amplitude 0, 0,25 0.23 0.34 

amplitude ^-diurnal 0.02 0.04 0,03 

Table 3.1 Tidal amplitudes [lit. (2)| 

At the southern entrance of the Gulf of Khambat a big di f ference in t i d a l 
ranges exists when we compare the eastern and the western edge of the 
estuary. When we consider a normal t i d e , the average of a spring and a neap 
t i d e , the t i d a l ranges at Bulsar and Pipavav Bandar are respectively 3,6 an 
1.8 m. The dif ference of 1.8 m. can be explained by the Cor io l i s e f f e c t . 
Due to the ro ta t ion of the earth a force (Cor io l i s - fo rce ) is acting 
perpendicular to the streamlines. At the northern hemisphere th i s force is 
acting to the r i g h t . The Cor i o l i s-f orce is balanced by a slope of the 
water-level that can be described as a pressure-gradient. 

J_dp 
Pw dn = F. Coz (3.2) 

FCor = 2 U<*e s i n < P (3 = 3) 

This values represent the differences between the averages of 
successive high and low waters, 
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w i t h : 

U = f low ve loc i ty , estimated value from Duflow calculat ions: 1 m/s 

u = angular ve loc i ty of the earth = 0,73 * 10 "4 rad/s 

<p = geographical l a t i t ude , 21° 

dp = dhpwg (3.4) 

With Eq, 3.3, Eq 3,4 and some algebra Eq. 3.2 becomes 

dh = 2ütoesin<p 
dn g (3.5) 

Together with the estimated values of the variables, dh/dn can be computed: 

dh 2 * 7 , 3*10"5 s i n 21° 
dn 9.8 5 .3*10 ° 

The distance between Bulsar and Pipavav Bandar is approximately 150 km. 
This resu l t s , with u is 1 m/s, in a dif ference in water-level of: 

Aft = 150*103 * 5.3*10"6 = 0.8 m 

When we consider a r i s i n g t ide the highest point of the slope is at Bulsar, 
When the d i rec t ion of f low is reversed, at f a l l i n g t i d e , the d i rec t ion of 
the slope is reversed too. Now the lowest point is at Bulsar. Thus, the 
d i f ference in t i d a l range of both locations should be equal to two times 
the computed value of 0.8 m., which gives 1.6 m, This value is close to the 
exis t ing di f ference of 1.8 m., mentioned above. 

Points of interest f o r t h i s consideration is the used value f o r U, and the 
phase di f ference in high water caused by t ide and high water caused by 
C o r i o l i s . The value f o r U d i f f e r s over the stretch Bulsar - Pipavav Bandar, 
so a more d i f f e r e n t i a t e d calculat ion should be made. Furthermore a l i t t l e 
d i f ference in the mean ve loc i ty changes the di f ference in water level 
1inear, 

The maximum Cor io l i s fo rce , and maximum water-slope, takes place when 
the ve loc i ty of the water is at i t s maximum. This maximum veloc i ty does not 
take place at high (or low water) but some hours before. This phase 
di f ference can be overcome i f the i ne r t i a of the water-mass is considered. 
Some reservation concerning the calculated water-difference should have 
been made i f the calculated values were not in agreement with the given 
values in the Admiralty Tide Tables [ l i t . ( 2 ) ] . 
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3.3 Tide modelling with DUFLOW 

3.3.1 The existing situation 

network 

To be able to carry out a one-dimensional Duflow ca lcu la t ion , the Gulf of 
Khambat was schematized as a network consisting of 39 nodes which are 
connected by 51 channels (see Figure 3.4), 

boundary-conditions 

At the boundaries of the model one has to introduce boundary conditions. At 
the seaward boundaries of the model, being nodes 37, 38 and 39, the t i d a l 
wave is introduced. The conditions at Bulsar (Valsad) are considered to be 
representative f o r the seaward boundary. An average spring-t ide is introdu­
ced by means of a Fourier-series. The da i ly inequal i ty (difference between 
two successive high t ides caused by the moon's decl inat ion) is included in 
th i s boundary-condition. 

At the other boundaries of the model a discharge of 0 m3/s is assumed 
which means that the r i v e r discharges are neglected. 

results 

The resul ts of the calculations described in appendix A, section A2 are 
presented in Figure 3.5 and Figure 3.6. Figure 3,5 shows a gradually 
increasing t i d a l d i f fe rence , when we go northward from the seaward boundary 
into the Gulf of Khambat, which rather accurately matches with the s i t u a t i ­
on as predicted in the admiralty t ide tables. The r a t i o of the t i d a l 
differences at Bhavnagar and Bulsar (Figure 3.4) can be computed using the 
values at nodes 38 and 11. The ampl i f i ca t ion - fac to r has a value of 1.7 
which matches with the roughly estimated value [see section 3 .2 ] . 

The discharges 1 show an also estimated gradual decrease (Figure 3 .6) . 
For fu r the r information about the DUFLOW-calculations, e.g. resu l t s , 
in te rpre ta t ion and s e n s i t i v i t y analysis, the reader is referred to appendix 
A. 

1 Note: A posi t ive discharge is a f low out of the Gulf of Khambat 
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3.3.2 Gulf partly closed 

By closing a suitable set of sections (which cross a possible dam-alignme­
nt) the influence of the closure-dam has been investigated. Of the two 
routes which have been used one represent an extreme location of the dam in 
the north, the other one is a r e a l i s t i c route in the south. The southern 
a l te rna t ive does not d i f f e r much from the proposed routes in the reconnais­
sance report , 

The construction of a dam in the Gulf of Khambat. w i l l increase the t i d a l 
d i f ferences , 

•4-ir; "Jfip ' 5 3 C !$pn i g i o JC4Q 2 151' 12Br: "JOO 2'52ü 2S-IC ^76Q 

Figure 3.7 Southern closure route 

Comparing Figure 3.7 with Figure 3.5, i t shows that the t i d a l range f o r 
node 28, close to the dam, has increased. In Figure 3.5 i t did amount to 
7.4 m. (7.9 to 0,5 m.) and here i t is 7.9 m. (8.2 to 0.3 m.) . 

From the calculations i t became clear that a location of the dam fu r the r to 
the north (not too f a r , because than the damping becomes stronger) resul ts 
in a bigger t i d a l d i f ference in f r o n t of the dam. This is important f o r the 
t i d a l power s ta t ion . A choice f o r a location of the dam only based on the 
expected t i d a l range would resul t in a route rather f a r to the north ( j u s t 
avoiding damping), provided that the depths are s u f f i c i e n t to transport, the 
water. 

41 



Gulf of Khambat 

3.4 Note about the reference-level 

In the DUFLOW-model of the t i d a l movement in the Gulf of Khambat a f i xed 
reference-level has been used, For th i s level C h a r t D a t u m at Bulsar was 
chosen. Chart Datum is defined as approximately the level of lowest 
astronomical t i d e . This implies that Chart Datum is not a horizontal plane 
because the lowest astronomical t ide is a local feature. 

In the reconnaissance report a l l levels were related to Chart Datum 
without fu r the r spec i f i ca t ion , Undoubtedly a place near the dam-alignment 
was chosen, f o r instance Piram Island, Bhavnagar or Luhara, This level is 
much determined by local conditions. The difference between Chart Datum at 
e.g. Piram Island and at Bulsar is determined by two e f f e c t s : 

a - The di f ference in s t i l l - w a t e r l eve l ; 

b - The di f ference in t i d a l amplitudes. 

sub a: 

The s t i l l - w a t e r level in the Gulf of Khambat is not hor izonta l . I t shows a 
slope. In the table of annex A - I I of appendix A the s t i l l - w a t e r levels of 
Bulsar (node 38) and Piram Island (node 21) can be looked up ( fo r an 
average sp r ing- t ide ) . They amount respectively to 3.88 and 4.07 above CD. 
at Bulsar. This is a d i f ference of 0.19 m. When an extreme spring-t ide is 
considered i t amounts to 0.30 m.. 

sub b: 

The second e f f e c t is the increase in t i d a l amplitude. This varies, f o r an 
extreme spr ing- t ide , from 3.84 m. at Bulsar to 5.50 m. at Piram Island. 

Chart Datum near Piram Island can now be approached using CD. at Bulsar 
and the mentioned values. I t can be estimated that CD. at Piram Island 
l ies 3.88 + 0,30 - 5.50 = 1.32 m. below CD. at Bulsar. 

Because of the construction of the closure-dam the t i d a l amplitudes and 
the s t i l l - w a t e r level in the neighbourhood of the dam w i l l change. Then 
Chart Datum w i l l have to be determined again. Because of these e f fec t s and 
to prevent mistakes in the calculations i t is most r e l i ab l e to maintain 
CD. at Bulsar as the reference f o r the closure-operation, the dam-heights 
etc. Relating heights to a reference-level which is a feature of a place at 
considerable distance may seem a problem. This can be solved however by 
placing a benchmark near the cons t ruc t ion-s i te . Further in th i s report 
except f o r the DUFLOW-calculations, levels and heights w i l l be related to 
B e n c h m a r k [ B . M . ] , which is the same level as Chart Datum at Bulsar. I f only 
the term Chart Datum is used t h i s is always meant to be the Chart Datum at 
Bulsar. 
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4 Design of the closure dam 

4.1 Determination of the dam-alignment 

The optimum alignment of the closure dam depends upon a l o t of d i f f e r e n t 
fac tors which have technical , environmental and economic backgrounds. Here, 
a set of possible alignments is determined, based on some basic assumpti­
ons. These al ternat ives w i l l be compared using a rough calculat ion of the 
quanti t ies of bui lding-mater ia l necessary to construct the dam. I t is 
supposed that the d i f f i c u l t i e s with the f i n a l closure of the dam w i l l not 
d i f f e r much between the al ternat ives because the same t i d a l channels are 
crossed, So the quant i t ies of building-material can be considered as a 
measure f o r the costs of the dam, Costs do form an important selection-
c r i t e r i o n in the choice between d i f f e r e n t a l ternat ives . 

4,1.1 Contributing factors 

The f i r s t and most determining fac tor f o r the alignment is how well the dam 
w i l l comply with the main purpose of the dam. Based on the proposed 
development scheme, th i s main purpose is twofold in the Gulf of Khambat 
namely: 

the construction of a t i d a l power s ta t ion; 

the creation of a f resh water basin, 

Some complementary factors that also can contribute to the determination of 
the alignment are the crossing of the Gulf of Khambat, and the development 
p o s s i b i l i t i e s of Bhavnagar Port. 

In the preceding chapter i t was concluded that the t i d a l d i f ference in 
f r o n t of the closure dam is larger when the dam is projected f u r t h e r to the 
north. On the other hand the depth of the gulf decreases in th i s d i r ec t ion . 
When the area of the f low p r o f i l e of the intake works is kept constant they 
w i l l have to be wider in order to compensate f o r the smaller available 
depth. So one has to f i n d an optimum between the t i d a l d i f ference and the 
water depth needed to construct and explo i t a t i d a l power s ta t ion . A study 
by E.M. Wilson (1975) showed that the implementation of a t i d a l power 
scheme north of Bhavnagar is not feasible because of i n s u f f i c i e n t water 
depth. 

The second goal of the project is to create a fresh water basin. A big 
area ( i . e . a more southern alignment) results in a large storage po ten t i a l . 
A smaller quanti ty of f resh water o r ig ina t ing from the Narmada r ive r w i l l 
have to be s p i l l e d . Another reason to project the dam f a r to the south is 
the inclusion of the Narmada-mouth. This r i ve r has the biggest discharge of 
the three r ivers which f low out into the Gulf of Khambat, The Narmada w i l l 
de l iver a considerable quanti ty of fresh i r r iga t ion-water and w i l l also 
speed up the desal inizat ion process. Without inclusion of the Narmada-mouth 
a large storage potent ia l w i l l be useless. 

The construction of a dam in the Gulf of Khambat provides a p o s s i b i l i t y 
to decrease transport costs in the area considered. A road or railway can 
be constructed on top of the closure dam. This w i l l considerably reduce the 
transport distances between e.g. Bombay and the Saurashtra peninsula. The 
connection with the ex is t ing in f ras t ruc ture is not expected to form a real 
problem. Also during construction the dam must be accessible f o r construc­
t i o n t r a f f i c . 
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The environmental impact of the closure dam w i l l be considerable and should 
be investigated thoroughly. The outcome w i l l probably not d i f f e r much f o r 
the possible alignments when the proposed development scheme is maintained. 
This scheme implies a fresh water basin, production of t i d a l power energy 
and gul f crossing. The environmental impact may lead to a decision to carry 
out the project on a much smaller scale, f o r instance the construction of 
two small separated basins excluding gulf crossing. One basin can be used 
f o r i r r i g a t i o n and another one f o r t i d a l power energy. This a l te rnat ive 
however is not investigated here. 

The features discussed before are more indicat ive than that they determine 
the alignment of the dam. Factors which determine the location of the dam 
in de ta i l are discussed below: 

length of the dam 

The length of the closure dam can be minimized in order to l i m i t 
costs of material and construction time. However, the quanti t ies of 
material needed f o r the construction of the dam not only depend on 
the length of the dam but also on i t s cross-section. When a decrease 
in the length of the dam implies an increase in cross-section th i s 
may not be advantageous. 

water-depth and gu l l i e s 

As the quanti t ies of construction material increase quadratic with 
the depth, i t w i l l be clear that the chosen alignment as much as 
possible must avoid deeper parts of the Gulf of Khambat. Tidal 
channels that can not be avoided must be crossed perpendicularly, i f 
possible. This saves construction material and creates an optimal 
f low pattern during the closure. Also confluences and divis ions of 
channels close to the closure-gaps should be avoided. 

the sea-bed 

The composition of the sea-bed is of major importance f o r the founda­
t i o n of the dam. The expected loss of material due to scour is 
determined by the bottom mater ia l . The bottom of the Gulf of Khambat 
consists mainly of f i n e sand, which forms a good foundation but has 
to be protected against scour. At the western side, near Piram Island 
a rocky bottom can be found. At the eastern f r i n g e the sand is 
covered by a layer of mud, o r ig ina t ing from the r ivers discharging in 
the g u l f . The inclusion of the Narmada-mouth implies an alignment 
south of Dahej. An alignment south of Piram Island does not increase 
the possible gains. In the remaining area no s i g n i f i c a n t differences 
in composition of the sea-bed are evident. 

new part of the coast 

The f i n a l dam w i l l form a part of the new coast l i n e . The closure 
influences the pattern and the magnitude of the currents. Also the 
sediment transported by the Narmada no longer can deposit in the 
t i d a l basin. (This deposition already has changed due to the con­
s t ruc t ion of the Narmada dams.) The morphological processes resu l t ing 
from the changes have to be studied. The alignments considered here, 
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using the described indicat ive fac to rs , do not d i f f e r much in l o c a t i ­
on. Important differences in morphological impact between the 
al ternat ives are not expected. 

natural points of support 

In general, in determining an alignment f o r a dam, i t is a t t r ac t ive 
to use islands as f i x e d points . Islands can provide a p o s s i b i l i t y to 
store bui lding-mater ial and equipment near the construction s i t e . 
Dependent on the shape of the is land, the length of the dam is 
reduced too. In the Gulf of Khambat the use of Piram Island is a 
p o s s i b i l i t y . An alignment crossing the gulf perpendicularly to Luhara 
Point can also be considered although i t is not an island. From there 
a second closure is required in the delta of the Narmada. 

4.1.2 Alternative alignments and selection 

The alignment of the closure dam in the Gulf of Khambat can be roughly 
divided in two sections which connect on the Kerselea Bank in the Narmada 
de l ta , south-east of Luhara Point. 

A: The f i r s t section runs from the western side of the gulf to Kerselea 
Bank. Three al ternat ives f o r th i s part w i l l be compared la ter in th i s 
chapter. 

B: The second section s tar ts at Kerselea Bank, crosses the mud-flats and 
connects with the higher parts on the coast. 

sub B: 

Here two main al ternat ives are possible. These are (Figure 4 .2 ) : 

1 an alignment north of A l i a Bet, more or less para l le l to the main 
channel of the Narmada r i v e r , with a length of approximately 25.8 
km.; 

2 crossing Al i a Bet in south-eastern d i r ec t i on , ending near Katpur, 
16.1 km. long. 

The consequence of the second a l te rna t ive is that a large area, consisting 
of mud-flats and sand-
banks is isolated from 
the t i d a l , salt-water 
regime. In th i s case the 
mangroves, present on and 
south-east of A l i a Bet, 
w i l l disappear. On the 
other hand the storage 
area w i l l increase, com­
pared with the f i r s t a l ­
t e rna t ive . A second ad­
vantage is that the quan­
t i t i e s of construction-
material needed, w i l l be 
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less. Figure 4.1 Cross-section of the final dam 
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The differences in these quanti t ies are calculated applying a cross-section 
of the closure dam as shown in Figure 4 . 1 . The f i n a l dam consists of a 
rubble closure-dam with slopes of 1 : \\ and is assumed to be completed 
with sand that is covered by a revetment. At the sea-side the wave-attack 
w i l l be more severe, so the slope here is less steep than at the basin-
side. The levels mentioned in Figure 4.1 w i l l be subject of detai led study 
f u r t h e r on together with the f i n a l shape of the dam. 
Every 600 m. the bottom-level is taken from the admiralty chart . I t is 
assumed that A l i a Bet has a constant level of 10 m. + B.M. (d = -10 m.) . 

The area of a cross-section of the closure dam is calculated using Equation 
4 . 1 . This equation is used to determine the area of the part of the cross-
section above the level of B.M. + 12 m. which has a maximum of 528 m2 when 
d > -12 m. At t h i s level a change in dam slopes is supposed. The area below 
th i s level is calculated in the same way, using other slopes. The sum of 
th i s two values is the local area of the cross-section. 

d = bottom-level in m. below CD. (d has a negative value when the level 
is above C D . ) 

A = 30-(20+d) +\-6-{2Q + d)2 + — -3 (20+d) 2 [w2] (4.1) 

The amount of material needed f o r a section of 600 m. is determined by 
l inear in terpola t ion of the areas at the edges of the section, whereafter 
t h i s value is mu l t ip l i ed with the length of the section. 

The resul ts f o r th i s par t icu la r cross-section are: 

alignment 1: alignment 2: 

30.5 * 106 m3 16.9 * 106 m3 

This means that alignment 1 requires 1.8 times as much construction 
material as alignment 2. 

I t can be considered to bu i ld th i s dam section by means of hydraulic sand-
f i l l . Then the cross-section of the dam w i l l be t o t a l l y d i f f e r e n t . When we 
assume slopes of 1 : 30 on both sides of the dam the quanti t ies of con­
s t ruct ion-mater ia l are respectively 167 * 106 m3 f o r alignment 1 and 90 * 
106 m3 f o r alignment 2. Here the di f ference in use of material is a f ac to r 
1.85. So i t can be concluded tha t , almost independent of the shape of the 
cross-section, alignment 2 is much cheaper than alignment 1. 

Here, only on economical grounds, a l te rna t ive 2 is chosen. However, t h i s 
does not imply that the f i n a l alignment exactly runs over Kerselea Bank. 

sub A: 

The other and most important part of the closure dam is the part crossing 
the large stream-gullies in the centre of the g u l f . Based on the characte­
r i s t i c s described in section 4.1.1 several alignments were proposed. Here 
three rather d i f f e r e n t variants are discussed, see alignment I , I I and I I I 
in Figure 4.2. The longi tudinal sections are shown in Figure 4.3. 
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Figure 4.2 Three possible alignments for the closure-dam 

The features of these a l ternat ives are: 

I A s t ra ight alignment at the narrowest part of the Gulf of Khambat; 

I I This a l te rna t ive is oriented at sandbanks and shallow parts in the 
gu l f ; 

I I I Alignment I I I crosses the Gulf s t ra ight in the d i rec t ion of Kerselea 
Bank and Al i a Bet, using Piram Island as a natural point of support. 

For these (and other) alignments the quant i t ies of construction material 
were calculated again using the same method as described above (Table 4 .1) . 
Here only the cross-section of Figure 4.1 was used. 

alignment construction material length of new dam 

I 141 * 106 m3 47.3 km 
(Including the section over 
land, along Luhara i t becomes 
52.8 km.) 

I I 157 * 106 m3 48.6 km 

I I I 169 * 106 m3 46.1 km 
Table 4.1 Comparison of the alignments 
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Ai ignment Alternative I! 
West - East 

Z O — 

-40 H j 
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O.O 1 2 . 0 2 4 . 0 3 8 . 0 4 8 . 0 

length (km) 

Al ignment Alternative lli 
W e s t - E a s t 

O.O 1 0 . O 2 0 . 0 3 1 . 7 4 3 . 7 

length (km) 

Figure 4.3 Longitudinal section of the alternatives 
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The calculations were based on the depths read from the Admiralty Chart. 
These charts are made f o r navigation purposes. In general the depths shown 
are less than in r e a l i t y . So the absolute values of the calculated quanti­
t i e s w i l l probably appear to be too small. However, the differences between 
the al ternat ives w i l l increase with increasing depths because of the 
quadratic r e l a t ion between the depths and the quanti t ies of material needed 
f o r construction. Certainly the di f ference between alignment I I I and the 
other two w i l l increase because the average depth is larger here. The 
average depths of I and I I d i f f e r less but alignment I I is s l i g h t l y deeper. 

alignment T 

Alignment I crosses the Gulf of Khambat perpendicularly and seems to be a 
very good a l t e rna t ive . The length of the dam is only 2.7 km longer than 
a l te rna t ive I I I and the material needed here is much less compared with the 
other a l te rna t ives . The main problem here is the inclusion of the Narmada 
mouth. The dam i t s e l f blocks the Narmada discharge. To solve t h i s problem a 
channel must be dredged south-west of Dahej to accomplish a connection 
between the Narmada delta and the Gulf of Khambat. The dimensions of th i s 
channel w i l l become very large. Also the quantity of material to be dredged 
is enormous. 

rough estimation of channel dimensions 

In the reconnaissance report the f lood with a frequency of exceedance of 
10 2 per year is mentioned and estimated to have a peak discharge of 67 000 
m3/s. The f lood is supposed to last 60 hours and is described as a parabo­
l i c func t ion with i t s maximum at t = 30 hours. The frequency has been 
chosen as the design frequency. Flooding w i l l cause considerable damage but 
in view of the return period of 100 year th i s can be accepted. 

In the small basin where the Narmada discharges water-accumulation w i l l 
occur. So the peak-discharges of the Narmada w i l l be reduced in the 
connection channel. The maximum discharge in the connecting channel is 
estimated at approximately 2/3 of the maximum Narmada discharge: 44 600 
m3/s. Suppose that the ve loc i ty in the channel section must stay below 1.5 
m/s in order to prevent erosion and that the e f f e c t i v e depth d = 20 m. Than 
the channel-width (W) w i l l s t i l l have to be: 

= _^ax. = 44600 = 1 4 8 7 ( 4 2 ) 

u • d 1 .5*20 

This is only a very rough estimate, but the expected necessary channel 
width w i l l be in the order of 1 to 2 km. Between Dahej and Ambheta there is 
hardly space f o r a channel th i s wide. 

Two sections are distinguished in longi tudinal d i rec t ion of the channel. 
These have respective lengths of about l j = 8 and 12 = 3 kilometres and an 
average lowering of the bottom-level, by dredging, of respectively 10 and 
20 m. is needed there. The volume (V) of material that has to be dredged 
becomes approximately: 

V= (_L\L0+I,-20) 'W= (8000-10+3000-20) -1487 = 
(4.3) 

208 -10 6 m3 

This almost doubles the quanti ty necessary f o r dam construction. Most of 
the material probably can not be used f o r dam construction. The channel is 
s i tuated in an a l l u v i a l area pa r t ly consisting of mud-flats . 
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Another consequence of the channel would be the i so la t ion of the vi l lages 
Luhara, Ambheta and, somewhat larger, Lakhigam. A f e r r y or the construction 
of a bridge, which is rather expensive, can solve th i s problem. A bridge 
has the advantage that the railway and the road near Dahej can be reached 
from the closure dam too. 

alignment II 

Assuming the l ine that the alignment w i l l end near Katpur, another al terna­
t i v e was determined. Alignment I I l ies somewhat more to the south than 
alignment I but avoids the gu l l i e s near Piram Island. Af te r crossing the 
deepest part t h i s alignment bends d i r e c t l y in the d i rec t ion of Al ia Bet. In 
th i s way Kerselea Bank is not crossed. This diminishes the length of the 
dam with 3 km (compared to an alignment that crosses Kerselea Bank, which 
is not discussed here). The necessary quanti t ies of material are also less, 
however compared with a l te rna t ive I they are larger. 

The Narmada discharge must pass now the gu l ly between the closure-dam 
and Luhara-point. When the flow-area is too small here the mud-flats near 
Luhara-point have to be dredged. 

The quanti t ies of construction-material needed f o r the dam are less than 
when alignment I I I is applied. Because the dredging necessary f o r the 
Narmada-flow w i l l be considerably less th i s a l te rnat ive is favourable to 
alignment I too. 

alignment III 

This a l te rna t ive seems favourable because of the shortness of the alignment 
and the use of Piram Island as a natural point of support. The deep gu l l i e s 
around Piram Island however do increase the quanti t ies of material needed 
f o r construction considerably. The gu l ly between the island and the coast 
is rather deep. Here a maximum depth of 50 m. is assumed. This is somewhat 
more than could be read from the Admiralty Chart. Local author i t ies however 
estimate the depth of th i s gu l ly up to 100 m. This increases the quanti­
t i e s , f o r th i s part of the alignment between the coast and Piram Island, 
with 16 * 106 m3 to 30 * 106 m3, depending on the assumed width of the 
deepest part of the g u l l y . 

selection of the alignment 

Making a well-considered choice between several possible alignments asks 
f o r a comparison of many d i f f e r e n t aspects. The t o t a l benefits should be 
weighed against the costs and a l l negative e f fec t s caused by the closure of 
the Gulf of Khambat. For instance a thorough study has to be made with 
regard to the e f fec t s of the disappearance of the t ide and the desa l in i -
zation upon the f l o r a and fauna. 

Here, only based on economical grounds concerning the construction of 
the dam, alignment I I is chosen as the s ta r t ing-poin t f o r the design. 

The selected alignment is rather f a r to the south. This implies that an 
enormous amount of water passes through th i s cross-section every t i d a l 
cycle. During the inf low ( f lood) i t amounts from approximately 6 * 109 m3 

f o r a neap-tide to 11 * 109 m3 f o r a spr ing- t ide . 
For the d e f i n i t e alignment again some DUFLOW-calculations were made to 

study the range of waterlevels that can be expected in f r o n t of the dam. 
This is important f o r the t i d a l power s tat ion as well as f o r the closure-
operation and the design of the f i n a l dam. The results are presented in 
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section A5.5 of Appendix A. Here only the s i tua t ion f o r an average spring­
t ide is shown in Figure 4.5. Compared with the s i tua t ion before closure 
(Figure 4.4) the waterlevel in the basin (node 14) is constant now and the 
maximum waterlevel in f r o n t of the dam (node 21) increases by approximately 
0.30 m. 
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Figure 4.4 Waterlevels at an average spring-tide before closure 

Figure 4.5 Waterlevels at an average spring-tide with a completed dam at the 
chosen alignment 
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4.2 Closure methods 

When bui lding a dam to close o f f a t i d a l basin, d i f f e r e n t methods can be 
used. These methods can d i f f e r in the material used, and the way in which 
the closure is carried out. The material can be sand, rock or large 
elements l i ke caissons. As f a r as the method of closure is concerned, four 
al ternat ives can be dist inguished: 

horizontal closure; 

ve r t i c a l closure; 

a combination of horizontal and v e r t i c a l closure; 

sudden closure. 

4.2.1 Horizontal closure 

The horizontal closing method is characterized by a construction-sequence 
where the closure gap is gradually 
narrowed. Working from both sides 
( th i s depends on the pos i t ion of 
the f i n a l closure gap) the waterway 
is hor izonta l ly constr icted (Figure 
4.6 and 4 .7 ) . This can, at small 
depths, easi ly be carr ied out by 
trucks t ipp ing the i r load. Narro­
wing the cross-section available 
f o r the t i d a l current, the ve loc i ­
t ies increase considerably. This 
makes i t necessary to use very hea- Figure 4.6 Horizontal closure 
vy stones f o r the f i n a l closure. 
Also the bottom w i l l be attacked 
severely because of the high ve loc i t i e s occurring close to the bottom. I t 
w i l l be clear that a heavy bottom-protection w i l l be necessary. 

When closing a large t i d a l basin with a considerable t i d a l d i f fe rence 
the current -ve loc i t ies reach such high values (order of magnitude 8 t i l l 10 
m/s f o r a spr ing- t ide) that a pure horizontal closure is very d i f f i c u l t to 
achieve. 

ó vortex street 

\ \ \ \ 
^ / 11 \ \ \ > 

r 
i F flow direction 

Figure 4.7 Contracted flow through 
the closure gap 
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The discharge through a narrowing is described by Equation 4.4: 

Q = \x-A'y/27g7z ( 4 - 4 ) 

\i = con t rac t ion-coef f i c i en t , varying from 1, f o r a smooth shape of the 
dam-heads, to 0.8 f o r a narrow and steep dam-head. The dam-heads are 
supposed to be rather narrow {fi > 0.8) and not smooth [n < 1.0). A 
s i l l diminishes the contraction of the f l o w . The s i l l - l e v e l is deep 
so the influence w i l l be small. A value of \l = 0.85 has been chosen 
f o r the last 100 m. When the closure-gap is wider the contraction 
w i l l be less. So d i f f e r e n t values of \i have been used. 

22 - 4 km. Ii = 1.0 
4 - 2 km. fi = 0.95 

2000 - 250 m. fi = 0.90 
250 - 0 m. fi = 0.85 

z = the head-difference over the closure-gap 

When the closure-gap is gradually narrowed the waterlevels in the basin can 
not fo l low the waterlevels outside because of the f low p r o f i l e A becoming 
smaller. This diminishes the discharge Q. 

The influence of a horizontal closure on the ve loc i t i e s occurring in the 
closure-gap have been studied using the DUFLOW-model of the Gulf of 
Khambat. For a detai led descript ion of the way in which th i s has been done, 
the reader is referred to Appendix A, section A6. The results of the 
calcula t ion in the s i tua t ion of Highest Astronomical Tide (HAT) and an 
average spring- and neap-tide are presented here. 
This section deals with a horizontal closure. However a combination of 
d i f f e r e n t methods is considered here. The horizontal closure is supposed to 
take place on a s i l l at 20 m. below B.M.. This has been done to be able to 
compare the results with those in the reconnaissance report , where a 
calcula t ion based on the storage-equation has been made applying a s i l l at 
the same height. 

In Figure 4.9 and 4.10 the s i tua t ion f o r HAT is presented when the 
closure-gap has a width of 7000 m. Figure 4.9 shows the r e l a t ion between 
the momentary waterlevels jus t in f r o n t of and behind the dam. In the 
undisturbed s i tua t ion th i s would resul t in a s t ra ight l ine with a slope of 
1. This slope decreases when the discharges through the closure-gap 
decrease and the basin-level approaches a constant value. 

The t i d a l range inside the basin is approximately 1.2 m. less then at 
the sea-side. In the undisturbed s i tua t ion i t was s l i g h t l y larger at node 

Figure 4.8 Part of the adapted DUFLOW-network 
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Basin-leve! versus sea-ievei 
horizontal ciosure, gap of 7000 m. 
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S3a-!evsi (m. above B.M.) 

Figure 4.9 Relation of the momentary waterlevels in front of and behind the 
closure dam in the situation of H A T and a gap of 7000 m. 

Figure 4.10 Waterlevels in front of (43) and behind (42) the closure dam at 
H A T with a closure gap of 7000 m. 
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When the closure-gap is narrowed to 500 m. the s i tua t ion is completely 
d i f f e r e n t (Figure 4.11 and 4.12). 
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Figure 4.11 Relation of the momentary waterlevels in front of and behind the 
closure-dam in the situation of H A T and a gap of 500 m. 
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Figure 4.12 Waterlevels in front of (43) and behind (42) the closure dam at 
H A T with a closure gap of 500 m. 
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The f low p r o f i l e has become rather small. The waterlevel in the basin is 
almost constant now at a level of approximately the sti11-waterlevel at 
sea-side. Note that in the calculat ion the equi l ib r ium-s i tua t ion is not 
reached yet . The d iscont inu i ty in the curve of Figure 4.11 shows that the 
average waterlevel in the basin is s t i l l r i s i n g . The equi l ibr ium-s i tua t ion 
where the inf low is equal to the outflow is not reached yet . This can be 
solved by a very long time of computation. 

However, in nature the equi l ibr ium is also never reached. Before th is is 
the case the astronomical t ides w i l l have changed. 

Closing the last kilometre gap the ve loc i t ies in the closure-gap increase 
to more than 8.5 m/s, when a f lood of an average spr ing-t ide is considered. 
(Figure 4.13). In case of HAT th i s value is 10.6 m/s. Veloci t ies during the 
ebb-flow are s l i g h t l y smaller. Using Eq. 4.4 the ve loc i t i e s in the closure-
gap can be computed too. 

Velocities in closure-gap 
horizontal closure, sill at B.M. - 20 m 

.1 

fa 
highest 
astronomical 
tide 

.. -
. -T 

—+ 
spring-tide neap-tide 

< 
- — * _ — — — UI 

, -"" 
1 ^ " •• Mr-— 

<* 

. _ ^ 
hiahest 

r * astronomical 
y ' tide 

r 
0 4 8 12 19 20 

wid th of c losure - gap (km.) 

Figure 4.13 Range of velocities for different tidal situations when a horizontal 
closure is applied 

The maximum value of the head-difference is equal to half the t i d a l range 
at sea-side: 0.5 * 12.90 = 6.45 m. f o r HAT. The maximum ve loc i ty becomes 
(Eq 4 .5 ) : 

v g a p = - f = Y-J^TZ = 0.9V2-9.8-6.45 =10.1 m/s (4.5) 

This value corresponds quite well with the DUFLOW-results where the maximum 
values are 10.2 m/s f o r ebb-flow and 10.6 m/s f o r f l o o d - f l o w . 
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S t a b i l i t y o f r o c k - f i l l 
Rock can be used to construct the closure-dam because i t is available 
rather close to the const ruct ion-s i te . Here i t is supposed that basalt with 
a speci f ic density of 2900 kg/m3 is available f o r the f i n a l stage of the 
closure. Large quanti t ies of stone are needed with a rather small mass. 
Then rock with a speci f ic density of 2700 kg/m3 is supposed to be used. For 
more information about rock see annex I I I . 

The s t a b i l i t y of the stones depends on the stone-parameter ADn. Out of 
the DUFLOW-results (HAT and average spr ing-t ide) the stone-parameter AD„ is 
calculated, using the head-difference over the s i l l (annex I V ) . This 
stone-parameter consists of : 

(Pston, - PwatJ 2900 - 1020 
A = = =1 .84 

p w a t e r 1020 

r e l a t i ve density of the stones ( i n saline water) 

D = Dn nominal diameter of the stones representing the 
l inear dimension of a cube of the material conside­
red, based on a mass which is exceeded by 50 % of 
the t o t a l number of stones (M50) 

The calculat ion is based on a schematization of graph IV.1 in annex IV. For 
each time-step the momentary resul t is determined using equations IV.3 and 
IV.4 and afterward the maximum value is taken. The resul ts are presented in 
Figure 4.14. 

stone-parameter 
horizontal closure, sill at B.M. - 20 m 
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width of ciosure-gap (km) 
c Average spring-tide * HAT 

Figure 4.14 Values of AD n for decreasing width of the closure gap for two tidal 
amplitudes applying a horizontal closure 
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During construction of the dam a spring-t ide with a maximum waterlevel 
higher than at average spring-t ide w i l l ce r ta in ly occur. Also the influence 
of waves and wind set-up has to be taken into account. For th i s reasons HAT 
has been chosen representing a combination of these e f f e c t s . One should 
real ise that a combination of a very high spring-t ide (approaching HAT) and 
a large wind set-up together with high waves is very rare. For a more 
d e f i n i t e design the chance of occurrence of extreme waterlevels, wind set­
up and wave-heights and t he i r possible combinations w i l l have to be studied 
in detai 1. 

The f i n a l closure can be planned between two monsoon-periods when the 
weather is quiet . The occurring t i d a l d i f ference can also be kept r e l a t i v e ­
ly small by picking a period with spring-tides smaller than average. In 
that case a less severe design condition than HAT can be taken. So the 
resul ts f o r average spring-t ide are presented too. 

So f a r both the head-effect and the porosity of the dam are neglected. 
The vortex streets (Figure 4.7) severely attack the top-layer of the s i l l . 
A method to take th i s head-effect into account is discussed in annex IV. I t 
is found that a fac tor 1.2 on the ve loc i ty w i l l be appropriate. This 
implies a f ac to r 1.2* on the value of ADn. The porosity of the dam in i t s 
turn diminishes the head dif ference over the dam. This decreases the f low-
ve loc i t i es and thus the value of ADn. The influence is discussed in Annex 
IV but neglected here. 

A more detai led construction strategy has been worked out f o r the chosen 
method of closure (section 4.3) 

The value of AD„ is used to determine the necessary mass of the stones used 
f o r the closure. As an example the maximum-value of AD„ = 3.5 is taken. The 
values f o r HAT accidental ly more or less correspond with an average spring­
t ide combined with the margin f o r the head-effect (3.5 (HAT) » 1.2Z * 2.4 
(average spr ing- t ide including head-ef fec t ) ) . The necessary stone-mass can 
be determined as in Eq. 4.6. 

^50% = tip* = ( ^ ) 3 p s = { - r h ) Z ' 2 9 0 0 = 2 0 - 0 ' 1 0 3 i k g ] ( 4 - 6 ) 

Stones of th i s mass are not easy avai lable . I t has to be studied i f a 
quarry, that can be opened in the closest mountains, w i l l be able to 
del iver stones in the range of 20 to 25 tons (When the f i n a l closure is 
planned during neap-tide in a season that the weather is quiet , stones in 
the grading of 15 to 20 ton w i l l be heavy enough). Otherwise the production 
of concrete blocks with heavy aggregate can be considered. 

Except the mass and diameter of the stones the t o t a l quanti t ies of stone 
and the way of transport of the material play an important role in the 
closure operation. This asks f o r fu r the r detai led study of the log i s t i c s of 
the operation. 
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4.2.2 Vertical closure 

When a ve r t i ca l closing-method is chosen the width of the r i ve r or basin is 
maintained. Gradually the depth at the dam-site decreases by bui ld ing the 
dam in horizontal layers (Figure 4.15). The material is brought in by dump-
barges (which can not complete the 
t o t a l closure because the available 
depth decreases) or by cranes, ca-
bleways, bridges or even helicop­
te rs . 

Here a bottom-protection is ne­
cessary over the whole width of the 
basin. 

\ z ^ 3 

W(<' (<M 

Figure 4.15 Vertical closure 

The discharge per metre width , q, over a drowned weir is described by 
Equation 4.7. 

q = m-h-J2-g-(H-h) (4.7) 

When h becomes smaller than 2/3 * H (Figure 
4.16) c r i t i c a l f low sets i n . In th i s s i tua­
t i o n of a f ree f a l l weir Eq 4.7 changes into 
Eq. 4.8. 

Figure 4.16 Flow over a weir q = m-—H^ 2-g-—H 
3 

(4.8) 

m = discharge c o e f f i c i e n t depending on the loss of energy of the f low. 
The value of m varies between 1.3 f o r a broad s i l l with smooth 
slopes, and 0.9 f o r a narrow sharp-crested s i l l . Here m = 1.0 has 
been used. The s i l l is rather broad but ce r ta in ly rough when rubble 
is used. 

Also the ve r t i c a l closure has been simulated with the DUFLOW-model. The 
flow-area was decreased by ra i s ing the s i l l - l e v e l over a width of 22 km. 
I t is assumed that the part of the alignment in the mouth of the Narmada is 
already closed. Again three t i d a l amplitudes have been studied to determine 
the ve loc i t i es over the s i l l . 

When the s i l l has a level of 7 m. - B.M. the t i d a l differences of node 
42 and node 43 d i f f e r about 1 m. The e f f e c t of the decreased values 
(compared with a very deep s i l l e.g. B.M. - 20 m.) of h and H is pa r t ly 
balanced by an increase in the head-difference (H-h). So the discharge q is 
s t i l l rather large. The water-levels inside the basin (node 42) show no 
large di f ference compared wi th the levels at sea-side (node 43). See Figure 
4.17 and 4.18. The shape of the curves is the same as when a horizontal 
closure is applied, compare respectively Figure 4.9 and 4.10 with 4.17 and 
4.18. 
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Figure 4.17 Relation of the momentary water-levels in front of and behind th« 
closure-dam in the situation of H A T and a sill at 7 m. below B.M. 
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Figure 4.18 Waterlevels in front of (43) and behind (42) the closure dam at 
H A T with a sill at 7 m. - B.M. 

60 



Closure dam 

When the s i l l is heightened t i l l a level of 4 m. above B.M. the di f ference 
in water-levels is f a r more evident (Figure 4.19 and 4.20). 

Basin-level versus sea-tevei 
vertical closure, sill at B.M. +4 m., gap of 22 km. 
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Figure 4.19 Relation of the momentary water-levels in font of and behind the 
closure dam in the situation of H A T and a sill at 4 m. + B.M. 
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Figure 4.20 Waterlevels in front of (43) and behind (42) the closure dam at 
H A T with a sill at 4 m. + B.M. 
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T h e l e v e l i n s i d e t h e b a s i n c a n n o t f o l l o w t h e l e v e l a t s e a - s i d e a n y l o n g e r . 
A l t h o u g h t h e h e a d d i f f e r e n c e o v e r t h e s i l l i s much l a r g e r now, t h e i n f l o w 
i s l i m i t e d b y t h e s m a l l v a l u e o f h (maximum h = 4.7 m . ) . D u r i n g f a l l i n g 
t i d e t h e w a t e r - l e v e l a t s e a - s i d e d r o p s b e l o w t h a t a t b a s i n - s i d e ( w h i c h 
b e c o m e s H n o w ) . When h b e c o m e s s m a l l e r t h a n 2 / 3 H, e . g . a t t i m e t = 165 0 
m i n . , c r i t i c a l f l o w s e t s i n ( F i g u r e 4 . 2 0 a n d 4 . 2 1 ) . A f t e r t h e maximum f l o w 
v e l o c i t y h a v e b e e n r e a c h e d , h e r e 4 . 9 5 m/s, i t d e c r e a s e s b e c a u s e H b e c o m e s 
s m a l l e r ( E q 4 . 8 ) . When t h e t i d e c o m e s u p , a g a i n a t t h e t i m e t h a t h = 2/3 H, 
t h e f r e e f a l l w e i r c h a n g e s i n a s u b m e r g e d w e i r ( t = 2 0 7 5 m i n . ) . T h e 
d i r e c t i o n o f f l o w t u r n s s h o r t l y a f t e r t h a t . 
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Figure 4.21 Mean velocity above the sill which has a level of 4 m. + B.M. 

D u r i n g l o w t i d e t h e b a s i n - l e v e l d r o p s f r o m a p p r o x i m a t e l y 8.6 m. + B.M. t o 
6.0 m. + B.M. ( s t i l l 2 m. a b o v e s i l l - l e v e l ) . T h e t i m e b e t w e e n t w o h i g h 
t i d e s i s n o t l o n g e n o u g h t o e m p t y t h e b a s i n . T h e o u t f l o w i s m o r e h a m p e r e d 
t h a n t h e i n f l o w b e c a u s e t h e r e l a t i v e d e p t h s a b o v e t h e s i l l a r e l a r g e r 
d u r i n g f l o o d . T h e maximum f l o w - v e l o c i t i e s i n t h e t w o d i r e c t i o n s d i f f e r 
a b o u t 1 m/s h e r e . 

T h e f l o w - v e l o c i t i e s w h i c h a r e r e a c h e d d u r i n g a v e r t i c a l c l o s u r e h a v e 
b e e n c a l c u l a t e d f o r t h r e e d i f f e r e n t t i d a l a m p l i t u d e s ( F i g u r e 4 . 2 2 ) . T h e 
o v e r - a l l maximum v e l o c i t i e s o f t h e f l o o d - a n d e b b - f l o w a r e a l m o s t t h e same 
b u t t h e y do n o t o c c u r a t t h e same s i l l - l e v e l . D u r i n g l o w - t i d e t h e s i t u a t i o n 
o f c r i t i c a l f l o w i s r e a c h e d a t a s i l l - l e v e l o f 0 m. + B.M. f o r a n e a p - t i d e . 
F u r t h e r h e i g h t e n i n g o f t h e s i l l o n l y r e d u c e s H w h i c h c a u s e s t h e ( e b b - ) f l o w 
v e l o c i t y t o d e c r e a s e . T h e maximum v e l o c i t i e s o c c u r when t h e c r i t i c a l - f l o w 
s i t u a t i o n i s j u s t r e a c h e d . D u r i n g h i g h t i d e no c r i t i c a l f l o w s i t u a t i o n 
o c c u r s . 

T h e maximum c a l c u l a t e d v e l o c i t i e s , t a k i n g H i g h e s t A s t r o n o m i c a l T i d e , a r e 
a p p r o x i m a t e l y 6.5 m/s. T h i s i s c o n s i d e r a b l e l e s s t h a n i n t h e c a s e o f a 
h o r i z o n t a l c l o s u r e ( 1 0 . 2 m / s ) . 
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Figure 4.22 Maximum velocities for increasing sill-heights 

Stabi l i ty of r o c k - f i l l 

The stone-parameter ADn is determined again. The resul ts f o r two t i d a l 
amplitudes are presented in Figure 4.23. 

stone-parameter 
vertical closure with a gap of 22.000 m 
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Figure 4.23 Values of AD n for increasing sill-heights for two tidal amplitudes 
applying a vertical closure 
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Here, again, the porosity of the dam is neglected. The value of AD„ is 
maximum when the s i l l level is 2 m. + B.M. This means that the top-layer of 
the closure dam can be constructed using smaller stones. 

The maximum value of the AD-parameter (HAT)is 3.2 here. This leads to a 
stone-mass of: 

M 50% = < Y ^ 3 ' 2 9 0 0 = 1 5 - 2 ' l k g ] 

The stones have to be less heavy than in the s i tua t ion of a horizontal 
closure f o r the same boundary condi t ion. Here in both cases HAT has been 
chosen as the governing s i tua t ion f o r the determination of the stone-mass. 
The choice f o r the governing s i tua t ion depends on the design strategy and 
the construction scheme. 
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4.2.3 Combined closure 

Another possible method to close an 
estuary is a combination of the two 
ea r l i e r described methods. F i r s t a 
v e r t i c a l closure is applied t i l l a 
certain level is reached. This le­
vel depends f o r instance on the 
draught of the stone-dumping ves­
sels and the f l o w - v e l o c i t i e s . Se­
condly the closure-gap is narrowed 
from the sides. In f ac t a horizon­
t a l closure is carried out on a 
high s i l l (Figure 4.24). 

The maximum ve loc i t i es at which 
vessel are approximately: 

Figure 4.24 Combined closure 

use can be made of a stone-dumping 

* 0.70 m/s under transverse current attack, round the turn of the t i d e , and 

* 2.5 to 3.0 m/s under head current attack. 

When we look at the graph of Figure 4.22 we see that at a s i l l - l e v e l of 5 
m. below benchmark the ve loc i t i e s of a neap-tide stay wi th in the allowed 
range, considering a head current. Then stone-dumping w i l l be possible 
during 
during 

the whole t i d a l 
a small part of 

chosen f o r detai led 
the f l ow-ve loc i t i e s 
constant s i l l - l e v e l 
discussed horizontal 

w i l l be 
cycle. At spring-t ide dumping w i l l not be possible 
the t i d a l cycle. As an example th i s s i l l - l e v e l is 

study. Also f o r a s i l l - l e v e l of 10 m. below benchmark 
have been determined by varying the gap-width at a 
(Figure 4.25). In the graph the values of the ea r l i e r 
closure are presented too. 
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Figure 4.25 Maximum flow-velocities with different sill-levels 
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For the 
extreme 
smaller 
decrease 
approach 
however 
is caused 
more than 

largest part of the closure counts that 
when the s i l l is higher. However when 
(smaller than 8 km.), the differences 

. When the gap is almost closed the 
to the same maximum value of about 8.2 

decrease 

the ve loc i t i e s are more 
the closure-gap becomes 
in ve loc i t i e s s ta r t to 

during f lood 

UMC 

veloc i t ies 
„,/s. 

over -a l l maximum ve loc i t i e s decrease with a higher s i l l . This 
by the c r i t i c a l - f l o w s i tua t ion which l i m i t s the f l ow-ve loc i t i e s 
horizontal cons t r i c t ion . C r i t i c a l - f l o w occurs during the ebb-flow 

m/s. During the ebb-flow 
a high* 

the basin- level . Further closure because the sea-level f a l l s more than 
doesn't influence the ebb-velocit ies much because the c r i t i c a l - f l o w 
s i tuat ions remains present. In the last four kilometres the flow-area 
becomes so small that the upstream waterlevel H decreases. This causes the 
maximum ve loc i ty during ebb-flow to decrease. 

The curve of the stone-parameter AD has been determined f o r the s i t u a t i ­
on )f an average spring-t ide and a s i l l at 5 m. - B.M., see Figure 4.26 

Q 
< 
x_ 
•B 

Q, <D C O 
0.8 

0.6 

stone-parameter 
horizontal closure, sill at B.M. - 5 m 

4 6 

width of dosure-gap (km) 

Figure 4.26 Values of AD„ for decreasing width of the closure gap with a sill at 
5 m. - B.M. 

The maximum value of AD is the same as at the appl icat ion of a horizontal 
closure with the same boundary condi t ion . Now, f i r s t a s i l l is b u i l t in the 
closure-gap on which a horizontal closure takes place. This e f f ec t s in 
heavier stones during the whole horizontal cons t r ic t ion compared with a 
s i l l at 20 m. below B.M. The necessary quanti ty of heavy stones (e.g. AD > 
2.0) is about 20 % larger applying a combined closure, although the cross-
section of the dam-part to construct hor izonta l ly is smaller. 

I t is observed here that i t is possible to reach a higher s i l l - l e v e l 
with dump-barges. Then less time is available f o r dumping. At approximately 
B.M. - 3 m . (depending on the t i d a l amplitude) c r i t i c a l f low sets in (when 
the gap is s t i l l 22 km. wide). One can bu i ld the s i l l even higher than t h i s 
l eve l . However, then dumping has to be carr ied out very accurate to prevent 
f o r extremely high local ve loc i t i e s caused by unevenness of the s i l l . Now 
the time during which an acceptable head-current is present is c r i t i c a l . 
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4.2.4 Sudden closure 

Sudden closure i s , in f a c t , a special way of combined closure. Here also a 
ve r t i c a l closure is applied t i l l a certain l eve l . On the s i l l , large 
elements are placed. These elements ei ther close the gap one by one or can 
be closed simultaneously. 

For a small closure-gap (two or three caissons) where the ve loc i t i e s are 
r e l a t i v e l y small the elements are caissons which are placed into the gap 
during a slack water period and thus reduce the gap one by one. In some 
cases even old ships have been used to accomplish the closure. 

Another p o s s i b i l i t y is the use of sluice-caissons. Large concrete 
caissons with a gate are f loa ted into posi t ion and sunk on the s i l l during 
slack-water periods (Figure 4.27) . Usually the gates are positioned in the 
centre of the cross-section of the caissons. At the long sides of the 
caissons boards are placed to make them f l o a t . The gates stay open u n t i l 
a l l caissons are placed. The caissons do not diminish the flow-area much, 
so the increase in ve loc i t i e s is l i m i t e d . When a l l caissons are sunk in 
the i r pos i t ion , at slack water, a l l gates are closed simultaneously. The 
closure is a f a c t now. Around the caissons the f i n a l dam can be b u i l t . In 
th i s way the caissons only have a temporary f u n c t i o n . The use of the 
caissons as d e f i n i t e elements of the barrage is also possible. These 
elements w i l l have to be stronger because the design c r i t e r i a are more 
severe. Also problems with the s t a b i l i t y of the foundation (piping) do 
occur. 

W O O D E N G A T E S S T E E L G A T E S 
I ONLY DURING | 
C A I S S O N T R A N S P O R T ) 

A - A 

Figure 4.27 An example of a sluice-caisson used in the dutch Delta works 

In the Gulf of Khambat the t i d a l range is large and the f l ow-ve loc i t i e s 
are high. When closed caissons are used the increase in ve loc i t i e s w i l l be 
very large. The period available f o r the placing of the last few caissons 
w i l l be too short. The placement operation can s ta r t when the ve loc i t i e s 
f a l l below 2.0 m/s and must be f in i shed before the current reaches a 
ve loc i ty of 0.5 m/s in the opposite d i r ec t i on . Meanwhile the caisson must 
be sunk. A period of at least one hour is needed. This is ce r t a in ly not 
possible with closed caissons. So only sluice-caissons are considered here 
f o r the f i n a l closure. Closed caissons can be used to cons t r ic t the gap 
t i l l dimensions that s t i l l allow sinking of the sluice-caissons. 

67 



Gulf of Khambat 

determination of the sill-level and caisson-height 

The period available f o r the placement-operation is influenced by the s i l l -
l eve l . A higher s i l l means higher maximum ve loc i t i e s above the s i l l because 
of the smaller f low area. Thus the period in which they stay wi th in the 
allowed range w i l l be smaller. The available time f o r placing the caissons 
is bigger during a neap- than during a spring-t ide (ve loc i t i es are smal­
l e r ) . The time required f o r the sinking-operation of a caisson is less at 
low water slack than at high water slack. Then the increase in draught of 
the caissons w i l l have to be less because the keel-clearance is smaller 
when the draught of the caisson (approximately ha l f the height) and the 
s i l l - l e v e l are the same. 

Out of th i s features i t can be concluded that placement at least must be 
possible at low water slack during a neap-tide because th i s is a favourable 
time f o r a sinking-operation. The expected waterlevel at that time is about 
1.5 m. above benchmark. Over the complete transport route the available 
depth must be s u f f i c i e n t . This probably asks f o r a dredged channel from the 
bui ld ing s i te to the deeper channels. 

The level of the upper side of the caisson is determined by the design-
level that is chosen. On top of the caissons a road is necessary to 
transport equipment and materials. Overtopping of waves is acceptable under 
extreme circumstances. No labourers w i l l have to set foo t on the dam then. 
A water f low over the top of the caisson is not allowed. This strongly 
attacks the ba l las t placed on top of i t . The s t a b i l i t y of the bal las t in 
r e l a t i on to the overtopping waves must be studied in a fu r the r stage. 

Here, as a f i r s t approach, a s i tua t ion has been chosen with waves caused 
by a wind-speed which is exceeded during approximately 1 % of the time 
during the monsoon period. 

wind speeds [m/s] 

Direction [ ] 0.00 0.51 1.80 3.34 5.40 8.50 11.10 14.10 17.20 20.80 

150 0.81 0.81 0.81 0.81 0.54 0.27 0.00 0.00 0.00 0.00 
180 2.02 2.02 1.08 0.67 0.13 0.13 0.00 0.00 0.00 0.00 
210 7.02 7.02 6.07 4.32 2.29 0.67 0.40 0.00 0.00 0.00 
240 37.65 37.65 37.11 35.36 28.07 15.25 7.96 2.83 0.81 0.00 
270 28.34 28.34 27.94 24.16 17.00 8.10 3.10 0.94 0.00 0.00 

Table 4.2 Exceedance probabilities [%] of wind speeds; 
period May-September; [source RNM1, lit. (10)1 

Only waves out of the direct ions 180° and 210° can reach othe dam with a 
considerable wave-height. In the direct ions 240° and 270° the fe tch is 
l imi ted or the waves are generated para l l e l to the dam. In d i rec t ion 150° 
the wind-speed is l i m i t e d . Here, the governing s i tua t ion is a wind-speed of 
11 m/s out of d i r ec t ion 210° (Table 4 .2 ) . The estimated fe tch amounts to 
50 km. (Figure 4.28). According to Brettschneider [ l i t . (15)] the wind-
speed must be converted to a wind-stress fac tor Ufl by the fo l lowing equati­
on (Eq 4 .9 ) : 

UA = 0 . 7 1 • U1-2' = 0 . 7 1 • l l 1 - 2 3 = 13.6 [m/s] ( 4 . 9 ) 
In the nomogram of annex I I a s i g n i f i c a n t wave-height (HJ of approximately 
1.60 m can be read. The wave-period amounts to 5.5 s. 

The wind set-up can be neglected in these circumstances (order of 
magnitude 1 to 4 cm). In combination with the high-water level of an 
average spr ing-t ide (8.7 m + B.M.) a level of 10.3 m. is reached. I t is 
noted that the combination with a spring-t ide reduces the chance of 
occurrence. 
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When we assume that the resultant force R crosses the bottom at 1/3 b, b 
can be solved out of the r a t i o of Equation 4.12: 

V f 
H ~ ~Tb (4.12) 

5.0-^-29 12 .8 
1821 l_b 

<=> £> = 3 1 . 1 [>] 

The forces V2 and V3 together increase the turn-over s t a b i l i t y . The caisson 
can also be ballasted to increase the s t a b i l i t y on the foundation. For the 
width of the caisson b = 30 m. is chosen here. 

The length of the caisson is determined by nautical aspects during trans­
port and by the foundation-conditions. As f a r as the foundation is concer­
ned the main problem is the unevenness. When the length of the caisson is 
rather large and the bottom is smooth, the loads w i l l not be evenly 
d i s t r ibu ted but bore by the s i l l at unknown places. This problem can be 
avoided by a special design of the caisson where the bearing-points are 
known. 

From a nautical point of view i t is desirable that the r a t i o between the 
width and the length of the caisson is about 1 : 3 or 1 : 4. Also the 
number of placement-operations can be reduced by the applicat ion of larger 
caissons. For now the caisson-length is taken rather a r b i t r a r i l y as 110 m. 
Including the space between the caissons the e f f e c t i v e width of a caisson 
w i l l be about 112 m. This means the construction and placement of 90 
caissons. 

summary 

When sluice-caissons are used as discussed here, the closing of the Gulf of 
Khambat consists of a combination of three methods: 

* v e r t i c a l closure t i l l a s i l l - h e i g h t of 18 m. below B.M. is reached, 

* horizontal cons t r ic t ion u n t i l the width of the closure-gap is reduced 
to 10 km. 

* the placement of 90 prefabricated sluice-caissons with a length of 
110 m., 29.5 m. high and 30 m. wide. 

stability during transport and sinking 

Here only the mass of the caisson i t s e l f is taken into consideration. The 
(pos i t ive) influence of the added mass is neglected. Added mass is the mass 
of the water that is influenced by and moves together wi th the caisson. 

s t a t i c s t a b i l i t y 

The caissons have to be stable during transport and s inking. They must 
maintain t he i r v e r t i c a l pos i t ion . This can be achieved by bui ld ing them 
symmetrical around t he i r longi tudinal axis . The s t a b i l i t y can be checked by 
a ca lcu la t ion . A f l o a t i n g uni t is stable i f the meta centre M is above the 
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centre of gravi ty G (Figure 4.32). A commonly used and safe value is a 
distance of at least 0.5 m. between M and G. For ca lcu la t ion , distance MB 
is needed (Eq. 4.13). 

MB = (4.13) 
V V 

M 
B 
G 
I 
V 
1 
b 
d 
MG 

transverse meta centre 
centre of buoyancy (at 0.5 * draught above the bottom) 
centre of gravi ty (at distance g above the bottom) 
transverse moment of i ne r t i a of the water plane [m4] 
immersed volume [m3] 
length of the caisson [m] 
width of the caisson [m] 
draught [m] 
hH = height of the transverse meta centre above the centre 

of gravi ty 

Figure 4.32 Stability of a floating caisson 

During sinking the s i tua t ion changes. The increase in draught l e t B move 
upward with respect to the bottom of the u n i t . The posi t ion of G ( i n gene­
r a l ) moves in the d i rec t ion of the bottom. Distance GB becomes smaller. 
Water inside the caisson ( s i t . I ) decreases the moment of i n e r t i a (Eq 
4.14) . 

1 1 
_ ^outside -^inside 12 o u t 12 i n s (4.14) 

V V 

In case of a caisson the width outside and inside do not d i f f e r much. The 
value of MB approaches 0. The solut ion is the use of s t a b i l i z i n g boards. A 
single board in the centre ( s i t I I ) decreases I 1 n s 1 d e with a f ac to r fou r . (Eq 
4.15) . The steel sluice gate can be used f o r t h i s purpose. 

T -T Trï ^-kout~2 —— 1 ( —t>ing) 3 

_ outside inside ±Z Z \ t . 13) 
V V 
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The s t a b i l i t y of the caisson with dimensions L*B*H of 110*30*29.5 m3 have 
been checked. 

d = ycaisson.H = _5_L0_. 2 9 5 = 1 4 > 4 6 [ m ] 
Vwatet 1 0 ' 2 

— '110-30 3 

12 
V 110-30-14.46 

MB = — = — — = 5 . 1 9 [m] 

The centre of gravi ty is assumed to be located at a distance g of 0.4 * H 
above the bottom, thus g = 11.8 m. 

hM = MB + 0 .5 • d - g = 5.19 + 0.5 - 1 4 . 4 6 - 11 .80 = 0.62 [m] 

During transport the s t a b i l i t y of the caisson is found to be s u f f i c i e n t . 
The distance hM is larger than 0.5 m. 

The s i tua t ion during sinking is 
more c r i t i c a l . A small layer of 
water (suppose an increase in drau­
ght t i l l 14.55 m.) decreases I not 
much i f i t is evenly d i s t r ibu ted in 
the compartments between the r ibs 
on the caisson f l o o r . Here i t is 
assumed that f i v e longi tudinal r ibs 
divide the lower part of the cais­
son in six compartments. The width 
between the r ibs becomes 3.83 m. 
(Figure 4.33). 

Figure 4.33 Ribs on the caisson bottom 

MB 
—-110-30 3 -6 — - 1 1 0 - 3 . 8 3 3 

12 12 
110-30- 14 . 55 5 . 09 [m] 

The small layer of water hardly influences the posi t ion of the centre of 
g r av i t y . This small posi t ive influence is neglected here, so: 

hM = 5 . 09 + 0.5 - 1 4 . 5 5 - 11 .80 = 0 . 57 [m] 

The s t a b i l i t y of the caisson is s t i l l s u f f i c i e n t . 

The next c r i t i c a l stage is when the water-level in the caisson rises above 
the r i b s , which means a layer of 3 m. water. Meanwhile the draught has 
increased considerably and the posi t ion of G has moved in the d i rec t ion of 
the bottom. I t is assumed that 60 % of the bottom area is covered with 
water. (When the keel clearance between the s i l l and the bottom of the 
caisson is less than 0.6 * 3 = 1.8 m. th i s s i tua t ion is never reached.) 
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T h e d r a u g h t b e c o m e s : 
d = d o i d + 0 • 6 n n b = 1 4 . 4 6 + 1 . 8 = 1 6 . 2 6 [m] 

— ' 1 1 0 - 3 0 3 - 2 — - 1 1 0 - 1 5 3 

MB = _ ü Ü = 3 . 4 6 [m] 
1 1 0 - 3 0 - 1 6 . 2 6 

Waaisson = 3 0 - 1 1 0 - 2 9 . 5 - 5 . 0 = 4 8 6 . 7 5 • 1 0 3
 [kN] 

W w a t e r = 0 . 6 - 3 - 3 0 - 1 1 0 - 1 0 . 2 = 6 0 . 5 9 • 1 0 3
 [kN] 

9cais'Wcais + &wat:'Wwat 1 1 . 8 0 ' 4 8 6 . 7 5 + 2 . 5 ' 6 0 . 5 9 . n „ _ , , 
a - * K,e

 = 4 8 6 . 7 5 T 6 0 . 5 9 1 0 ^ M 

hM = 3 . 4 6 + 0 . 5 - 1 6 . 2 4 - 1 0 . 7 7 = 0 . 8 1 [m] 
T h e s t a b i l i t y a g a i n i s n o t e x p e c t e d t o c a u s e a n y p r o b l e m s . I f t h e e v e n 
d i s t r i b u t i o n o f t h e w a t e r d u r i n g s i n k i n g t u r n s t o b e r a t h e r e x p e n s i v e , t h e 
c o m p a r t m e n t s b e t w e e n t h e r i b s c a n b e f i l l e d w i t h b a l l a s t . T h e n s i m i l a r 
c o m p u t a t i o n s c a n be made. 

d y n a m i c s t a b i l i t y 
T h e d y n a m i c s t a b i l i t y i s d e t e r m i n e d b y t h e r a t i o b e t w e e n t h e w a v e p e r i o d 
a n d t h e s p e c i f i c p e r i o d o f t h e c a i s s o n . I f t h e s e t w o v a l u e s a r e a l m o s t 
s i m i l a r r e s o n a n c e o c c u r s . T h e s p e c i f i c p e r i o d c a n b e d e t e r m i n e d u s i n g E q . 
4 . 1 6 t o 4 . 1 8 . 

rr, 2 TC 2 
Ts = (4.16) 

w i t h : 

l = £ (4.17) 
m 

a n d : 
J - f r 2 dm * X ^ - r f (4.18) 

i n w h i c h : r , = d i s t a n c e o f e l e m e n t i t o t h e r o t a t i o n c e n t r e 
I n o r d e r t o e s t i m a t e t h e s p e c i f i c p e r i o d o f t h e c a i s s o n t h e f o l l o w i n g 
a s s u m p t i o n s w e r e made: 

t h e m a s s o f t h e f l o a t i n g c a i s s o n m = 4 6 . 8 7 5 * 1 0 6 k g ; 
t h e b o t t o m f l o o r i s s c h e m a t i z e d a s a u n i f o r m s l a b o f c o n c r e t e o f 
1 + 0.4 * 3 = 2.2 m. t h i c k ( 6 0 % f r e e s p a c e b e t w e e n t h e r i b s ) ; 
t h e d e c k i s a s s u m e d t o b e 0 . 8 0 m. t h i c k , i n c l u d i n g r i b s ; 
c o n c r e t e : 2.5 * 1 0 3 kg/m 3 
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The masses ml, m3 and m2 that are sup­
posed to be concentrated in respectively 
Gl, G3 and G2 (Figure 4.34) become: 

ml = 30-1100.8-2.5-10 3 = 6.600-106 [kg] 

m3 = 30-110-2.2-2.5-10 3 = 18.150•106 [kg] 

m2 = m - ml - m3 = 23.925•106 [kg] 

The posi t ion of G can be determined out 
of the values of M, and g i ? when g, is 
the distance between Mt and the bottom. 

26,5 m 

• + 

Q1 

29.1 m 

+ G 2 

16.48 m + G 

G 3 
+ 

113,«6m 

Figure 4.34 Schematized caisson 

Y s m i ' 9 i _ 6 .600-29 .1+23. 925-15. 45 +18. 150-1.1 
6.600 + 23.925 + 18.150 = 11 . 95 [m] 

The distance g = 11.85 / 29.5 = 0.405 h, which is approximately equal to 
the supposed value of 0.4 h. 
With Equation 4.18 J becomes: 

J = 6.6 00-106'17 .152 + 23.925-10 6 >3.50 2 + 18.150-106-10.852 

= 4 .37 -109 [kgm2] 

i =, 4 - 3 7 ' 1 0 9 =9.48 [m] \| 48.675-106 

with the height of the meta centre h„ = 0.62 m. (see section s t a t i c s tabi­
l i t y ) and Eq. 4.17 the spec i f i c period T0 becomes: 

= 2^9.48 = 2 4 < 1 6 [ s ] 

v/9 . 8 -0 .62 
The response of the caisson can be predicted with Eq. 4.19. when a value of 
the period of the actual waves is known. For the determination of the 
caisson height a wave height of 1.60 m. had been chosen with period of 5.5 
s. No caisson w i l l be placed under th i s conditions. However i t is possible 
that long-periodic swell of the Indian Ocean penetrates the Gulf of 
Khambat. Therefore s t i l l a value of 10 s has been chosen here (a smaller 
value decreases the response). Even then the response of the caisson is 
l imi ted to 1/5 of the wave amplitude: 

rp2 = -0.21 
T2

0 T2

0 1 24 .162 (4.19) 
1 10 2 

The negative value implies that the caisson rotates in the opposite 
d i r ec t ion of the moving torque. 
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4.3 Chosen method of closure 

In order to determine the way of closure one should real ise that no uniform 
dam-profile is planned to be constructed along the whole chosen alignment. 
In the f i n a l s i tua t ion of the development scheme, in the Gulf of Khambat 
several main construction parts can be distinguished: 

* a closure dam along a large part of the chosen alignment; 

* a combined structure in which the intake works (with a width of 
approximately 5500 m., determined in chapter 5) and the turbines of 
the t i d a l power s ta t ion are embedded; 

* a dam d iv id ing the Gulf of Khambat in a fresh water basin and a t i d a l 
basin belonging to the t i d a l power s ta t ion ; 

* addi t ional structures l i k e a spi l l -way and ship-locks. 

In India the network of railways is rather dense. I t is assumed that a 
permanent rai lway w i l l be placed on the f i n a l dam. On both sides of the 
alignment new railway sections w i l l have to be b u i l t to connect the 
ex is t ing network with the s tar t ing-points of the dam. These sections w i l l 
be constructed preceding the closure operation. Thus they already can be 
used to transport the necessary rock from the quarries ( that are also close 
to the ra i lway, see the maps of annex I I I ) to the dam s i t e or loading s i t e 
of the dump barges. 

4.3.1 Alternative construction sequences 

Mainly the construction of the intake works and power houses great ly 
influences the possible closure methods. Roughly, three construction 
strategies can be dist inguished: 

I F i r s t the closure of the Gulf of Khambat is completed using one of 
the methods described in section 4 . 2 . Then, in the basin that is 
(almost) f ree of the influence of the t ides , behind the closure dam 
the t i d a l power s ta t ion is b u i l t . This can be done by construction at 
the s i t e in a enormous bui ld ing p i t or placement of prefabricated 
caissons. Af t e r completion the dam is removed where necessary. 

I I A second option is the immediate enclosure of the structures of the 
t i d a l power s ta t ion in the closure dam. This also can be done by 
construction at the s i t e or prefabr ica t ion preceding the t o t a l 
closure. 

The turbines of the t i d a l power s ta t ion have to be located s u f f i c i e n t l y 
deep under the water surface to prevent f o r cav i t a t ion . Thus, they have to 
be located where the depth is s u f f i c i e n t and dredging w i l l be l i m i t e d . The 
necessary bottom level is estimated to be 20 m. - B.M.. This is only 
available in the deepest gu l ly that crosses the alignment (section 25 in 
Figure 4 . 2 9 ) . Because the turbines are situated at considerable depth i t is 
possible to locate the intake works on top of them. Thus, two parts can be 
embedded in one s t ructure . 
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Construction at the s i te asks f o r a bui ld ing p i t of enormous dimensions 
which has to be impervious to water. L i t t l e seepage can be accepted and 
removed by dra ining. In case of a bui ld ing p i t when the Gulf of Khambat is 
s t i l l open, i t blocks a large part of the discharges during the t i d a l cycle 
because i t is si tuated in the main g u l l y . A t o t a l l y d i f f e r e n t f low pattern 
w i l l develop, which, because of the long time of construction, w i l l 
probably resul t in large morphological changes. The dams surrounding the 
trench w i l l be attacked severely by currents pa ra l l e l to the dam. 

The disadvantages described are supposed to be so large that bui ld ing at 
the s i t e of the t i d a l power s ta t ion in case of an open Gulf of Khambat is 
out of the question. In case of a preceding closure, the dams surrounding 
the p i t a l l have to be constructed and removed again a f t e r completion, 
which is very expensive. Besides, also the supply of construction-materials 
w i l l be more d i f f i c u l t than at a bu i ld ing- s i t e that can be reached over 
land. Also in th i s case construction at the s i t e is re jected. 

A t o t a l closure preceding the placement of the caissons f o r the t i d a l power 
s ta t ion asks f o r large stones or the use of caissons (section 4 .2 ) . The 
advantage is that the elements of the t i d a l power s tat ion can be placed in 
quiet water. A f t e r that however, about 6 km. of the closure dam w i l l have 
to be removed again. 

The use of special ly designed sluice-caissons can be avoided. When the 
intake works and turbines are embedded in turbine caissons the intake works 
can be used f o r th i s purpose. However, t h i s turbine caissons w i l l have to 
be positioned very accurately. This, because they are part of the f i n a l 
s tructure and not embedded in a dam which is usually done with s luice-
caissons. Accurate posi t ioning of caissons is only possible i f the f low 
ve loc i t i e s are low (see section 4 .2 .4 ) . Limi ta t ion of the ve loc i t i e s is 
reached by keeping the f low area as large as possible during the sinking 
procedure. This implies that f i r s t a s i l l is b u i l t on which the turbine 
caissons are placed. A f t e r that the closure is completed using rock. Here a 
combined closure is chosen because dump barges can not complete a v e r t i c a l 
closure. For a purely horizontal closure the transport capacity on top of 
the dam is too l i m i t e d . 

The use of the intake works as sluices during the f i n a l closure l i m i t s 
the stone-masses. On the other hand i t asks f o r a stronger bottom p r o t e c t i ­
on than necessary during exp lo i ta t ion of the t i d a l power s ta t ion . 

The proposed closure operation becomes: 

* F i r s t a s i l l is constructed at the posi t ion of the t i d a l power 
s ta t ion by means of dump barges. The s i l l - l e v e l is 20 m. - B.M.. To 
get a good foundation f o r the turbine caissons the s i l l must be even. 
This implies control led dumping. The barges w i l l have to be anchored 
and transversely s h i f t e d . Measurements w i l l show whether f u r t h e r 
l e v e l l i n g is necessary or not. The rock is transported by r a i l from 
the quarry to the loading berth. 

* The turbine caissons containing the intake works and turbine-tubes of 
the t i d a l power s ta t ion can be placed now accurately on the s i l l . 
A f t e r placement the sluices are opened. The dimensions of the turbine 
caissons are somewhat d i f f e r e n t from these of the sluice caisson 
described in section 4.2.4. They are part of the permanent construc­
t i o n and have to withstand the loads in governing condit ions. When 
the upper level is estimated at 20 m. above B.M. the height of a 
turbine caisson becomes 40 m. The width of the turbine caissons is 
determined by the length of the turbine tubes. The estimation of the 
width of a turbine caisson becomes 60 m (see chapter 5 ) . 
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Stones are dumped now para l l e l to the turbine caissons to prevent f o r 
s l i d i n g . Both the abutment caissons are protected at the heads 
against i n s t a b i l i t y , caused by the high ve loc i t i e s which w i l l occur 
during f i n a l closure. This w i l l be done by small dam-parts construc­
ted by means of dump-barges and crane-ships. When heavy stones are 
used the length can be r e s t r i c t ed to some tens of meters. 

Meanwhile the s i l l in the two remaining closure gaps can be heighte­
ned. The chosen s i l l - l e v e l is 5 m. - B.M. A higher s i l l is possible 
but then the dumping process w i l l be more c r i t i c a l . At the chosen 
level the influence of the unevenness of the s i l l w i l l be l im i t ed . 
The local differences in f low ve loc i t ies w i l l not be very large. This 
w i l l l i m i t possible erosion of the s i l l during the monsoon period. 
The s i l l - l e v e l can be f u r t h e r optimized comparing costs of horizontal 
and v e r t i c a l closure and expected damage. 

F ina l ly the horizontal cons t r ic t ion can be carr ied out from both 
banks. This is planned to take place with the help of special equip­
ment. The rock is transported by r a i l t o , and over, the closure dam 
in wagons that can be unloaded by a special designed gantry crane 
[see section 4.3.2 and Figure 4 .41] . 

The foundation of the temporary railway must be protected against 
large eroding influences. Considerable overtopping of water and waves 
attacks the upper layer of the closure dam. This layer consist of 
small material in order to level the crest . As the design level of 
the crest 11.0 m. + B.M. has been chosen. This level is somewhat 
higher than HAT (10.9 m. + B.M.) . In section 4.2.4 a comparison has 
been made with the combination of waves which are exceeded during 1 % 
of the time in the monsoon period and a high water of an average 
spr ing- t ide . This resulted in a level of 10.30 m. + B.M.. Wave run-up 
is not taken into account there. The level of 11.0 m. + B.M. gives 
some margin f o r waves. Some damage caused by overtopping in case of 
higher waves w i l l be accepted. 

When the cons t r i c t ion is f in ished the sluices of the intake works 
can be closed to complete the closure. 

4.3.2 Design strategy and working-out of the chosen alternative 

The construction of the closure dam w i l l take several years. So the design 
conditions can be d i f f e r e n t i a t e d f o r d i f f e r e n t parts of the closure dam. 
The fo l lowing items must be taken into account: 

* The boundary condit ion of average spr ing-t ide is not s u f f i c i e n t f o r 
the t o t a l construction time. During th i s period most l i k e l y a higher 
waterlevel w i l l occur. For the f i n a l closure i t can be used i f t h i s 
closure is planned in a period that th i s waterlevel is not exceeded. 

* The influence of wind set-up and wave-loads is important f o r parts of 
the construction that have to survive a monsoon period. However when 
a s i l l is constructed f a r enough below the mean sea level (B.M. - 5 
m. w i l l be s u f f i c i e n t ) the wind set-up penetrates in the basin too. 
So the extra head-difference w i l l be l i m i t e d . The use of Highest 
Astronomical Tide as a boundary condition is regarded to be safe 
enough, representing the combination of an average spr ing-t ide and 
waves. In more extreme circumstances some loss of stones w i l l be 
accepted. 
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* The dam is pervious to water. This reduces the momentary head-diffe­
rences over the closure dam. Here, when the f i n a l closure takes place 
a considerable gap is present by means of the sluices of the intake 
works. Then the favourable influence is r e l a t i v e l y small (see Figure 
IV.5 in annex I V ) , ce r t a in ly when we may only take into account half 
the reduction. Therefor the permeability of the dam is neglected in 
the calculations here. 

* The upper layer of the s i l l is attacked by the vortex streets caused 
by the horizontal cons t r i c t ion . Here a fac tor on the stone parameter 
AD must be applied to prevent severe damage. In Annex IV.2 i t is 
found that a value of 1.2 on the ve loc i ty is appropriate which 
results in fac to r 1.22 = 1.44 on ADn. In the s i tua t ion of a combined 
closure the s i l l aligns the f l o w . S t i l l , because of the uncertainty 
about the magnitude of th i s favourable influence a fac tor 1.44 has 
been applied on ADn. 

* Some loss of stones can be accepted during severe circumstances when 
th i s does not lead to excessive damage. For a more d e f i n i t e design a 
r i sk - cost analysis should be carried out. 

In general i t can be said dat fu r the r research concerning the waterlevels 
that can be expected during the construction period is necessary. This w i l l 
show i f the boundary conditions assumed here are allowed. 

In order to be able to determine the necessary grading on a certain 
location the values of Table 4.3 have been used in combination with graphs 
l i k e Figure 4.35. For more information about th i s table see annex I I I . 

grading H50 average Dn 

f m 1 

ADn limits 
mi 

2700 kg/mJ 2900 kg/i 3 

10 - 60 kg 35 kg 0.23 0.0 - 0.4 0.0 - 0.4 
60 - 300 kg 180 kg 0.41 0.4 - 0.6 0.4 - 0.7 
300 - l ooo kg 650 kg 0.62 0.6 - 1.0 0.7 - 1.1 

1 000 - 3 000 kg 2 000 kg 0.90 1.0 - 1.4 1.1 - 1.6 
3 000 - 6 000 kg 4 500 kg 1.18 1.4 - 1.9 1.6 - 2.1 
6 000 - 10 000 kg 8 000 kg 1.42 1.9 - 2.3 2.1 - 2.5 
10 000 - 15 000 kg 12 500 kg 1.67 2.3 - 2.7 2.5 - 2.9 

Table 4.3 AD„ limits and dimensions of gradings 

foundation sill for caissons 

The upper level of the s i l l becomes 20 M. - B.M.. Here the value of AD, 
applying a uniform s i l l over the whole width, stays below 0.25 m. even when 
HAT is considered. This means that during normal conditions the use of 
tout-venant or the stone-class 10 - 60 kg. w i l l be s u f f i c i e n t . However the 
use of the intake works as sluices during closure and the exp lo i ta t ion of 
the t i d a l power s ta t ion asks f o r a stronger armour layer. This layer can be 
brought in place a f t e r placement of the caissons. The necessary stone-mass 
of the armour layer has been determined using Figure 4.35. When the last 
gap is closed the width of the sluices w i l l s t i l l be 5500 m. This f i n a l 
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stone-parameter 
horizontal closure, sill at B.M, - 5 m 

1 

! 

1 

! 
----.. . 

0 4 8 12 19 20 

width of closure-gap (km) 
• Av. spring-tide + HAT 

Figure 4.35 AD n as function of the width of the closure gap 

closure w i l l take place during quiet weather in absence of extreme high 
waters. So the graph of average spr ing-t ide w i l l be safe enough, ce r t a in ly 
when i t is kept in mind that the f low not d i r e c t l y attacks the s i l l , 
assumed that the turbine tubes are closed. (During explo i ta t ion of the 
t i d a l power s ta t ion the head-differences and discharges w i l l be less.) A 
value of approximately AD = 1.8 can be read. This leads to the grading of 
3000 - 6000 kg [see Table 4 . 3 ] . I t is wise to dump the three intermediate 
layers too, in order to get a good f i l t e r . The thickness of the layers of 
these gradings is estimated to be three to f i v e times D„ (Table 4 .3 ) . The 
armour layer is thicker because of i t s permanent func t ion . 

grading thickness 

60 - 300 [kg] 2.0 [m] 
300 - 1 000 [kg] 2.0 [m] 

1 000 - 3 000 [kg] 3.0 [m] 
3 000 - 6 000 [kg] 5.0 [m] 

The s i l l - c r e s t must accommodate space f o r the placement of turbine caissons 
with an estimated width of 60 m. (The sluice-caissons were 30 m. wide.) The 
width of the s i l l - c r e s t is set on 70 m. Considered the enormous caissons 
that have to be placed on top of i t and the space needed to dump rock a f t e r 
sinking the t o t a l width becomes 80 m (Figure 4.36). The cross-section is 
drawn f o r a location with a depth equal to the schematized depth of the 
DUFLOW-section. I t is expected that the local depth w i l l be less. 

the sinking operation of the caissons 

When the s i l l is f in i shed over a width of about 7000 m. (5500 is the net 
width of the intake works, including parts of construction the gross width 
becomes approximately 6500 m.) the caissons of the t i d a l power s ta t ion can 
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be sunk on top of i t . The accuracy of the operation is very important. So 
the use of winches and f ixed anchor points is demanded. I t could be 
advantageous to s ta r t in the middle of the s i l l with the f i r s t caisson. 
Then in turn on both sides of the f i r s t one, a caisson can be placed. Thus, 
the time f o r preparation before the next caisson arrives is larger, when 
the time between two subsequently sinking operations is kept constant. 
Af t e r sinking the temporary boards of the caisson are removed and the 
sluices opened. Now also the s t a b i l i z i n g rock and the armour layer can be 
placed or c a r e f u l l y dumped (class 3 - 6 tons in Figure 4.36). The heads of 
the caisson row are s tab i l ized by rock in the grading of 10 - 15 tons 
(Figure 4.37). 

+ 25m 

+ 15 m 

M M 30O0-60O0kg 

! 1CXX)-3000kg 

f | 300-1000 kg 

60 - 300 kg 

10- 60 kg 

6 0 m 

1 : 1.75 

Figure 4.36 Foundation sill and armour layer after placement of the caisson 

vertical heightening till 5 m. - B .M. 

Now with dump barges the s i l l can be heightened t i l l 5 m . - B.M.. The 
gradings can, with the use of Table 4.3, be determined l i ke shown in Figure 
4.38 

However, the horizontal cons t r ic t ion asks f o r heavier stones on top of 
the s i l l . Here a fac to r 1.44 (see annex IV) is applied on AD„. U n t i l the 
cons t r ic t ion has made progress to a gap-width of 9.5 km, 1.44 * HAT has 
been taken as a boundary condition (see the upper step-l ine of Figure 
4.39) 1 . Further cons t r ic t ion w i l l take place under less severe condit ions. 
Grading 10 -15 tons is used f o r the rest of the upper s i l l layer. Notice 
that the fac tor 1.44 jus t slowly diminishes and the porosity of the dam 
helps to prevent damage. The heavy top layers imply the appl icat ion of 
intermediate layers (Figure 4.40). Not a l l intermediate gradings are used 
in a v e r t i c a l cross-section. The largest step is a layer of 10 -15 tons on 
top of one of 1 - 3 tons. Table 4.3 shows that the r a t i o of the Devalues 

In Figure 4.39 for a single rubble class the stones with a 
specific density of 2700 kg/m3 and 2900 kg/m3 have been distin­
guished. In Figure 4.40 this has not been done. 
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then amounts to 1.67/0.90 = 1.86. For a f i l t e r construction th i s is allowed 
to be 3 - 5. Thus no problems concerning geometrical closeness are expec­
ted. 

20 - 25 m. 

11 m. + B.M. Ksssxs 10-15 tons 

+5 m _ l 

B.M. 

1 - 3 tons 

300-1000 kg 

10m 

-15 m —I 

1 :10 

dredged trench 

Longitudinal section 

caisson 
22m 

:1.75 closure-dam 

caisson sill 

Cross-section 

turbine-tube 

v r P 
caisson 

View of the upper side 

Figure 4.37 Details of the stabilized head caisson 
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Figure 4.38 Gradings for vertical heightening 

horizontal constriction 

On the s i l l the closure gap can now be constricted hor izonta l ly working 
from both banks. The gradings have been determined as shown in the lower 
s tep- l ine of Figure 4.39. Here HAT is taken as a boundary condition except 
f o r the last 2.5 km. Here a grading of 6 - 10 tons w i l l be s u f f i c i e n t when 
the f i n a l closure is planned in the non-monsoon period in the absence of 
extremely high waters. 

Q 

s 

• 

to 
I 

• AVS 

stone-parameter 
horizontal closure, sill at B.M. - 5 m 

4 a 12 ie 
width of closure-gap (km) 

1.44* AVS o HAT a 1.44* HAT 

Figure 4.39 Gradings used for horizontal constriction, sill at B .M. -5 m. 
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Closure dam 

The r a t i o of the length of the gaps west and east of the t i d a l power 
s ta t ion is approximately 1 : 3. In order to contract the f low in the 
d i rec t ion of the sluices the speed of propagation of the cons t r ic t ion w i l l 
approximately have to be 1:3 too. The length of the sections with d i f f e r e n t 
gradings is d i s t r ibu ted proport ional ly (Figure 4.40). The location of the 
t i d a l power s ta t ion is disadvantageous concerning the quantit ies of rock 
that have to be dumped on ei ther side of the caissons ( r a t i o 1 : 3 ) . When 
the t o t a l alignment is taken, including the dam section crossing Al i a Bet, 
the s i tua t ion concerning transport distances is even worse than 1 : 3. 

work-method 

The s i tua t ion described asks f o r the appl icat ion of special equipment, 
ce r t a in ly at the eastern part of the closure gap. I t is proposed to place a 
temporary railway on top of the closure dam. The rock is transported by 
r a i l from the quarry d i r e c t l y to the dumping s i t e . The containers are 
picked up by a special ly designed gantry crane on c a t e r p i l l a r tracks that 
dumps t he i r load (Figure 4.41). At least over the last few km. a second 
railway f o r the empty wagons is embedded in the road c.q. space f o r other 
equipment. Af t e r dumping the crane w i l l put the wagons on th i s ra i lway. By 
means of points the empty wagons return on the other railway behind the 
loaded wagons. So no complete double-track w i l l be necessary. 

22 m 
4 m 8 m 6 m 4 m 

mobile gantry crane return railway and 
space to manoevre 
with other equipment 

layer to level the crest^ 

balance weight 

gJjTiTLLfJH^ 

Figure 4.41 Dumping stone with a gantry crane 

The necessary width of the closure dam is determined by the space that 
required to apply the described working method. I t is estimated at 22 

drawn (Figure 4 
1.5 can hardly 

42). A slope of 1 : 
be accomplished when 

i s 
m. 

1.75 has 
stone is 

Then cross-section I can be 
been chosen. A slope of 1 : 
dumped at considerable depth. 

At the western side of the closure gap the speed of propagation is 
allowed to be less. Here dump trucks can possibly be used. This implies 
extra transhipment assuming the rock is transported by r a i l to the star­
t i ng -po in t of the dam. 
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Figure 4.42 Cross section I of Fig. 4.40 

Seepage 

The turbine caissons are placed on a pervious s i l l . This implies undersee-
page and seepage around the abutments when dam construction is completed. 
Underseepage causes no dangerous s i tua t ion . The way of calculat ion of the 
necessary gradings is such that a f low through the s i l l is already taken 
into account. The governing circumstances taken f o r closure w i l l not be 
exceeded because the head-differences over the dam w i l l be l i m i t e d . The 
area of the t i d a l basin is decreased a f t e r construction of the basin dams. 
In extreme circumstances the head-difference can be l imi ted by manipulation 
with the intake works. Though the porosity of the dam has a negative 
influence on the energy production. The head di f ference present in order to 
produce e l e c t r i c i t y causes a f low through the turbines but through the s i l l 
as w e l l . This loss of energy production must be kept as small as possible. 

The only way that seems possible to l i m i t the f low a f t e r placement of 
the turbine caissons is a decrease of the s i l l porosity by means of 
grouting with cement grout. The success of th i s method is doubtful because 
the period during which the f low ve loc i t i es are acceptably low to prevent 
f o r washing of the cement grout is very small. This can be improved by 
f i l l i n g the large holes wi th gravel , i f possible. Both the grouting and the 
gravel transport ask f o r provisions in the caisson bottoms and the applica­
b i l i t y is questionable. 

At the abutments of the caissons the f i n a l dam meets. This f i n a l dam 
consists of rock and sand which must be protected against erosion. Here 
f i l t e r layers can be used to prevent f o r erosion of the dam p r o f i l e . 
Ver t ica l r ibs on the heads of the abutment caissons can be used to increase 
the leakage length. Rock is dumped between them. 

No sa t i s fy ing solut ion has been found yet to l i m i t the seepage resu l t ing 
from the chosen construction method. Further study combined with experi­
ments w i l l be necessary. 
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4.4 Bottom protection works 

The construction of the closure dam in a l l phases causes a disturbance of 
the exis t ing ve r t i ca l ve loc i ty d i s t r i b u t i o n of the f l o w . Heightening of the 
s i l l results in turbulence, eddies and higher local ve loc i t i e s . I f the 
seabed is composed of loose sediments severe scouring can occur. I f the 
scour hole becomes to deep and/or is situated to close to the dam, the 
s t a b i l i t y of th i s dam is endangered. In order to ensure i t s s t a b i l i t y , a 
certain part of the seabed under and, in case of a f low in two di rec t ions , 
on both sides of the dam w i l l have to be protected. 

In the Gulf of Khambat the seabed consists of sand, so scouring can be 
expected. Part ly the bottom protection has a permanent func t ion here. On 
both sides of the t i d a l power s tat ion a bottom protection is necessary 
during operation. Due to the choice of an ebb-generating system (see 
chapter 5) the seabed in the basin is attacked by the f low through the 
intake structures and the water-flow entering the turbines. On the sea-side 
the ex i t f low of the turbines attacks the bottom. The f low-ve loc i t i e s 
during explo i ta t ion are much smaller then during closure. The ve loc i t ies of 
the intake-flow w i l l be smaller because of the smaller basin-area. During 
energy production both the entrance and the ex i t speed of the turbines 
reach a maximum value in the range of 1.5 - 2.0 m/s. Under these conditions 
small gravel is already stable. Thus, the closure operation is taken as the 
governing s i t ua t ion . 

functions of bottom protection works 

sand-tight The purpose of the bottom protection is p r imar i ly to keep the 
bottom material in place. I t can be constructed as a f i l t e r 
that is pervious to water. This to prevent f o r the occurrence 
of water overpressures that w i l l l i f t the protect ion. A heavy 
impervious protect ion is only used when a large head-difference 
must be phased out over a considerable distance in order to 
l i m i t the ve loc i t i e s and the discharge of the groundwater-flow. 

length The length of the bottom protection must be such that the scour 
hole is si tuated s u f f i c i e n t l y f a r from the dam or construction 
to prevent f o r a s l ide or other i n s t a b i l i t i e s . 

stable The upper layer must hold the lower layers and res i s t the f low 
ve loc i t i e s , wave-loads and water-pressure. In the case of a 
pervious bottom protection the governing load is the f low 
ve loc i ty . 

sand-tight 

The bottom protection placed before the closure of the Gulf of Khambat has 
to f i x the bottom mater ia l . A pervious f i l t e r construction is chosen to 
f u l f i l t h i s func t ion . 

Again the use of l o c a l l y available materials is desirable in order to 
l i m i t the costs. This leads to the use of rock. The s t a b i l i t y of the upper 
layer under governing conditions asks f o r rather heavy stones. To prevent 
erosion of the bottom material several intermediate layers are necessary. 
The thickness of these layers is at least 0.5 m. f o r small gravel to 3 
times D„. The construction height of the f i l t e r in th i s way becomes several 
meters. A common way to l i m i t the construction height is the use of a 
fascine mattress in combination with quarry stone. The construction of 
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fascine mattresses is very labour-intensive. Nowadays a combination of geo-
t e x t i l e s and fascine is used. In India the use of bamboo can be considered 
in stead of fascine. Bamboo however is less f l e x i b l e than fascine. 
Considering the enormous bottom-area that has to be protected i t may be 
advantageous to design special equipment to produce and place bottom 
protection mattresses. These mattresses can also consist of geo- text i le and 
blocks that are connected to i t . Here the s t a b i l i t y of an upper layer of 
loose stone is determined. 

length 

The length of the bottom-protection (L in Figure 4.43) depends on: 
the maximum depth of the scour hole, h f f l a x; 
the slope of the upstream end of the scour hole, B; 
the foundation of the construction; 

- the materials present in the construction and of the bottom. 

bottom protection u 

'max 
L possibles-

slip circle 

"*' P 

scour hole 

igure 4.43 Bottom-protection in vicinity of structure 

When the equi l ibr ium s i tua t ion of the scouring is reached the s t a b i l i t y of 
the construction must be assured. This asks f o r calculations in order to 
predict the development of the scour hole and to check the s t a b i l i t y of the 
s t ructure . Here a, in most cases rather safe, value of approximately ten 
times the downstream depth has been taken f o r L. 

stability of the upper layer 

I f a bottom protection is used with an upper layer that consists of rock, 
the s t a b i l i t y of i t depends on the f low conditions and the mass of the 
rock. In [ l i t . (16)] a r e l a t i on has been deduced from data available out of 
experiments (Equation 4.20). 

ADn = A-U2

Q with A = ~ ^ ï ( 4 - 2 ° ) 

A = r e l a t i ve density of rock [kg/m 3] 
Dn = nominal diameter of the stones [m] 

90 



Bottom protection 

C=180Log ( 6-(h,+d) 
(4.21) 

7 

C 

reference ve loc i ty above the s i l l , equal to [m/s] 
where U = f low-ve loc i ty in the closure gap computed using 

a hydraulic model, 
ji = discharge c o e f f i c i e n t of the closure gap 

damage parameter 
7 = 0.03 s tar t of movement 
7 = 0.04 some transport 

Chezy roughness parameter 

[m/s] 
[ - ] 
[ - ] 

[ n T / s ] 

The C-value (Eq. 4.21), necessary to determine the AD„ parameter in i t s 
turn depends on the value of Dn. This asks f o r an i t e r a t i v e calculat ion 
using a f i r s t estimate of Dn. 

When a bottom protection with a permanent funct ion is considered i t is 
advisable to take a safe 7-value of 0.03. Here the governing conditions 
occur during closure. Taking the conditions of Highest Astronomical Tide, 
which are not exceeded during the f i n a l closure, a 7-value of 0.04 w i l l be 
safe enough. The bottom-protection is supposed to be constructed using rock 
with a speci f ic gravi ty of 2700 kg/m J. This implies a A-value of 1.65. 

For several widths of the closure gap necessary stone masses have been 
determined f o r the range of bottom-levels that is present in these gaps. As 
an example the calculat ion f o r a width of 7 km. is discussed below. 

Taking HAT, the maximum ve loc i t i es can be read from the DUFLOW-calcula-
t i o n . For the same time-step the momentary discharges are taken. Dividing 
th is discharges by the ve loc i t i es and the gap-width the actual waterlevel 
above the s i l l can be determined (Table 4 .4 ) . For a gap-width of 7 km. 
structure 2 has a width of 2 and structure three of 5 km. The bottom level 
varies between approximately 10 and 20 m. below B.M. (The bottom protection 
f o r the gu l ly with the maximum depth of 33 m. below B.M. (Figure 4.40) is 
determined, using the conditions f o r a gap-width of 5500 m.) 

V 
'max Qraoiaentary 

h . 
1 J S111 

level h s i i i + d ADn 
Dn V 

>'bO 

[n/s] [B 3 /S] [a] [B.+BJ. ] [a] [1] [a] M 
(d=10 and d=20 l . ) 

structure 2 

flood-flow -7.55 -172230 11.41 6.41 16,41 0.84 0.51 70S 

26.41 0.65 0.39 160 

ebb-flow 7.97 101520 6.37 1,37 11,37 1.31 0.79 1331 

21.37 0,36 0,52 380 

structure 3 

flood-flow -7.49 -426930 11.40 6,40 16,40 0,32 0.50 338 

26.40 0.63 0,38 148 

ebb-flow 7.99 251930 6,31 1.31 11.31 1.33 0.80 1382 

21.31 0.86 0.52 380 

Table 4.4 Calculation results for several conditions 
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The closure-gap of 22 [km] 
bottomprotection 

Figure 4.44 Upper layer of the bottom protection 
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The i t e ra t ive calculat ion of the upper s i tua t ion is shown in Table 4.5. 

(J 7,55 

h3td 16,41 

Dn 0,700000 0,577658 n 5W7R 0,519745 0,513925 0,511725 0,510891 
h3/Dn 23,44286 28,40780 30,65716 31,57320 31,93073 32,06801 32,12038 

38,66691 40,16860 40,76430 40,99446 41,08248 41,11602 41,12878 

A 0,016721 0,015494 0,015045 0,014876 0,014812 0,014788 0,014779 

0,953136 0,883203 0,857579 0,847976 0,844346 0,842969 0,842447 

Table 4.5 Iterative determination of the AD„ value for a depth of 10 m. during 
flood-flow in structure 2. 

The maximum stone-mass in Table 4.5 is 1382 kg. which asks f o r rock in the 
grading of 1000 - 3000 kg. This kind of calculations have been carried out 
f o r several widths of the closure gap with the s i l l at a constant level of 
5 m. below B.M. The areas with upper layers consisting of d i f f e r e n t 
gradings and with d i f f e r e n t lengthsare presented in Figure 4.44. 

In a fu r the r stage more detai led calculations can be made when the 
actual bottom-levels are known. I t is expected that the s t a b i l i t y calcula­
t ions then w i l l resul t in a decrease in the length of the bottom-protecti­
on . 
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4.5 Structures in the dam 

Up t i l l now only the constructions necessary f o r the t i d a l power s tat ion 
have been discussed. Provisions however w i l l have to be made f o r ships that 
w i l l reach the ports in the Gulf of Khambat and the discharge of superf lu­
ous fresh water o r ig in ing from the Narmada. 

ship-transfer 

In the Gulf of Khambat two ports are in use under the present circumstan­
ces : 

the a l l weather d i rec t berthing port of Bhavnagar; 
the f a i r weather lighterage port in Dahej. 

Bhavnagar port is accessible f o r 4 - 5,000 DWT seagoing vessels. Entering 
Bhavnagar port is only possible during high water time. During low waters 
the necessary water-level in the docks is maintained with the help of a 
single lock-gate. Vessels larger than mentioned anchor outside and l igh te r ­
age takes place. This means outside trans-shipment of cargo into smaller 
vessels. 

Bhavnagar port is severely affected by s i l t a t i o n . The annual dredging 
requirements are estimated at 4 m i l l i o n mJ to maintain the depth of both 
the docks and the approach channel. 

Dahej is a lighterage port that is used mainly f o r the import of f e r t i l i ­
zers. The cargo is transported inland by t r a i n . 

Future developments with respect to cargoes and required handling f a c i l i ­
t i e s have to be analyzed as a part of an overal l transport study f o r th i s 
region. Gujarat State intends to develop Pipavav Bandar as the main d i rec t 
berthing port f o r ships up to 25,000 DWT. I t is expected however that 
Bhavnagar w i l l remain an important regional port [ l i t . ( 5 ) ] . Two a l t e r n a t i ­
ves to maintain the access ib i l i t y of Bhavnagar port are presented here: 

Bhavnagar port is situated in the fu tu re t i d a l basin of the t i d a l 
power s t a t ion . This implies that the high water periods which allow 
ships to enter the docks w i l l stay present. Entering the t i d a l basin 
asks f o r a ship t ransfer system in the dam. A lock w i l l be most 
appropriate. The lock is supposed to be constructed in a temporary 
reclaimed polder p r io r to the closure operation. 

The dam surrounding the basin bends in the d i rec t ion of Channel Bank. 
The access channel of Bhavnagar New Port is passed at the eastern 
side (Figure 4.45). In th i s way the construction of a lock can be 
omitted and Bhavnagar Port l ies outside the t i d a l power basin. 
However, when the planned routes of the road and railway are maintai­
ned a bridge over the access channel must be b u i l t . Another disadvan­
tage is the probably increasing s i l t a t i o n of Bhavnagar Port. 

In a fu r the r stage a decision based on economic grounds can be made. Then 
more information about the bottom and the use of Bhavnagar port is requi­
red. The costs of a bridge and a longer dam must be weighed against the 
costs of a lock. 
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Figure 4.45 Provisions for the access of Bhavnagar Port and the spilling of super­
fluous Narmada water 

The presence of the dam in the Gulf of Khambat decreases the transport d is ­
tance from Bhavnagar to the areas east of the Gulf of Khambat. Two alterna­
t ives f o r the handling of the f e r t i l i z e r s are mentioned here: 

Dahej port is closed, a f t e r completion of the dam, and the f e r t i l i ­
zers are handled in Bhavnagar too. The cargo can be transported by 
r a i l or road to the areas east of the Gulf of Khambat. 

A new deep water unloading berth is constructed along the dam. This 
asks f o r a breakwater protecting the berth. 

Because of the presence of a railway on top of the dam the method 
of inland transport can be maintained. This berth can be reached by 
larger ships than Dahej port , which decreases the necessity of 
1ighterage. 

In both cases no t ransfer through the dam w i l l have to take place. Thus, no 
ship t ransfer system have to be situated between the sal t sea and the 
fresh-water basin. This pa r t ly prevents the sa l t in t rus ion . 

Detailed study w i l l be necessary in order to make a f i n a l decision concer­
ning the fu tu re role of the two ports and the required provisions. In order 
to complete the layout of the dam, here the construction of a single lock 
is supposed to guarantee the accessabi1ity of Bhavnagar Port. Dahej Port is 
replaced by a new unloading berth at the sea-side of the f i n a l dam. 

spillway 

The fresh Narmada discharge w i l l be stored in the created basin. However in 
average circumstances the yearly Narmada discharge w i l l be larger than the 
i r r i g a t i o n demand. The fresh water surplus w i l l have to be sp i l l ed in order 
to keep the basin level under a safe l i m i t . Here the maximum basin level is 
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taken equal to the waterlevel that is exceeded during Highest Astronomical 
Tide in the present s i t ua t ion , being 10 m. above B.M.. 

In the reconnaissance report [ l i t . ( 5 ) ] , a simulation is described of the 
safe release of the f lood wave with a chance of exceedance of 1/100 per 
year. The peak discharge amounts to 67,000 m3/s. The f lood wave is schema­
t ized as a parabolic funct ion described by Equation 4.22. 

U ( ]

 ( _ 2 y Uma* (4 . 2 2 ) 
2 

where T = t o t a l duration of the f lood wave f o r which a value 
of 60 hours is taken 

t = time variable [ t l 
Q(T) = momentary discharge [m/s ] 
Qmax = peak discharge of the f lood wave: 67,000 [m7s] 

Integrated over the period t = 0 to t = 60 hours the t o t a l content of th is 
schematized f lood wave amounts to 9.6 * 109 mJ. Without s p i l l i n g th i s causes 
the basin level to raise by approximately 5 m.. When the level before the 
s ta r t of the f lood is higher than 5 m. above B.M. th i s r i se can not be 
accepted. S p i l l i n g w i l l be necessary. The simulation shows that a spillway 
with a s i l l - l e v e l at 2 m. below B.M. and a width of 700 m. w i l l be s u f f i ­
cient to guarantee a safe release of the fresh water surplus. 

These calculations were based on discharge data of the Narmada r ive r 
during the period from 1915 - 1962 [see Table 2.1 in chapter 1 ] . More 
detai led calculations are not sensible now. This because since 1962 several 
dams have been constructed in the Narmada. These dams cer ta in ly have 
influenced the f lood hydrographs. Water is withdrawn upstream of the dams 
and the f lood waves may be smaller. F i r s t new data must be collected and 
insight in fu tu re developments must be obtained before a f i n a l design of 
the spil lway can be made. 

The spil lway is planned to be situated close to the Narmada mouth, in 
Bharuch channel. Two rather d i f f e r e n t ways of construction can be d i s t i n ­
guished: 

The spil lway is composed of gated caissons sunk on top of a r o c k - f i l l 
s i l l . 

A temporarily reclaimed polder is used to construct the spil lway on 
the s i t e . 

The spil lway is si tuated between the fresh water basin and the sea. Here 
the problem of sal t in t rus ion is important. As already mentioned in section 
4.3 the prevention f o r underseepage is very d i f f i c u l t in case of caissons. 
Without fu r the r provisions the discharge through the s i l l , and consequently 
the sa l t in t rus ion , w i l l be considerable. Unless a r e l i ab l e solut ion f o r 
th i s problem is found, construction in a polder seems more appropriate and 
is assumed here. 

The spil lway consists of 28 radia l gates with a width of 25 m. each. 
They must be designed f o r a head-difference of 12 m. (maximum basin-level 
minus s i l l - l e v e l ) . The choice f o r radia l gates is based on the r e l a t i v e l y 
small power that is required to open them. 
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4.6. Design of the final dam 

4.6.1 Profile of the dam 

The closure dam constructed in the Gulf of Khambat is not suited to 
accommodate a railway and a road in a permanent s i t ua t ion . Although the 
crest level of t h i s dam l ies at a level of 11 [m] above B.M., the foundat i ­
on of both can be endangered in extreme circumstances. Not to mention the 
f ac t that the railway and road can not be safely used during several days a 
year. 

Besides, the closure dam is pervious to water. The f i n a l dam, to a 
cer ta in extent, w i l l have to be impervious in order to prevent f o r sal t 
in t rus ion in the f resh water basin. 

available construction materials 

Again the use of local available materials is desirable to l i m i t costs. 
Rock was already used f o r the construction of the closure dam. Considering 
the enormous amounts used already, capacity problems can be expected when 
rock is used fo r the enlargement of the dam-profile too. However i t can be 
considered. One has to keep in mind that the large porosity of rock 
combined with the large grain size enables water to be transported through 
the dam very f a s t . This implies that the construction of an impervious 
layer, embedded in the dam, w i l l be necessary. 

The bottom of the Gulf of Khambat mainly consists of sand [see section 
2 . 2 ] . I t is assumed that a s u f f i c i e n t quantity of sand is avai lable . The 
f i n a l dam than can be b u i l t by means of hydraulic s a n d - f i l l . 

In the v i c i n i t y of the dam several kinds of clay can be found. Clay is a 
suitable material f o r the construction of an impervious layer in the dam or 
an impermeable fac ing . I t can be used as under layer too when a facing of 
concrete blocks is chosen. However, the demands on clay used in the slope 
protect ion are very high. The properties of the available clay are not 
known. 

Construction of the embankment core 

Around or next to the closure dam the core of the f i n a l dam w i l l have to be 
constructed. This core is planned to be b u i l t by means of hydraulic sand-
f i l l . This bui ld ing method can only be used when the f low ve loc i t i es stay 
below a value of 2 [m/s] . Even then the sand-loss w i l l be considerable. 

The core w i l l be located on the northern side of the closure dam. In 
t h i s way the temporary rai lway on top of the closure dam can be used during 
dam completion. On the sea-side the present rock slope is s u f f i c i e n t to 
r es i s t the wave-loads during normal circumstances. The crest of the closure 
dam w i l l at least pa r t ly become a berm in the p r o f i l e of the f i n a l dam. 
Through the closure dam s t i l l a s i gn i f i c an t t i d a l f low takes place. This 
means that the sand can not be placed d i r e c t l y on the northern rock-slope 
of the closure dam. Here a f i l t e r is planned to be constructed which w i l l 
be covered by a sand-tight geo- tex t i l e . This geo- text i le w i l l be made 
heavier by means of concrete blocks connected to i t . In th i s way i t w i l l be 
able to res i s t the head-differences during the t i d a l cycle. 
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Fina l ly the core of the dam can be made by means of hydraulic s a n d - f i l l . 
Below the water- l ine the steepness of the slope w i l l be maximum 1 : 15. No 
equipment is able to steepen the slope there. By means of manipulation with 
the intake works the waterlevel can be lowered to 2.0 [m] + B.M.. Above 
th i s level a slope of 1 : 3 w i l l be applied. In th i s way the core w i l l get 
a width of approximately 110 [m] on the Bench Mark l eve l . 

The discharge through the dam w i l l be very small because of the conside­
rable seepage path. Thus, the sa l t intrusion through the dam can be neglec­
ted. Like in Dutch practice of sea-defence design, embedding an impermeable 
layer in the dam w i l l not be necessary. 

The crest of the closure dam l ies at a level of 11.0 [m] + B.M. and is 
equipped with a railway that is situated at the sea-side. During construc­
t ion of the f i n a l dam th i s railway can s t i l l be used. The outer 10 [m] of 
the crest are not embedded in the dam. In th i s way a berm with a width B of 
10 [m] w i l l stay present in the f i n a l design. 

Slope-protection sea-side and wave run-up 

The dam-slope on the sea-side must be able to res i s t the wave-attack. In 
order to l i m i t the crest-height i t is advantageous to reduce the wave run­
up. When we look at the run-up Equation (4.23) i t is clear that the wave 
run-up can be reduced by the applicat ion of a rough slope-protection, 
resu l t ing in a r e l a t i v e l y small f -va lue , and a less steep slope. In (4.23) 
the influence of oblique waves is neglected. 

z 2 % = 0.74 -f'TJg^H^tana • (1~B/LQ) (4-23) 

In which: zn = 2 % wave run-up [m] 
f = roughness parameter [ - ] 
T = mean wave-period = TV 3/1.15 [ s ] 
H 1 / 3 = s i g n i f i c a n t wave-height [ip] 
a = s lope- inc l ina t ion [ ° ] 
g = acceleration of gravi ty [m/s 2] 
B = berm-width [m] 
L0 = wave-length on deep water [m] 

Based on some run-up calculat ions f o r the slope at the sea side a steepness 
of tan a = 1 : 6 has been chosen. The armour layer of the slope protect ion 
consists of rock which has a f-value of approximately 0.6. 

Also on the basin-side of the f i n a l dam a slope protection w i l l be con­
structed. Because of th i s the 2% wave run-up becomes a very safe value. I t 
is applied in Dutch practice when the inner slope of a dam of ten consists 
of clay and grass. 

Lately a method has been developed to deduce a z-height from the 
overtopping that can be accepted [ l i t . ( 19 ) ] . The necessary equations are 
presented below (Eq. 4.24 - 4.26). 

_ X£ ( g 1 / 3 / l . 6) g ( r 1 / 3 / l • 15) *m (4.24) 
Z c~b~tg~^ Y f Y s 
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The value of X can be found using: 

l o g Y= -0 . 214X2 -0.7 87X+0.103 

Y should be determined using: 

Y 
q • T 1 / 3 sjcotga • 1. 6 *10"J • 27t 

T-

(4.25) 

(4.26) 

in which: z = wave run-up height [m] 
g = mean overtopping [1/m/s] 
Yf = reduction fac tor slope-roughness 
Yb = reduction fac tor berm = 1-B/L0 

The resul ts of the d i f f e r e n t methods are presented in Table 4.6. During 
calcula t ion the s i gn i f i c an t wave with a frequency of exceedance of 1/100 
year"1 has been applied: H 1 / 3 = 5.0 [m] 

T 1 / 3 = 10.0 [ s ] 
H/L0 = 0.03 [ - ] 

Deep water: 
Shallow water: 

L = 1.56 r 1.56 • 100 = 156 [m] 
10 7(9.8-30) = 171 [m] U = T J (g d) 

With an intermediate L0 of 165 [m], H/L„ becomes 0.03 [ - ] 

Also the values of zi% and z m are presented, being respectively 0.87 and 
0.76 times Z~. 

z-heights no berm B = 10 m 

z » 4.51 [m] 4.21 [m] 

3.92 [m] 3.65 [m] 

Ziox 3.43 [m] 3.20 [m] 

q = 1 [ l / s / m ] 4.84 [m] 4.50 [m] 

Q = 5 [ l / s / m ] 4.08 [m] 3.80 [m] 

a = 10 [ l / s / m ] 3.73 [m] 3.47 [m] 
Table 4.6 Values of the wave run-up z for different ways of computation 

Due to the slope of 1:6 and the rough slope-protection the values do not 
d i f f e r much. An acceptable overtopping of 5 l/s/m is chosen here which 
resul ts in a z-height of 3.80 m. 

determination of the crest level 

Determining the crest level of the dam, many aspects must be taken into 
account. They are discussed below. 

design-level F i r s t the expected maximum water-level must be determi­
ned. When enough data are available the design-level can 
be determined with the help of a s t a t i s t i c a l ca lcu la t ion . 
Then d i r e c t l y a combination of t ide and wind set-up is 
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considered. Here, these data are not available so a 
combination of the separate items high t ide and wind set­
up w i l l have to del iver the maximum leve l . In a report of 
De l f t Hydraulics [ l i t . (6) ] a wind set-up of 2 [m] was 
mentioned f o r conditions with a recurrence-interval of 
100 years. In the reconnaissance report a value of 1.5 
[m] was taken. The combination of Highest Astronomical 
Tide and an extreme wind set-up is extremely rare. Here 
two combinations are considered: 

HAT (B.M. + 11 [m]) in combination with a small 
wind set-up of 0.5 [m] gives a level of B.M. + 11.5 
[m] 
When the wind set-up is extreme, here the value of 
2.0 [m] is taken, a level of 10.7 [m] + B.M. is 
reached, when i t is combined with average spring­
t ide (B.M. + 8.7 [m]) . 

As a f i r s t estimate the level of 11.5 [m] + B.M. is taken 
as the design-level . 

wave run-up The wave run-up based on an overtopping discharge of 5 
[ l / s / m ] amounts to 3.80 [m] as calculated above. 

crest-height 
reducing factors The cres t - level reduces in time because of some time-

dependent f ac to r s . The aspects which are important here 
are settlement of both the sea-bottom and the dam i t s e l f 
and the r e l a t i ve r i se of the sea-level. For these e f fec t s 
a freeboard of 1 [m] is taken into account 

The cres t - level of the f i n a l dam becomes 16.30 [m] + B.M. when the three 
components are joined. 

crest width and inner slope 

As already mentioned the crest must be wide enough to accommodate r a i l and 
road. When the length of the dam, being 48.6 [km] is considered i t seems 
necessary to construct a double tracked rai lway. A crest-width of 25 [m] is 
assumed to be s u f f i c i e n t . 

The wave-attack on the slope at the basin-side w i l l be considerably 
less. When we bear in mind that i t is not cer ta in that pr ior to a cyclone 
the basin-level is equal to the maximum level i t seems s u f f i c i e n t to take a 
design-condition with a smaller recurrence in te rva l (of 50 years) here 
(only f o r the wave run-up and not f o r the design of the revetment). A wave 
with H 1 / 3 = 2.3 [m] and a period T I / 3 = 5.0 [ s ] is chosen. With the f-value 
taken equal to 1 and a slope of 1:3 f i r s t the 2% wave run-up is computed. 
This amounts to 5.09 [m] (Eq. 4.23). When the sum of the maximum basin-
level (B.M. + 10 [m]) and the wave run-up is compared with the cres t - level 
of the dam (B.M. + 16.3 [m]) the freeboard amounts to 1.21 [m] which is 
s u f f i c i e n t . So there is no need to accept more wave run-up. Now a cross-
section of the dam can be drawn (Figure 4.46). 
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4.6.2 Protection of the sea-side slope 

As already mentioned, the sea-side slope w i l l be protected with rock. The 
necessary stone-mass w i l l be determined in th is section f o r both the slope 
of the closure dam and the slope above the berm. Two formulae were avai la­
ble f o r th is purpose. F i r s t l y the well-known Hudson re l a t ion (Eq. 4.27) and 
secondly a more exact formulae recently derived by v . d . Meer (Eq. 4.28). 

Hudson: 

Mc 50 
kD A 3 cot a 

( 4.27) 

where: ps = spec i f ic gravi ty of the stone [kg/m 3] 
Hs = s i g n i f i c a n t wave height (= H1 / 3) [m] 
kD = damage c o e f f i c i e n t 

(= 0.4 f o r 0-5% damage f o r angular quarry-stone) 
A = r e l a t i ve density of the stones [ - ] 
a = slope angle of the f r o n t slope [ ] 

V.d. Meer ( f o r plunging waves), [ l i t . ( 21 ) ] : 

A D nSO 
JTm = 6.2 P0-18 (S/JN)°- ( 4.28) 

where: 

tan a ( 4.29) 

Equation 4.28 f o r plunging waves can be used when: 
i 

% m <, (6.2 P ° - 3 V t a n a ) P-i-0 . 5 (4.30) 

When I is larger than th i s t r ans i t i ona l value an equation f o r surging waves 
must be applied (which is not described here). 

parameters: Hs 

N 
D„ 
A 
a 
P 

s i g n i f i c a n t wave height (= H1 / 3) 
storm duration or number of waves 
nominal diameter of the stones 
r e l a t i ve density of the stones 
slope angle of the f r o n t slope 
permeability of the structure 
surf s i m i l a r i t y or breaker parameter 
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Slope above the berm 

Fi r s t the protective layer on the slope of 1:6 is considered. Using v .d . 
Meer (Eq. 4.28), f i r s t £m must be computed using Eq. 4.29. 

1/6 
s/0 . 03 

0.96 [-] 

I t is very clear that these are plunging waves (Figure 4.47) so Equation 
4.28 can be applied. 

plunging §=0.5 

surging 

collapsing 

1=0,2 
spilling 

plunging 

?igure 4.47 Breaker types (example of £ r o-values) 

In order to be able to use th i s Equation the values of the parameters P, S 
and N must be estimated. 

P P represents the permeability of the s t ructure. P varies from 0.1 f o r 
a impermeable core to 0.6 f o r an homogeneous permeable core. Here the 
slope protection is permeable and the necessary f i l t e r layers under­
neath too. The core consists of sand which behaves impermeable in 
case of wave attack. An intermediate P-value of 0.2 has been chosen. 

S The value of the damage-coefficient S depends on the accepted damage. 
In general S l ies between 1 and 3 when the no-damage c r i t e r i o n is 
applied. Here S = 2 has been applied. 

N For the number of waves, N, an often applied value is 3000. Because 
the wave attack on the slope considered is extreme in combination 
with an extreme storm-surge level the chance of occurrence is small . 
There seems to be no reason to raise N. So N = 3000. 

Now the value of ADn50 can be computed: 

——— -J0796 = 6 .2 • 0.2°•18 (2/v/3ÖÏÏÖ)°-2 = 2.39 
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I t is assumed that rock with a speci f ic gravi ty of 2900 kg/m3 is used f o r 
the slope protect ion. In Figure I I I . 7 of annex I I I the required grading can 
be read. I t shows that the grading 3000 - 6000 [kg] must be applied. 
When we compute the exact mass of a stone with ADn50 = 2.05, 4011 [kg] is 
found (A = 1.84). This mass l ies between the grading l i m i t s . 

The applicat ion of the Hudson-Equation (4.27) leads to the fo l lowing 
resu l t : 

2900 • 5' 
50 4 . 0 •1.843 -6 = 2425 [kg] 

This mass leads to the same grading. 

The thickness of the armour layer can be determined now. In general the 
number of layers of armour un i t s , m, is taken as 2. In order two compute 
the thickness t , the l aye r -coe f f i c i en t kA, must be known. For angular 
quarry-stone the value of th i s c o e f f i c i e n t is approximately 1 to 1.15. 

2-1.05 1 . 81 
1 . 84 = 2 . 07 [m] ( 4 . 3 1 ) 

Slope of the closure dam 

The same procedure can be followed f o r the sea-side slope of the closure 
dam which becomes part of the f i n a l dam. The main di f ference is the slope 
angle which causes a considerable change in the value of £ n . 

5» = 
i / i -

4_ 
v/0 . 03 

3 .28 [ - ] 

This means that we have to deal with collapsing waves. With the help of 
Equation 4.30 the a p p l i c a b i l i t y of Equation 4.28 can be checked. Now the 
value of P is raised to 0.6 because the closure dam is permeable and 
homogeneous. 

lm < (6.2 -0.600-31 

N 1 /!• 
P + 0 .5 3 . 53 

Because 3.28 is smaller than 3.53 Equation 4.28 can s t i l l be used. 
The slope of the closure dam is also attacked when the storm-surge level 

is rather low, f o r instance at low t i d e . In order to take t h i s e f f e c t into 
account the number of waves is raised t i l l N = 10,000. On the other hand 
the r o c k - f i l l core can be considered as a many-layer slope protect ion. This 
implies that some damage can be accepted. The S-value is raised to 5. 

A D„ 
V3728 = 6.2 • O . 6 0 , 1 8 (5/v/10 000) 0 . 2 3 . 11 

A n - 2 91 
" ^n50 * • ^ x 
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Here a grading of 10 - 15 tons is required. This is rather heavy. However, 
during the closure-operation th i s grading has already been used over a 
certain length. For the sections where th is is not the case, i t can be 
studied in de ta i l i f the grading determined here is r e a l l y necessary on 
that par t icu lar spot. The HISWA-calculations (section 2.2) showed that the 
expected wave-height depends on the location along the dam alignment. Up 
t i l l now the wave at the most severely attacked section is considered. So, 
detai led study or wave-measurements w i l l reduce the amount of slope protec­
t i o n that has to be placed during dam completion. 

The same d i s t r i b u t i o n of the wave-heights counts f o r the grading of 3 -
6 tons on the 1 : 6 slope. Here also reduction can be considered. 

The rock f o r the slope protection can not d i r e c t l y be placed on the sand of 
the dam-core. Because of the wave-attack the sand underneath the armour 
layer w i l l erode. Two options f o r the construction of the t r ans i t i on 
between sand and rock are mentioned here. 

The sand is level led smoothly in a slope of 1 : 6. On the sand a 
sand-tight geo- text i le is l a i d . Placing the stones of several tons 
d i r e c t l y on th i s geo- tex t i l e , the r i sk f o r damage is considerable. 
The dimensions of the armour layer are on the average 1.18 [m]. To 
prevent the under-layer f o r erosion the r a t i o between the Dn of the 
two layers may vary between 3 and 5 ( f i l t e r rules [ l i t . ( b ) ] . When a 
Dn of 0.30 [m] is chosen f o r the under-layer the geometrical close­
ness is guaranteed. These stones are s t i l l rather large and heavy, 10 
- 60 [ k g ] . Another s imi lar step leads to a layer of gravel with a 
mass smaller than 1 [kg] placed d i r e c t l y on the geo- tex t i le . For 
reasons of construction the thickness of t h i s layer should at least 
be 0.30 [m]. 

Instead of using a geo- text i le the f i l t e r can be completed u n t i l the 
grain-size of the sand is reached. This asks f o r many layers. 

In the design the a l te rna t ive with a geo- text i le is chosen (Figure 4.48). 
The costs of th i s solut ion should be weighed against the costs of a 
complete granular f i l t e r in order to make a f i n a l decision. 

; sand 

Figure 4.48 Slope-protection of rock on geo-textile 
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4.6.3 Protection of the slope on the basin-side 

The slope protection must be stable under design-conditions and prevent f o r 
the loss of base-material. A revetment consists generally of a top-layer, 
that must res i s t the hydraulic loads, and an underlayer that prevents the 
base-material to erode. A t h i r d failure-mechanism is the so i l mechanical 
loss of s t a b i l i t y . This must be considered too in the design. 

top-layer 

When a slope of 1 : 3 is applied on the basin-side the wave run-up w i l l be 
s u f f i c i e n t l y l imi ted by a revetment with a f-value < 1 (See section 4.6.1 
and Eq. 4.23). This f-value allows to apply every slope protection except 
f o r a closed and very smooth one ( f = 1.1), l i k e asphalt. 

Open asphalt w i l l do but problems with the high temperature and the 
burning sun can be expected. Asphalt behaves rather viscous when i t s 
temperature is high. Wave-loads attacking such a protection w i l l cause 
deformations of the slope. Also the a b i l i t y of asphalt to fo l l ow deforma­
tions of the foundation is small. 

When the enormous surface is considered that has to be protected i t is 
favourable to select a mechanical construction method. Then a revetment of 
pitched stones can be applied. When uniform concrete stones are applied f o r 
instance a block claw and a hydraulic crane can be used. In th i s section a 
revetment of pitched concrete stones is designed. 

under layer 

Pitched stones can be placed on a granular f i l t e r but also on a layer of 
good clay. The properties of the available clay are not known. Besides, a 
revetment of pitched :one on clay may not be exposed to da i ly occurring 
hydraulic (wave-)loads. In the fresh-water basin and also in the t i d a l 
power basin the water-level varies considerably in time. A large zone is 
regular ly attacked by hydraulic loads. So the use of clay as under-layer 
f o r the stones is re jected. 

The proposed construction is a revetment of pitched concrete stones on a 
granular f i l t e r . In order to l i m i t the thickness of the f i l t e r the core of 
sand is f i r s t covered by a sand-tight geo- tex t i l e . As we w i l l see later a 
t h i n f i l t e r diminishes the requested dimensions of the stones of the upper 
layer. 

design 

Fi r s t a s imp l i f i ed design method [ l i t . (20)] w i l l be applied. When pitched 
stones on a granular f i l t e r are used a subdivision can be made between: 
good, moderate and poor designs. Here we aim at a good design which implies 
the fo l lowing demands (see also the f low-char t of Figure 4.49): 

The f i l t e r layer is t h i n : b/D < 0.5, where b and D are the thicknes­
ses of respectively the f i l t e r layer and the stones. 

The f i l t e r material is f i n e : D f l 5 < 10 [mm], where D f l 5 is the pa r t i c l e 
size of the f i l t e r that is not exceeded by 15 % (by weight) of the 
pa r t i c l e s . 
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The outer layer is open, the 
value of Q ( r e l a t ive opening 
surface) must be bigger than 
3%, and the openings are not 
f i l l e d . For deta i ls about the 
holes see the f low chart. 

The design can s ta r t under the as­
sumption that a good construction 
w i l l be possible. The s imp l i f i ed 
design method establishes a r e l a t i ­
on between the breaker parameter %m 

and the parameter HS/AD. 
F i r s t the design-wave must be 

known in order to compute lm. For 
the check on the wave run-up H 1 / 3 = 
2.3 [m] has been used, having a 
recurrence in terval of 50 years. 
For the loads on the revetment ho­
wever, the wave with a chance of 
occurrence of 1/100 per year is 
chosen: 

'1/3 = 3.0 [m] 
= 5.5 [s ] 

outer layer on granular filter? 

Yes No 

b/D > 0.5 

Yes No 

t}1B<lO[mm] 

Yes 
No 

holes and clefts 
Yes filled? 

Yes No 

holes? 

Yes iNo 

ct.c < 0.3 [m] and O > 7 % ? Q < 3% 

No 

a t e > 0.3 [m] and a > 15 % ? Yes N° 
Yes. 

pitched stone 
type 3a 

igure 4.49 Part of the flow chart for 
the construction type 

The mechanism of the u p l i f t i n g of a block is ruled by the wave attack and 
s p e c i f i c a l l y by the way the wave breaks. This process is described by the 
breaker parameter $m (Eq.4.29). F i r s t the wave-length L0 must be computed. 
For th i s r e l a t i v e l y short wave the deep-water equation can be used: 

L = 1.56 T 47 [m] 

£m becomes: 

1/3 
^3 . 0 747 

= 1.32 

Now the required value of HS/AD can be read in the graph of Figure 4.50. In 
th i s case: 

HS/AD = 4.6 

The value of A is determined using a spec i f ic gravi ty of concrete of 2500 
[kg/m 3 ] . Then A becomes (2500 - 1020)/1020 = 1.45. A f i r s t estimate of the 
necessary thickness of the blocks i s : 

D = 4 .6 A 4.6 • 1.45 
= 0.45 [J»] 

In a f u r t h e r stage th i s value must be checked with the analy t ica l method 
[ l i t . ( 2 0 ) ] . 
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Stones on a granular filter, favourable construction (type 3a) (check the result with the 
analytical method). 

Figure 4.50 Design graph for a good construction of stones on a granular filter 

The layer thickness found f o r the stones implies that the f i l t e r thickness 
is maximum 0.22 [m]. In the design a layer of 0.20 [m] th ick is proposed. 
Stones without holes are chosen here, which implies that r e l a t i ve open 
surface Q must be larger than 3 % . C le f t s of 10 [mm] between the blocks 
s a t i s f y th is requirement when blocks are applied with dimensions of 0.60 * 
0.60 * 0.45 [m 3 ] . A view of the design is presented in Figure 4 .51. 

sand 

Figure 4.51 Slope protection with concrete blocks 
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transition-structure at the toe 

As already mentioned the basin-level can be lowered t i l l a level of 2.0 [m] 
+ B.M. f o r construction purposes. Below th i s level the proposed revetment 
can not be applied. This asks f o r a t r ans i t i on structure at the toe. An 
example of a possible t r ans i t i on structure is shown in Figure 4.52. In 
order to l i m i t the wave-attack on the toe one can keep the minimum water-
level of the basin some 1.5 [m] - 2.0 [m] above the t r a n s i t i o n . However, 
when the waterlevel drops below th is level the waves w i l l pa r t ly break on 
the 1 : 15 slope before they reach the 1 : 3 slope. This also l i m i t s the 
wave-attack. Thus, the water-level cons t r ic t ion can be discarded. 

rock penetrated with asphalt 

concrete anchor block 

0.60 |m] 

10|mm] 

sand 

layer of broken stones or 
gravel with: 

'115 10 {mm} 

Figure 4.52 Example of a transition structure at the toe 
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4.7 Estimation of costs final dam 

The shape of the f i n a l dam and i t s slope protection is known know. This 
makes i t possible to estimate the quantit ies of bui lding material required 
f o r construction. Based on th i s quantit ies a very rough estimation of the 
construction costs can be made. For the cost estimation uni t prices have 
been used. These uni t prices ( i n Rupees) were par t ly collected during the 
reconnaissance mission and presented in the report of may 1989 [ l i t . ( 5 ) ] . 
The values have been corrected here f o r i n f l a t i o n using an i n f l a t i o n rate 
of 7.5 % per year. Except uni t prices also the estimated prices of the 
spil lway and the navigation lock are corrected prices obtained from the 
reconnaissance report . Table 4.7 shows the corrected values. 

material 

rock 
sand 
bottom-protection 

construction part 

spil lway caisson 
navigation lock 

unit price 

261 R/m3 

34 R/m3 

373 R/m2 

price 

112 * 106 R/piece 
1243 * 106 R/piece 

Table 4.7 Prices obtained from the reconnaissance report [lit. (5)] 

Other uni t prices used here are: 

Geo-textile 80 [Rp/m3] 
Geo-textile with concrete blocks connected on i t 150 [Rp/m3] 
Slope-protection of concrete blocks (0.6 * 0.6 * 0.45 [m 3]) 305 [Rp/m2] 

In Table 4.8 the uni t prices are mul t ip l i ed with the estimated quant i t ies . 
The prices are not only shown in Rupees [Rp] but also in US Dollars [US$]. 

1 US Dollar [US$] = 27 Rupees [Rp] 

In the reconnaissance report the spil lway did consist of 11 sluiced cais­
sons. The t o t a l cost-estimate is maintained here although the construction 
of the spil lway in a temporary reclaimed polder is preferred. 

The t o t a l construction costs are estimated to be 21.71 * 109 [Rp] or 805 
*106 [US$], For contingency a margin of 15 % is taken and the overhead 
amounts to 10 %. The t o t a l estimated costs become: 

27.14 * 109 [Rp] = 1.007 * 109 [US$] 
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Costs 

quanti t ies 
(* 106) 

CLOSURE DAM 

rock 35.8 [m3] 
bottom-protection 9.7 [m2] 

F I N A L DAM 

geo + blocks 1.39 [m2] 
sand 110.0 [m3] 

S L O P E P R O T E C T I O N 

rock 5.47 [m2] 
geo- text i le 4.09 [m2] 
concrete blocks 1.85 [m2] 

CONSTRUCTIONS 

navigation lock 1 [ piece] 
spil lway 11 [pieces] 

TOTAL CONSTRUCTION C O S T S : 

contingency (15 %) 
overhead (10 %) 

TOTAL C O S T S : 

Table 4.8 

uni t price t o t a l cost 
[R] [* 109 R] [* 106 $] 

261 9.35 346 
373 3.62 134 

150 0.21 8 
34 3.74 139 

261 1.43 53 
80 0.33 12 

305 0.56 21 

1.242*10" 1.24 46 
0.112M0 6 1.23 46 

21.71 805 

3.26 121 
2.17 81 

2 7 . 1 4 1 0 0 7 

Estimation of the total construction costs of the final dam 
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5 Tidal Power Station 

In chapter 4 the alignment f o r the estuary-dam has been selected. In the 
next sections the size of the t i d a l basin and the number of turbines w i l l 
be optimised. 

5.7 Ebb-generation as mode of operation 

In a t i d a l power s ta t ion three modes of operation are possible to generate 
energy. These three are: 
- Ebb-generation mode 
- Flood-generation mode 
- Two-way generation mode 

In the ebb-generation mode, see Figure 5 .1 , the sluices are opened on the 
f lood t ide allowing the basin behind the barrage to f i l l . On the ebbing 
t ide th i s retained water is used to power the turbines u n t i l the operating 
head becomes too low, sometime a f t e r low water. The turbines are then c lo­
sed down u n t i l the r i s i n g f lood t ide reaches the level of the drawn- down 
basin and the cycle res ta r t s . This mode of operation has been shown 
repeatedly to be the most c o s t - e f f i c i e n t method of t i d a l energy production 
as i t combines high energy product iv i ty with comparatively low-cost 
turbines and sluices. 
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Figure 5.1 Ebb-generation mode 

An a l te rna t ive to ebb-generation is f lood generation, in which the d i r e c t i ­
on of turb in ing is reversed. I t results in a reduced energy output when 
compared with the same scheme operated f o r ebb-generation, the reason being 
that the basin is used in a permanently drawn down condition which, owing 
to the shelving sides of most natural basins, resul ts in a basin of smaller 
volume. The reduction in energy output depends upon the character of the 
enclosed basin, but may be in the order of 5 to 10 %. 

Generation from and to the same basin (two-way generation) on both ebb and 
f l ood t ides , see Figure 5.2, has two inherent advantages: 

1. power is being produced f o r a larger proportion of the t i d a l cy­
cle,and is therefore , more l i k e l y to correspond to the peaks of the 
system demands; 
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2. Since the generating head is generally reduced the maximum power 
level is less which tends to a l lev ia te some of the problems of in te­
grating large power blocks, character is t ic f o r s ing le -e f fec t 

operation, into the e l e c t r i c i t y supply system. 
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Figure 5.2 Two-way generation mode 

However, as a resul t of the compromises on runner blade design, water 
passage geometry and d i s t r i b u t o r posi t ioning which have to be made to allow 
the turbines to operate in both d i rec t ions , t u rb ine -e f f i c i ency is substan­
t i a l l y less than f o r a special ly designed one way generation machine. The 
reduced e f f i c i e n c i e s lead to an energy-loss which in cer ta in circumstances 
results in an overal l performance in a two way generation mode which is 
i n f e r i o r to ebb-generation. Energy gains of two way generation over ebb-
generation are s i g n i f i c a n t i f the t i d a l range exceeds eight metres. Energy 
gain f o r two way generation is not, however, of primary importance because 
what is required u l t imate ly is to maximise the revenue generated (or costs 
saved) by a t i d a l power scheme. The main a t t r ac t ion of two way generation 
is that power can be produced, to a l imi ted degree, to correspond to high 
system demand and hence acquire high value f o r i t s output. 

There is a p o s s i b i l i t y to generate energy over the whole t i d a l cycle i f 
there are two t i d a l basins avai lable . This double-basin scheme has one high 
t i d a l basin and one low t i d a l basin. The explo i ta t ion curve f o r t h i s system 
is given in Figure 5.3. 
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Figure 5.3 Two basins generation 
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The high basin A is f i l l e d through the intake structures A during the 
r i s i n g t ide u n t i l some time a f t e r the high t i d e . When during ebb the water-
level at sea has the same level as in basin one the intake structures are 
closed. During the whole t i d a l cycle the water flows from basin A through 
the turbines to the low basin B. Therefore the water-level in basin B 
r i ses . However when the water- ' >vel at sea drops below the water-level in 
basin B the scour sluices connecting basin B with the sea are opened. These 
scour sluices are closed again when the water-level at sea has risen to the 
water-level of basin B. In the mean time water kept on f lowing through the 
turbines from basin A to basin B. When the water-level at sea rises to the 
water level of the high basin the intake structures A are opened again 
completing one t i d a l cycle. 

There are two major complaints f o r th i s double-basin scheme: 
1 the costs required to bu i ld the t i d a l power stat ion (two basins, two 

sluices and the power s ta t ion i t s e l f ) ; 
2 the t o t a l amount of generated energy ( th i s is only 50 % of the energy 

that could be generated with an ebb generation mode). 

Consideration of the generating cycles shows that ebb- or flood-generation 
( i n ei ther one way or two way generation mode) could be boosted i f the 
basin were 'primed' by pumping pr io r to the generation period. In the case 
of ebb-generation, pumping would be from the sea to the t i d a l basin short ly 
a f t e r high t ide against a low head, thus ra is ing the reservoir l eve l , see 
Figure 5.4. 
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Figure 5.4 Ebb-generation mode with pumping 

When optimised, the energy used in pumping can be more than recovered 
because of the increased head available f o r the subsequent generating 
period. Increase in production can be achieved f o r any t i d a l range, with 
the largest energy gain occurring with moderate t i d a l ranges. The magnitude 
of the energy gain over ebb-generation operation which can be achieved in 
th i s way is var iable , depending on scheme parameters. Evidence from the 
analyses of operating regimes at La Ranee indicates an energy gain of about 
10 %, whereas the energy gain f o r the proposed power s ta t ion in the Severn 
is no more than 2 %. 

The preoccupation of the operators of any scheme with pumping w i l l be to 
derive the maximum revenue from th i s f a c i l i t y . This w i l l en ta i l use of 
pumping only at those times of day when energy value is at or below some 
economical l i m i t . This means that pumping w i l l be used only on times when 
i t s use is f i n a n c i a l l y advantageous, so that the percentage gains mentioned 
above w i l l not necessarily be achieved in pract ice. 
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The project in the Gulf of Khambat consists of a t i d a l power s ta t ion in 
combination with a fresh water storage. This fresh water w i l l be needed in 
a wide surrounding area as i r r i g a t i o n and drinking water. The amount of 
energy required f o r th i s transport is estimated at 1,400 GWh per annum (see 
l i t . [ 5 ] ) . I f reservoirs are set up near the water consuming areas, these 
reservoirs can be f i l l e d with water pumped up with energy which is not 
required in the energy supply system. In th i s way maximum p r o f i t can be 
made from the energy produced in the night hours, and energy produced 
during a spring t i d e . A spring t ide resul ts in an energy peak in the output 
of energy. Since these large outputs can not t o t a l l y be absorbed by the 
energy supply system f o r the f u l l price of a kWh, the rest can be used f o r 
pumping. The p o s s i b i l i t y of using the energy produced by the t i d a l power 
s tat ion f o r pumping fresh water has the posi t ive e f f ec t of a buf fe r and 
makes i t less important to have a continuous energy production. 

A second point of interest to decide what kind of production method is 
required is the cost of the t i d a l power s ta t ion . The issue of costs is 
always important, but in th i s case the t o t a l costs of the project are 
enormous no matter what scheme is chosen. Every reduction in costs would 
assist in making the scheme feas ib le . 

The double-basin scheme requires more investments and has a lower energy 
production as the ebb-generation scheme. Therefore th i s scheme has been 
abandoned as not feas ib le . The two-way generation scheme also requires much 
investments, with no extra energy production compared to the ebb-generation 
scheme. F ina l ly the flood-generation scheme can be ruled out since i t has 
the same disadvantages as the ebb-generation scheme plus a lower energy 
output. An extra advantage of the ebb-generation mode is the r e l a t i v e l y 
high average water-level in the t i d a l basin. The harbour of Bhavnagar has 
the same water level as the water level in the basin; a l l four possible 
alignments f o r the basin dams cut o f f the harbour from the rest of the Gulf 
of Khambat. A high water-level in the basin means that the harbour is 
longer or even continuously accessible to ships with certain draught. 

The reasoning f o r taking an ebb-generating scheme is very rough, and with 
very l i t t l e argumentation of f i gu re s . A fu r the r study to the p o s s i b i l i t i e s 
of the other schemes is desirable, as is a study to the f e a s i b i l i t y of 
pumping to increase the head over the turbines. In th i s report pumping is 
not applied to keep the s ta r t ing investments as low as possible. I t may 
very well be that a f t e r a fu r the r economic evaluation, pumping w i l l be 
considered as desirable. 

5.2 Basin for the tidal power station 

The t i d a l basin w i l l be made in the closed part of the Gulf of Khambat, 
t h i s makes i t more simple to bu i ld the t i d a l basin dams. The basin f o r the 
t i d a l power s ta t ion has to be located adjacent to the dam to have a 
connection wi th the non-closed part of the Gulf of Khambat. Another 
r e s t r i c t i o n f o r the location of the basin is the Narmada inf low. Since th i s 
water must f low into the fresh water storage, the basin can not be placed 
at the eastern part of the Gulf. Only one location remains f o r the basin: 
north of the dam, at the western part of the Gulf. 

This location contains the ea r l i e r mentioned advantage f o r the Port of 
Bhavnagar. Since the port has no connection to the fresh water lake, i t 
w i l l not have the same water-level as the lake. This water-level can drop 
to low values in years of low p rec ip i t a t ion and the port would become unac-
cessible f o r ships with certain draught. An extra advantage of the location 
is the absence of sa l t in t rucion in the f resh water basin as resu l t of 
s lu ic ing the ships to Bhavnagar. 
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With the posi t ioning of the basin, nothing has been said about the size of 
the basin and the alignments of the basin dams. In th i s section some 
suggestions w i l l be made about the size of the basin and the possible 
al ignments. 

In th i s case the best alignments f o r the basin dams w i l l be determined 
by choosing the alignments over the shoals and sand banks in the Gulf, th i s 
making the t o t a l amount of sand required f o r the t i d a l basin dams as small 
as possible. The size of the basin w i l l fo l low from the chosen alignments. 

The t i d a l basin dam alignments considered in th i s section, see Figure 5.5, 
a l l have the same s t a r t ing point at the estuary-dam; r i gh t at the middle 
where there is a s l i gh t tw i s t in the dam. At th i s point the bottom is not 
as deep as westward of th i s point ; the depth is only 12 metres. More to the 
east the basin dam would come too close to the eastern shore of the Gulf 
hindering the inf low of the Narmada at times of large discharges. From th is 
point , four possible alignments have been determined. 

The f i r s t basin dam alignment goes from the f i x e d s t a r t ing point s t ra ight 
to the southern point of the Mai Bank. From the Mai Bank the shortest route 
to the main land is chosen, to the Rogno Bank. The length of the dam is 30 
kilometres. The basin surface at BM + 6 metres is 256 square kilometres. 
The reason f o r determining the surface of the basin at t h i s height is 
because energy generation in an ebb generation mode takes place with the 
s l i ce of water between BM + 4 metres and BM + 8 metres. 

The second basin also begins in the f i x e d point but has a more easterly 
course over the southern part of the Makra Bank, resu l t ing in a larger 
basin surface. The second alignment has the same alignment between the Mai 
Bank and the Rogno Bank as the f i r s t . The length of the alignment is 34,5 
kilometres and the enclosed surface at BM + 6 metres is 363 square kilome­
tres . 

The t h i r d alignment has an extension to the north. The eastern part of the 
alignment is located on the Makra Bank with depths of only three to f i v e 
metres below BM. The length of the extension to the north is eight to ten 
kilometres. The length of the dams is 43,5 kilometres and the basin has a 
surface of 473 square kilometres. 

The four th and last alignment is quite s imi lar to the t h i r d but has a small 
extension at the north eastern point . The Makra Bank is followed u n t i l i t 
deepens and than the alignment takes the shortest route to the western 
shore of the Gulf. The length of the alignment is 49,5 kilometres and the 
surface of the basin is 510 square kilometres. 

To be able to calculate the quanti ty of sand needed f o r the closure, the 
cross section f o r the t i d a l basin dams has to be determined. The crest 
height of the t i d a l basin dams is less than the crest height of the estuary 
dam since the wave attack on the t i d a l basin dam is much less severe. The 
shape and height of the t i d a l basin dam w i l l be determined in Annex V. The 
resul t is given in Figure 5.6. For the precise dimensions of the revetment 
is referred to Annex V. 
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With th i s cross section the quantity of sand can be calculated. The f igures 
are given in Table 5 .1 . 

Alignment Length (km) Surface (km2) Quantity of 
sand (106 m3) 

1 30.0 256 111 

2 34.5 363 111 

3 43.5 473 106 

4 49.5 510 108 
T a b l e 5.1 C h a r a c t e r i s t i c s f o r t h e f o u r t i d a l b a s i n d a m s 

From the table i t fol lows surpr i s ingly that the quantity of sand required 
f o r the alignments does not vary much. For alignment four less sand is 
required than f o r alignment one, but the basin surface area is more than 
double. Between alignments 3 and 4 no s i gn i f i c an t dif ference is found. The 
cost of the dam depends also on the length of the dam. The longer the dam, 
the more road, clay and revetment are needed. In th i s case the cost 
d i f ference is obvious. 

However, since more than half of the costs are made f o r the enormous 
quanti ty of sand required, the conclusion is that the larger basins are 
r e l a t i v e l y cheap. 

5.3 The use of the Duflow model for tidal power station. 

The three main elements f o r a t i d a l power s ta t ion are: 
- the basin and basin dams, 
- the intake structures, 
- the generator houses and turbines. 

To optimise these elements the water-levels inside and outside the dam have 
to be known with reasonable accuracy. I t is possible with the ea r l i e r used 
model in Duflow to calculate the water-levels outside the dam in case of a 
f u l l y closed dam. Water-level predictions can be found in Appendix A f o r 
neap t i d e , mean t ide and spring t i d e . 

In case of an intake structure or ou t le t structure or turbines in operation 
the water-levels at both sides of the dam are influenced. I f water is l e t 
into the basin, the water-level outside the dam w i l l drop and the water-
level at the closed side of dam w i l l r i se in comparison with the rest of 
the basin. The basin does not react uniformly to an in f low. To determine 
th i s loss in head new calculations have been made with Duflow adapting the 
ex is t ing model to the new s i t ua t i on . 

F i r s t l y the basin had to be re-schematized. The schematization in the 
o r ig ina l model was too coarse to handle small discharges. Another reason 
f o r the new schematization is the l i m i t s of the basin. In the 
ex is t ing model these l i m i t s would l i e in the middle of chosen sections. In 
the new model the l i m i t s of the basin correspond with the end of a section 
or with side l i m i t s of sections. The new sections and nodes are given in 
Figure 5.7 along with some nodes and sections outside the basin area. 

To be able to simulate a t i d a l power s ta t ion the inf low through the intake 
s t ructure , and the outflow through the turbines has to be described. 
In Duflow a l imi ted number of structures types can be used namely: 
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- overflow; 
- underflow; 
- pump; 
- syphon; 
- cu lver t . 

Some of these structures can be activated by differences in head. The head 
over a structure is the d i f ference in water-level at both sides of the 
s t ructure. The pump however can not be activated in case of a head d i f f e ­
rence but is only activated i f a water-level at a certain point is excee­
ded. 

To model the intake structure an overflow is used with a s i l l at 5 metres 
below BM. This is a r e a l i s t i c model; i f the turbines and the intake 
structure are combined in one structure the s i l l of the overflow would not 
be lower then 5 metres below BM. I f on the other hand the turbines and the 
intake structures are not combined i t is possible to use an intake s t ructu­
re with a s i l l lower than 5 metres below BM. This would make the intake 
structure much shorter. 

head discharge figures 

300 

2fi) 

1 
_ 

— — ~ 

1 — V 
V 1 
\ 

/ 
i Ï — 

. / 
i / 

/ 
1 

1 2 3 4 5 6 7 

hMd(m«trM) 
rMidbtfwgt * compuw tfecharo* 

Figure 5.8 Discharge-head figures for ideal situation and 
simulation 

For the turbines some improvisation was needed to get a r e a l i s t i c model. A 
pump does not s a t i s f y since i t can not be steered according to the exis t ing 
head. Chosen is f o r the overflow with a s i l l at 25 metres below BM. The 
advantage of the overflow is that a discharge can be steered f o r a given 
head by adjusting the length of the overflow. The low s i l l - l e v e l is chosen 
because th i s insures the discharge depending only on the head and not of 
the water- level , as i t should be in case of simulating a turbine . The 
resu l t is a more or less constant product of discharge and head, quite 
s imilar to the discharge head f igures of a turbine . The ideal maximum 
discharge-head f igures (of a turbine) and the realised maximum discharge-
head f igures (with the DUFLOW model) are shown in Figure 5.8. 
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At the f i r s t stage of simulation the size of the intake structure was with 
a length of 10.000 metres much too large. This was done in order to obtain 
a clear optimum f o r the discharges in the turbines section. I f the number 
of turbines and the size of the intake structure are optimized at the same 
time the process would take much longer and would be more i n d i s t i n c t . The 
cost of the turbines and the powerhouses are furthermore much higher than 
the costs of the intake s t ructure , so an optimum f o r the turbines is more 
important and decisive in the process. In a la ter stadium the dimension of 
the intake structures is optimised. 

5.4 Choice of turbine and control strategy 

Control strategy for the turbines 

As preconditions f o r determining the best control strategies a maximum 
energy output, and a maximum number of turbines is taken. The intake 
structure is chosen with the ea r l i e r mentioned width of 10,000 metres. A 
choice of basin is not necessary since f o r a larger basin, a higher number 
of turbines is taken resu l t ing in the same water level changes. 

The d i f f e r e n t control strategies f o r the turbines that have been looked 
at are the fo l lowing three: 

I Start the energy production at a head of 2 metres and adjust the 
discharge i f the head becomes larger than 3 metres and 4 metres, the 
energy production is stopped i f the head becomes less than 2 metres. 

I I Start the energy production at a head of 3 metres and adjust the 
discharge i f the head becomes larger than 4 metres, the energy 
production is stopped i f the head becomes less than 3 metres. 

I I I Start the energy production at a head of 4 metres, the energy 
production is stopped i f the head is less than 4 metres. 

The strategies have been checked f o r neap t i d e , mean t ide and spring t i d e . 

Strategy number I I I gives the largest energy output in case of a spring 
t ide but gives no energy production at a l l i f there is a neap t i d e . Since 
some cont inui ty in energy production is desirable th i s strategy has been 
abandoned. 

I f strategies I and I I are compared on output of energy and maximum 
discharge a simple decision can be made. Strategy I I gives an higher energy 
output f o r neap, mean and spring t i d e . Furthermore the maximum discharge as 
a resul t of strategy I I is lower than the maximum discharge as a resu l t of 
strategy I . Figures are given in table 5.2 f o r basin one. 
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I [ I 

energy 
(MWh/day) 

max. discharge 
(nf/s) 

energy 
(Mwh/day) 

max. discharge 
(nf/s) 

neap 6,000 54,000 8,000 68,000 

mean 16,000 64,000 17,700 62,000 

spring 25,700 90,000 28,000 83,000 
Table 5.2 Energy and t ischarge figures for different control strategies 

A bigger discharge means more turbines or a higher ve loc i ty . In both cases 
more investments have to be made to s ta r t the energy production. 

In Figure 5.9 the energy output is shown as a funct ion of the time f o r 
strategy I and I I . In th i s f i gu re the (only) advantage of strategy I is 
shown: energy output takes place during a longer in terval of the t i d a l 
cycle. Since the energy output f o r strategy I I is on average more then 10 % 
higher than f o r strategy I , and since i t can be generated with no extra 
costs strategy I I is chosen as generating strategy. 

To determine how much turbines are required to generate the net output 
calculated with DUFLOW the t o t a l discharge must be divided by the discharge 
per turb ine . In the next paragraph a choice of turbine shall be made and 
the character is t ics of th i s turbine shall be given. 

In t h i s project the head over the turbine can vary from 1.5 metres (the 
minimum head required to generate energy with turbines) to somewhat less 
then 10 metres ( i n case of a high spring t i d e ) . In normal conditions 
however the head over the turbine w i l l vary from 2,5 metres to 6 metres. 
With normal conditions is meant a mean t ide and an economic generating 
strategy as is chosen in th i s chapter. For these head d i f f e r e n t types of 
turbines can be selected. The Pelton and Francis turbines can not be used 
since these only work with a high head (higher then 20 metres). 

Turbines that can s a t i s f y our demands f o r the head are the Propeller 
turbines. Propeller turbines have guide-vanes mounted per ipheral ly around 
the runner hub and upstream of the runner blades. These vanes impart an 
i n i t i a l wh i r l to the incoming discharge so that i t meets the runner blades 
at an appropriate angle. The vanes may be f i x e d or movable, the l a t t e r form 
being more expensive. The whole assembly of guide-vanes is cal led the 
d i s t r i b u t o r , and so there may be f i x e d d i s t r i b u t o r (FD) or variable 
d i s t r i b u t o r (VD) turbines. A turbine which is VD and has movable runner 
blades (VB) is double-regulated, Whereas a FDVB or a VDFB one is s ingle-
regulated. [ see l i t . ( 2 2 ) ] . 

Fixed d i s t r i b u t o r , VB, propeller turbines operate e f f i c i e n t l y over a wide 
range of heads (although not so wide as the double-regulated machine). This 
type requires a downstream gate in the d r a f t tube f o r operational and 
emergency purposes since closure of the runner blades does not stop the 
flow of the water completely. 

Variable d i s t r i b u t o r , f i x e d blade (FB) turbines have a narrower range of 
e f f i c i e n t operation and do not maintain e f f i c i e n c y well when operated away 
from the design head. Nevertheless, because VDFB types can discharge larger 
volumes at low head conditions although at lower e f f i c i e n c y , on balance 
there is l i t t l e to choose (± 0.5 %) between the energy-generating potent ia l 
of VDFB and FDVB types. 
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2 metres and at 3 metres 
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Double regulated turbines have the widest range of e f f i c i e n t operation and 
can mantain e f f i c i a n t y when away of the design head better than the ear l ie r 
mentioned two single regulated turbines. Since the head over the turbine in 
th i s project is rather var iable , the head can vary between 3 and 6 metres 
in case of a spring t i d e , the double regulated turbine is chosen. The extra 
costs as resu l t of the more expensive turbine is expected to be regained by 
the higher e f f i c i e n c y of the turbine . 

Turbine character is t ics have been taken from a preliminary study f o r a 
t i d a l power scheme in the Wyre, England ( l i t [ 2 3 ] ) . The turbine used in 
that project has a design head of 5.5 metres. The t i d a l power s tat ion in 
the Gulf of Khambat requires turbines with a design head ranging from 3.0 
metres in case of the maximum number of turbines, to 6.0 metres in case of 
not more than 50 turbines. The turbine of the Wyre Estuary is therefore of 
the r i g h t k ind . However some small modifications f o r the design head w i l l 
have to be made. 

The character is t ics of t h i s turbine can be found in Annex V I . The e f f i ­
ciency curves of th i s turbine are not given but are assumed not to be very 
d i f f e r e n t from other e f f i c i e n c y curves. The p o s s i b i l i t y of using these 
curves in the Duflow model is l i m i t e d , therefore a constant e f f i c i e n c y 
fac to r is used of 90 %. The turbine that w i l l be used is of the type VDVB, 
the same as the turbine used in the Wyre Estuary. 

As can be seen in Annex V I , the turbine used in the Wyre Estuary (the basis 
tu rb ine ) , is a turbine with a diameter of 6 metres and a design head of 5.5 
metres. With these dimensions a maximum discharge can be processed of 
250 m3/s, r esu l t ing in a maximum net power output of 12,5 MW ( e f f i c i e n c y = 
91 % ) . 

The t i d a l power s ta t ion in the Gulf of Khambat is much larger than the 
power s ta t ion designed f o r the Wyre. Therefore turbines with larger diame­
ters can be used in the Gulf of Khambat. In the present technology the 
maximum diameter f o r turbine with a horizontal axis is 8 metres. This 
diameter is chosen f o r t h i s project to reduce the number of turbines. 
Disadvantages of such large diametered turbines is the s e n s i t i v i t y of the 
structure f o r v i b r a t i o n . This s e n s i t i v i t y determines the maximum attainable 
diameter. The second disadvantage is the depth of the t o t a l s t ructure . When 
a larger diameter is used f o r the turbine , the foundation of the power-hou­
se has to go down 1,0 times the difference in diameter. One half times the 
d i f ference because the axis of the turbine has to be located on the same 
hight , and a second half times the d i f ference because the powerhouse 
structure below the turbine equals half the size of the turbine diameter. 

With t h i s new diameter f o r the turbine a new set of character is t ics f o r the 
turbine can be calculated wi th the help of the two expressions given below 
in equations 5.1 and 5.2. These expressions give the re la t ionship between 
s imi lar turbines f o r d i f f e r e n t diameters (D), d i f f e r e n t heads (H), d i f f e ­
rent ro ta t ion speeds (n) and d i f f e r e n t maximum discharges (Q). 

—-— - constant ( 5 . 1 ) 
n D3 
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12' 

H 
c o n s t a n t (5.2) 

The use and results of these expressions can be found in Annex 7. A short 
summary of the resul ts is given in Figure 5.10. The maximum discharge 
through one turbine (and the ro ta t iona l speed of the turbine) is f o r given 
diameter s t i l l depending from the head over the turbine . This r e l a t i on can 
be described in an equation and is done so below. 

Q = 190 JH w 3 / s 
( 5 . 3 ) 
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Figure 5.10 The relation between discharge and head for a turbine with a 
diameter of 8 metres 

In Annex VI I an out l ine design f o r the turbine caisson is given. 

5.5 Optimisation of the elements of the tidal power station 

For a l l four basins Duflow calculat ions have been conducted. The cal 
culations that have been made had to give a solution f o r three questions. 

- what basin is most p r o f i t a b l e ? 
- What number of turbines is most p r o f i t a b l e ? 
- What seize of the intake structure is most p r o f i t a b l e ? 
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These three questions are in te r re la ted . To get an optimum f o r the number of 
turbines the basin has to be known, and to know what basin has to be chosen 
the energy output of a l l four basins has to be known inclusive the number 
of turbines etc. etc. In th is section the three questions w i l l be answered 
separately. In a la ter stadium the e f f e c t of changing preconditions f o r the 
f i r s t answered questions w i l l be taken into account. 

Choice of basin 

The f i r s t choice that has to be made is about the basins. As was shown in 
section 5.2. the amount of sand needed f o r the four basin dams does not 
vary much. However the enclosed t i d a l basin behind the basin dams, and the 
potent ia l energy that goes with i t , does. F i r s t l y a calculat ion was made 
with Duflow to determine how much energy can be generated with the chosen 
strategy f o r a l l the four basins in case of a mean t i d e . 

The resul ts of these calculations are shown in Table 5.3 

time of energy-
production per 
day in minutes 

maximum gross 
output capacity 
in MW 

gross output per 
day in GWh 

basin 1 600 2450 17.7 

basin 2 560 3600 29.5 

basin 3 600 4500 38.5 

basin 4 620 5100 41.7 
able 5.3 Maximum energy output for the four basins 

As is shown in Table 5.3 the net output of basins 3 and 4 is much larger 
then the net output of basins 1 and 2. But on the other hand, so is the 
number of turbines needed to generate th i s energy. 
In the case of the basin calculations given in Table 5.3 the average head 
over the turbine was 3,5 metres. With th i s head the discharge through the 
turbines is 350 m3/s, and the maximum gross output of the turbine is 12,5 
MW. The number of turbines needed f o r the four basins are: 

f o r basin 1 : 180 turbines; 
f o r basin 2 : 290 turbines; 
f o r basin 3 : 350 turbines; 
f o r basin 4 : 360 turbines; 

The t o t a l number of turbines needed f o r the basins seems very high, and i t 
would i f t h i s number of turbines was used, but the f igures given above only 
describe the maximum number of turbines possible (and working) in the 
basin. To make a choice as to which basin is the best some more c a l c u l a t i ­
ons were made f o r basins 3 and 4 with less (180) turbines. For basin 3 the 
gross energy output drops from 38.5 Gwh a day to 32.9 Gwh, and f o r basin 4 
the output drops from 41.7 GWh to 35.3 GWh. These are considerable losses 
in energy (14 % and 15 %) but even more considerable reductions in number 
of turbines and costs (49 % and 50 %). A f t e r a f i r s t evaluation fol lows 
that the energy output f o r basins 3 and 4 is f o r the same number of 
turbines much higher then the output f o r basins 1 and 2. 
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In Table 5.4 the energy output a l l four basins as resul t of 180 turbines is 
given. The costs necessary to bu i ld the power stations do not vary much f o r 
these four scenarios. The power stations f o r basins 3 and 4 are somewhat 
more expensive since the intake structures are larger and the basins are 
larger (less storage f o r drinking and i r r i g a t i o n water and more sand 
required f o r the dams. 

gross output of energy 
in GWh a day 

basin 1 17.7 

basin 2 26.0 (estimated) 

basin 3 32.9 

I basin 4 | 35.3 j 
Table 5.4 Energy-output for the four basins as result of 180 turbines 

On basis of these results basins 1 and 2 w i l l be dropped f o r fu r the r study, 
both give much less energy f o r more or less the same costs. The di f ference 
between basins 3 and 4 are not so extreme, these two basins therefore w i l l 
be fu r the r evaluated. This evaluation concerns the size of the intake 
structure and the most economical number of turbines. 

Intake structure 

The size of the intake structure determines the water level in the basin. 
A f t e r generation water is l e t in to r e f i l l the basin. I f the intake 
structure is small the water level inside w i l l not be able to fo l l ow the 
water level outside the dam. Resulting in less water available to generate 
energy at a lower head. With s u f f i c i e n t size of the intake structure water 
levels inside the dam w i l l reach the same height or even get s l i g h t l y 
higher than outside the dam resu l t ing in a higher possible energy output. 
Further enlargement of the intake structure w i l l give some better energy 
output, but not enough to compensate the extra costs made f o r the intake 
s t ructure . 

For basin 4 several calculations were made with d i f f e r e n t sizes f o r the 
intake s t ructure . The width of the intake sluice was varied between 3000 
metres and 8000 metres. The exact f igures of the calculat ion can be found 
in Appendix A7. In Figure 5.11 the influence of the seize of the intake 
structure on the possible gross energy output can be seen. I f the intake 
structure has a width of 3000 metres energy production on a mean t ide are 
as high as 33.6 GWh a day. When the structure has a width of 8000 metres 
the production rises to 43.0 GWh a day. 

The possible energy output does not r i se very much i f the intake structure 
gets any wider then 6000 metres. Therefore the size of the r e l a t i v e l y cheap 
intake structure has been set at 6000 metres. For basin 3 a smaller intake 
structure w i l l do since the basin is smaller then basin 4. The width of 
t h i s intake structure has been set in r e l a t i on to the basin surface at 5500 
metres. This width of the intake structure has been calculated without 
using the p o s s i b i l i t y of l e t t i n g some of the water f o r the basin f low 
through the turbines. This w i l l lead to a reduction of the necessary width 
of the s t ructure . The seize of the reduction is depends on the number of 
turbines used. 
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;igure 5.11 Energy production for different width of the intake structure 

Number of turbines 

For basins 3 and 4 calculat ions have been made with the Duflow model to 
determine how much energy can be generated in each basin with 50, 75,100, 
125, 150, 200, 250 ,300, 350 and 400 turbines. The resul ts are given in 
Table 5.4 along with the power of the turbines. This power is not p ropor t i ­
onal to the number of turbines. I f there are less turbines, the head over 
the turbines w i l l be bigger, resu l t ing also in a bigger discharge through 
one turbine . The power of a turbine is proportional to the discharge and 
the head, thus the power per turbine rises i f less turbines are used. 

The f igures f o r the nett energy output are also given in f i gu re 5.12 to get 
a better ins igh t . To decide how much turbines is desirable the costs of an 
extra turbine versus the p r o f i t s of t h i s turbine has to be determined. This 
w i l l resul t in a l ine in Figure 5.12, there where t h i s l ine is the tangent 
l ine of the given curves the optimum number of turbines can be read o f f . 

In the next section the costs and the benefi ts of an extra turbine w i l l 
be determined. Af t e r the optimum number of turbines f o r both basins are 
determined a choice w i l l be made between the two basins on basis of costs 
and benefi ts of the t o t a l t i d a l power s t a t ion . 

130 



Tidal power station 

number of 
turbines 

basin 3 basin 4 
number of 
turbines nett energy 

output GWh 
nett power 
(MW) 

nett energy 
output GWh 

nett power 
(MW) 

50 11.500 1220 11.900 1260 

75 16.500 1670 16.800 1710 

100 20.400 2160 21.100 2210 

125 23.900 2480 24.600 2570 

150 26.700 2840 28.000 3060 

200 30.500 3240 32.700 3470 

250 32.200 3650 35.600 3870 

300 33.700 3870 37.300 4320 

350 34.700 4050 37.500 4590 

400 33.400 4190 37.300 4640 
Table 5.4 Energy output and power for various numbers of turbines for 

basins 3 and 4 per day 

5.6 The cost and benefits of an extra turbine 

To determine how much turbines w i l l be used f o r the two basins a l l the 
costs and a l l the benefits of an extra turbine has to be taken into 
account. 

The costs of an extra turbine are obvious; an extra power house with 
turbine and generator has to be b u i l t and placed on an extended s i l l . 
The benefits of an extra turbine however are more divers . Most important is 
the extra energy output which can be determined from Figure 5.11. Other 
advantages are a larger reduction on the intake structure and less metres 
of closure dam that have to be b u i l t . 

In the determination of the number of turbines used in the project the 
avails of the turbines regarding reduction of intake structure and reduct i ­
on of the costs of the closure dam have been neglected since the costs of 
the turbines is much larger than the costs of the other two (the cost of 
the turbines with generator and powerhouse are more than twenty times as 
high than the costs of the closure dam). 

The benef i t of a turbine can be taken from Figure 5.11, but th i s benefi t is 
given in kWh. To get an optimum in the number of turbines a kWh has to be 
given a pr ice . The value of the production per kWh is d i r e c t l y related to 
the a l ternat ive costs of production. These a l ternat ive costs of production 
seem to be about Rp 1.25 per kWh (see l i t [5] Reconnaissance study with a 
rate of i n f l a t i o n of 7.5 % annual). The value of a kWh produced by the 
t i d a l power s ta t ion is lower than an a l t e rna t ive ly produced kWh since the 
production by the t i d a l power s ta t ion is subjected to lack of cont inu i ty of 
production related to the t ides and the type of generation mode chosen in 
section 5 . 1 . 

I f the energy is used f o r i r r i g a t i o n purposes the f u l l price can be 
counted. Af te r a l l there is no r e s t r i c t i o n as to when the water has to be 
pumped to the places where i t is needed. A condition f o r t h i s f u l l price is 
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energy as function number of turbines 
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Figure 5.12 The net energy output versus the number of turbines for basins 
3 and 4 
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the existence of reservoirs f o r the i r r i g a t i o n water. This condition 
beholds that extra investments w i l l have to be made to make these reser­
vo i r s . Extra energy might be needed f o r pumping the i r r i g a t i o n water i f the 
need f o r water is high during a neap t ide period (low energy production by 
the t i d a l power s t a t i on ) . The same ( f u l l price) holds fo r the energy used 
f o r drainage of possible polders. 

An estimated value f o r the energy produced by the t i d a l power s ta t ion as 
a t o t a l is Rp 0.75 per kWh. Other values f o r a kWh can be considered i f a 
way is found to store the high energy peaks, and regain the energy in times 
when the power s tat ion has no production. A possible buffer might be the 
Shetrunji reservoir 50 kilometres South-West of Bhavnagar. This reservoir 
has a considerable surface of c i . 40 square kilometres at an a l t i t ude of 
200 metres above the Gulf of Khambat. The distance between th i s reservoir 
and the Gulf is 30 kilometres. An other reason to consider higher kWh 
values is the p o s s i b i l i t y of higher o i l prices in the next decennia, 
although th i s is pure speculation. For the sake of completeness kWh values 
w i l l be taken of Rp 0.75, Rp 1.00 and Rp 1.25. In US$ th i s is US$ 0.028, 
US 0.037 an US$ 0.046 (with a rate of 27 rupees to 1 US$). 

The costs of a turbine uni t ( including generator and powerhouse) have been 
determined with the cost equation given in an a r t i c l e in Water Power and 
Dam Construction (see l i t [ 2 4 ] ) . In th i s a r t i c l e an equation is given which 
can be used to calculate the price of a water power s ta t ion . The price is 
price of the s tat ion at the end of the bui ld ing phase ( inclus ive interest 
losses and f i nanc i a l setbacks). 

This equation is given below. 

COSt = X * 106 (_«»_) (0.82) ( r j 5 $ ) ( 5 - 4 ) 

The value of X is given in the a r t i c l e but concerns the prices of the water 
power stations in the year of the a r t i c l e (1982). This given value of X is 
has 9 as a minimum, 15 as average and 21 as maximum. With a rate of 
i n f l a t i o n of 7.5 % annual these values have to be mul t ip l i ed by a fac tor 
( 1.075)10 = 2.06 to get the prices in 1992. The range in which the value of 
X should than be found is between 18 and 43. The nature of the equation 
beholds that f o r a high value of the head a high value of X should be 
chosen. Since the head in the Gulf of Khambat is r e l a t i v e l y low, a low 
value of X can be chosen. Other factors which tend to give a low value f o r 
X in t h i s project are: the exis t ing dam and the absence of costs of 
resettlement. Calculations have therefore been made with a X value of 18.0. 
The resul t of the cost calculat ion f o r the d i f f e r e n t number of turbines is 
given in Figure 5.13. 

The l ine which represents the costs is a curved l i n e , suggesting that the 
price of turbine uni t is variable (get t ing lower the more turbine uni ts are 
chosen). In f ac t the price of a turbine uni t is more or less constant. The 
reason f o r th i s resu l t is that the equation is not supposed to be used to 
calculate the turbine uni t price but the price of the t o t a l s tructure 
including dam construction and transmission costs. This problem can be 
handled i f a l ine is drawn into th i s f i gu re giving a turbine uni t price as 
tangent of th i s l ine and a constant cost f o r every number of turbine un i t s . 

Costs can then be wr i t t en as: Costs = A + B * Y 
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Figure 5.13 Cost of the tidal power station determined with equation 5.4 
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In which A is the constant costs such as f o r dam construction and transport 
l ines . B is the cost per turbine uni t and Y is the number of turbines. For 
both basins the value f o r the turbine uni t is 40*106 US$. This is a rather 
high f i g u r e . To test t h i s value f o r a turbine uni t two water power s tat ion 
of which the costs are known have been recalculated with the same equation. 
These two water power stations are both run of the r i ve r power stations 
bu i ld next to an exis t ing dam in the Netherlands (see l i t [ 2 5 ] ) . Both 
powerhouses were b u i l t inside cofferdams. The character is t ics of these two 
water power stations are: 

Water power s tat ion Maurik: costs = f l 60*106 (1984) 
head = 4 metres 
capacity = 10 MW 

Water power s tat ion Alphen: costs = f l 66*106 (1986) 
head = 4.5 metres 
capacity = 13 MW 

I f equation (5.4) is used f o r Maurik the costs should be rewri t ten in 
US$ (1992). The costs in Dutch guilders 1992 is (1.04) 6 * 60,000,000 = 
f l 82,000,000. The rate of i n f l a t i o n in the Netherlands in the years 
between 1984 and 1992 has not exceeded the 4 %, therefore the fac tor 1.04 
has been used and not the fac tor 1.075 as was ea r l i e r used to determine the 
value of X, and the kWh pr ice . With a rate of one US$ to two Dutch guilders 
t h i s becomes US$ 41*106. 

F i l l i n g in equation (5 .4 ) : 

Cost = X * 106 (-SÜL) (o.82) 
H° •3 

41 * 10 6 = X * 10 6 ( - ^ L ) <° ' 8 2 ) 

4 0 . 3 

X = 8 .7 

I f the equation is used f o r the water power s tat ion in Alphen the cost can 
be set at US$ 42*106. 

Cost = X * 106 ( 0' 8 2 ) 

42 * 10 6 = X * 10 6 ( 1 3 ) ( 0- 8 2 ) 

4.50'3 

X = 7 . 4 

The resul t of these two tests show that the X value of 18 is much too high. 
Both Dutch projects have been b u i l t with an average X value of 8. Since the 
powerhouses in the Gulf of Khambat are planned to be bu i ld in caissons, 
which w i l l r esu l t in higher costs, a m u l t i p l i c a t i o n fac tor of 1.25 is 
suggested f o r the X f a c t o r . This fac tor results in a used X fac to r of 10. 
This reduction of 45 % of X (compared to the ea r l i e r used 18) gives a 45 % 
reduction of the turbine uni t costs, resu l t ing in a new turbine un i t cost 
of 22*106 US$. 
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With both cost and p r o f i t known the optimum number of turbines can be 
determined f o r the two basins. A turbine uni t is p ro f i t ab l e i f the annual 
resu l t in produced kWh, is higher than the cost of the turbine as resul t of 
operation, depreciation and in teres t . 

The operation costs are set at 1 % of the turbine uni t cost. The 
depreciation period of the turbine uni t is set at 30 years f o r the turbine 
and generator and 80 years f o r the powerhouse and other equipment. The 
turbine and generator costs f o r a project with th i s head can be estimated 
at 25 % of the t o t a l turbine uni t costs (see l i t 2) and are f o r t h i s 
project 6,000,000 US$. To determine the depreciation costs a real interest 
( in te res t minus i n f l a t i o n ) is taken of 4 %. 

The cost of a turbine uni t per year are: 
- operation: 0.01 * 22,000,000 = 220,000 US$ 
- in teres t : 0.04 * 22,000,000 = 880,000 US$ 
- depreciation turbines and generator = 103,000 US$ 
- depreciation powerhouse = 28,000 US$ 
The sum of these four is 1,231,000 US$ (Rp 3.3 crores) . 

An extra turbine uni t is p r o f i t a b l e i f the di f ference in production as 
resu l t of t h i s turbine is more than 1,231,000 US$. The extra production of 
the turbine un i t should be 1,231,000 US$ / 0.028 US$/kWh per year = 44.3 * 
10" kWh. Since there are 353 t i d a l cycles a year, the "daily" production 
should be 126,000 kWh. For other (higher) values of a kWh lower minimum 
productions are allowed. I f the price of a kWh is Rp 1.00 (US$ 0.037) a 
minimum production is allowed of 96,000 kWh a day. For a kWh price of Rp 
1.25 the da i ly production should be 76,000 kWh. 

In Table 5.5 the optimum number of turbines is given f o r the two 
d i f f e r e n t basins and f o r the three d i f f e r e n t prices of a kWh. The product i ­
on of an extra turbine can be interpolated from the f igures given in Table 
5.4. 

price kWh 
in Rp 

basin 3 basin 4 
price kWh 
in Rp number of 

turbines 
annual 
production 
in GWh 

number of 
turbines 

annual 
production 
in GWh 

0.75 125 8440 145 9670 

1.00 150 9430 175 10,840 

1.25 175 10,170 190 11,260 
T a b l e 5.5 O p t i m u m n u m b e r o f t u r b i n e s a n d a n n u a l p r o d u c t i o n 

5.7 Costs and profits of the two tidal power station alternatives 

To make a decision between basin 3 or basin 4 a l l the costs of the t i d a l 
power s ta t ion have to be known. The costs of the turbines and powerhouses 
are already known (US$ 22 mln per u n i t ) . For basin 3 the costs f o r the 
turbine units is US$ 2750 mln, f o r basin 4 the costs are US$ 3190 mln. The 
costs of the basin dams can easi ly be calculated i f the cross section and 
materials are known, and th i s is done in Annex V. The costs of the basin 
dam f o r basin 3 are US$ 200 mln, and f o r basin 4 US$ 210 mln. 
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For the costs of the intake structures (the gates included) an preliminary 
estimation is made with the accepted price f o r the turbine uni t as basis. 
The turbine uni t has a width of 17 metres average. The cost of th i s turbine 
uni t is US$ 22 mln, of which US$ 6 mln is spend on turbines and hydro 
e l e c t r i c a l equipment. Remaining US$ 16 mln f o r the powerhouse caisson. The 
intake structure has a length of 30 metres, while the powerhouse has a 
width of 60 metres (see Annex V I I ) . Together with the s i m p l i c i t y of the 
intake structure compared to the complicated powerhouse caisson a reduction 
fac tor of four can be accepted, resu l t ing in a cost of US$ 4 mln per intake 
structure uni t of 17 metres. Of th i s 17 metres only 15 metres can be used 
f o r opening. Two metres are reserved to serve as construction width. 

In section 5.5 the width of the intake structure was determined i f the 
intake structure had a depth of 5 metres below BM. I f the turbine units and 
the intake units are not combined in one caisson the depth of the intake 
uni t can be enlarged to 20 metres below BM. This w i l l reduce the width of 
the intake structure considerable. 

The width of the intake structure f o r basin 3 becomes 2300 metres and 
f o r basin 4 2500 metres. I f the turbines are also used to take in water a 
reduction can be made. For basin 3 125 turbines are planned, these 125 
turbines resul t in an opening of 125*7T*(4 metres) 2 = 6300 square metres. 
The reduced width of the intake structure becomes 2050 metres. For basin 4 
the reduced width is 2200 metres. I f a contraction c o e f f i c i e n t of 1.1 is 
accepted the d e f i n i t i v e width becomes f o r basin 3 and basin 4, respectively 
2250 and 2450 metres. Every 15 metres of opening costing US$ 4 mln the 
costs of the intake structure becomes US$ 600 mln f o r basin 3, and US$ 650 
mln f o r basin 4. 

The estimated t o t a l costs of the two variants are : 

BASIN 3: turbine units : US$ 2750 mln 
intake structure : US$ 600 mln 
basin dam : US$ 200 mln 

+ 

t o t a l US$ 3550 mln 

BASIN 4: turbine units : US$ 3190 mln 
intake structure : US$ 640 mln 
basin dam : US$ 210 mln 

+ 
t o t a l US$ 4040 mln 

With these costs and the p r o f i t s of the t i d a l power s ta t ion known a choice 
can be made about the two remaining a l te rna t ives , basin 3 and basin 4. 
The basin dam, intake structure and 75 % of the turbine uni t have a 
depreciation period of 80 years, 25 % of the turbine uni t (the e lect ro­
mechanical part) has a depreciation period of 30 years. The operation costs 
of the turbine units and the intake structures are set at 1 % of the costs 
of these structures. The service costs of the basin dams are set at 0.5 % 
of the cost of the dam. The interest corrected f o r i n f l a t i o n is set at 4 %. 
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Annual costs and p r o f i t f o r the t i d a l power s ta t ion of basin 3: 

cost : operation: 0.01 * (US$ 2750 mln + US$ 600 mln) 
service costs basin dam : 0.005 * US$ 200 mln 
interest : 0.04 * US$ 3550 mln 
depreciation turbines and generator : 
depreciation powerhouse, intake structure and 
basin dam : 

t o t a l 

p r o f i t : annual production in kWh * price per kWh 
8440 * 106 * 0.028 US$ 

= US$ 33.5 mln 
= US$ 1.0 mln 
= US$ 142.0 mln 
= US$ 13.0 mln 

= US$ 5.0 mln 

= US$ 194.5 mln 

= US$ 236.5 mln 

resul t : US$ 236.5 mln - US$ 194.5 mln = US$ 42 mln = Rp 113 crores 

Annual costs and p r o f i t f o r the t i d a l power s tat ion of basin 4: 

cost 

p r o f i t 

resul t 

operation: 0.01 * (US$ 3190 mln + US$ 640 mln) 
service costs basin dam : 0.005 * US$ 210 mln 
interest : 0.04 * US$ 4040 mln 
depreciation turbines and generator : 
depreciation powerhouse, intake structure and 
basin dam : 

t o t a l 

annual production in kWh * price per kWh 
9670 * 106 * 0.028 US$ 

= US$ 38.0 mln 
= US$ 1.0 mln 
= US$ 162.0 mln 
= US$ 15.0 mln 

= US$ 5.5 mln 

= US$ 221.5 mln 

US$ 271.0 mln 

= US$ 271.0 mln 

US$ 221.5 mln = US$ 49.5 mln = Rp 134 crores 

I f a kWh price of Rp 1.00 can be used, and the same number of turbines are 
used the resul ts would improve dramatic. For basin 3 the resul t would 
become US$ 121 mln (Rp 327 crores) , the resul t of basin 4 would be US$ 140 
mln (Rp 377 crores) . I f the optimum number of turbines f o r th i s scenario is 
used (150 instead of 125 turbines f o r basin 3, and 175 instead of turbines 
f o r basin 4) resul ts would improve only s l i g h t l y , US$ 124 mln (Rp 335 
crores) fo r basin 3 and US$ 142 mln (Rp 382 crores) f o r basin 4. 

In case of a kWh price of Rp 1.25, the resul ts f o r basin 3 and 4 with an 
unchanged number of turbines would be respectively US$ 200 mln (Rp 540 
crores) and US$ 230 mln (Rp 621 crores) . Again the resu l t with the optimum 
number of turbines f o r the accepted kWh price is only s l i g h t l y higher, US$ 
215 mln (Rp 580 crores) f o r basin 3 and US$ 243 mln (Rp 656 crores) f o r 
basin 4. 

The conclusion of t h i s evaluation is that basin 4 scores better f o r the 
three possible kWh prices than basin 3, and should be preferred above basin 
3. Under the given preconditions of costs and p r o f i t s (kWh price) the t i d a l 
power s ta t ion is p r o f i t a b l e as an extra construction connected to the 
closure dam. The f e a s i b i l i t y of the project as a whole can only be calcula­
ted i f the costs of the closure dam, shipping lock, spi l lway and compensa­
t ion f o r loss of income is known. Benefits of the closure dam are ava i lab i ­
l i t y of dr inking and i r r i g a t i o n water, a short connection between the 
Saurastra peninsula and Bombay and the p o s s i b i l i t y of land reclamation. In 
chapter 6 a cost and p r o f i t survey w i l l be given. 
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6 Total overview 

In the previous chapters the design of both the closure and the t i d a l power 
s tat ion has been discussed separately. In th i s chapter the f i n a l design 
w i l l be presented. Out of the study that has been carr ied out several 
conclusions can be drawn. These are presented in th i s chapter too, comple­
ted with some recommendations f o r fu r the r detailed study, experiments and 
measurements. 

6.1 View on the total design 

The t o t a l design of the Gulf of Khambat development works consists of 
several parts that have to be constructed in a certain sequence. Here the 
d i f f e r e n t parts and the construction sequence are discussed simultaneously. 

Structures in the dam 

Prior to the closure of the Gulf of Khambat the spil lway is constructed in 
a temporary reclaimed polder. This in order to be able to establish a 
rather water- t ight connection between the spillway-bottom and the foundat i ­
on. The same counts f o r the ship-lock. Af te r completion of t h i s structures 
the bottom-protection is placed and the founda t ion - s i l l of the caissons, 
belonging to the t i d a l power s ta t ion , is b u i l t by means of dump-barges. On 
th i s s i l l the caissons are posit ioned. 

Closure 

Now the f i n a l closure can be accomplished. F i r s t a s i l l is dumped t i l l a 
level of 5 [m] below B.M.. On th i s s i l l a horizontal cons t r ic t ion is 
carried out. The rock is transported by means of a temporary railway on top 
of the closure dam. During closure the f low area of the intake structures 
of the t i d a l power s tat ion stay open in order to l i m i t the f low-ve loc i t i e s 
and the required stone-mass. The alignment of the closure dam and the 
locations of the spil lway and the ship-lock are shown in Figure 6 . 1 . 

Final dam 

The f i n a l dam is constructed against the northern (basin-side) slope of the 
closure dam by means of hydraulic s a n d - f i l l . At the sea-side, above the 
berm a slope of 1 : 6 w i l l be made. Together with a rough slope-protection 
the wave run-up w i l l be l i m i t e d . On the basin-side, above the water-level 
(during construction a water-level of 2 [m] above B.M. can be maintained) a 
slope of 1 : 3 is applied. Under water th i s is 1 : 15. The sea-side slope 
of the f i n a l dam is protected against wave-attack by rock. On the basin-
side a revetment of concrete blocks has been chosen. The p r o f i l e of the 
f i n a l dam is shown in Figure 6.2. On the dam crest a road and a double-
tracked railway w i l l be constructed. 

In section 4.5 i t was supposed that the lighterage port of Dahej is 
moved to the southern side of the f i n a l dam. So, here some provisions must 
be made (Figure 6 .1) . 
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Figure 6.1 Alignment of the dams and locations of structures 
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Figure 6.2 Profile of the final dam 
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As a second approach the waterlevel of the Highest Astronomical Tide (HAT) 
can be taken: 10.9 m. + B.M. (see Appendix A, section A5). This is higher 
than the former value of 10.3 m. The chance that a combination of HAT and 
high waves occurs is that low that f o r a temporary construction t h i s is f a r 
too safe. With a margin f o r small waves the level of the top of the caisson 
becomes 11.5 m. This value has been chosen as the design l eve l . 

When the caisson is manoeuvred above the s i l l a keel-clearance of 1.0 m. 
is necessary above the highest point of the s i l l . This means that before 
sinking the upper level of the caisson w i l l be 12.5 m. above B.M. while i t 
is positioned when the waterlevel is approximately 1.5 m. above B.M.. When 
the draught of the caisson is estimated roughly as half the caisson-height 
H, H becomes (12.5 - 1.5)* 2 = 22 m. 
This implies a maximum s i l l - h e i g h t of 11.5 - 22 = 10.5 m. below B.M.. 

Based on the bot tom-prof i le of the alignment f i r s t a closure-gap of 10 
km. is chosen, represented by the sections 24 and 25, to be closed by means 
of sluice-caissons (Figure 4.29). 

Aiignment CSosure-dam 
West - East 

*>rïii-**i * * * * 
j 

/-»ti r*in | . oouttui i—-
\ 26 

25 24 23 Jr' 35 / 

\ 
„ / 1 

/ ^ ; 
\ / i 

/ \ / 
i i 

0.0 12.0 Z4.0 38.0 410 

length (km) 

Figure 4.29 Longitudinal section of the alignment 

The desired window of an hour between the ve loc i t i e s 2.0 and 0.5 m/s in the 
opposite d i r ec t ion must at least be present during a neap-tide in the 
s i tua t ion of the posi t ioning of the last caisson. The short period avai la­
ble f o r sinking a caisson asks f o r special equipment. Accurate posi t ioning 
w i l l be possible, provided that anchored pontoons equipped with tension 
winches or f i x e d anchor points are used. 

The narrowing, caused by the walls of the caissons, is estimated to be 
15 % . I f 10 km. of caissons has to be placed i t w i l l be an enormous 
operation which asks f o r the sinking of caissons during spr ing- t ide and at 
least mean-tide too. For th i s reason the s i l l - l e v e l is determined in a way 
that the desired window is present at a mean-tide in a t o t a l l y narrowed 
s i t u a t i o n . In the beginning the narrowing is less and the placement even 
can take place during spr ing- t ide . 

With a s i l l - l e v e l of 14 m. below B.M. and the appl icat ion of a mean-tide 
and a narrowed cross-section (of 0.85 * 10 = 8.5 km.) the available window 
is 57 minutes (Figure 4.30). The value of 14 m. below B.M. is the in ternal 
s i l l of the caisson. When we estimate the height of construction of the 
caisson-f loor , including the r ibs necessary f o r the s t i f f n e s s of the f l o o r , 
at 4 m. the s i l l - l e v e l becomes 18 m. below B.M. and the caisson-height 29.5 
m. which is rather large. 

70 



Closure dam 



Gulf of Khambat 

vertical waterpressure 

Figure 4.31 Hydrostatic loads on the caisson 

I n h o r i z o n t a l d i r e c t i o n t h e r e s u l t i n g f o r c e s o f t h e h y d r o s t a t i c l o a d s on 
b o t h t h e b a s i n - a n d t h e s e a - s i d e c a n be c a l c u l a t e d ( E q 4 . 1 0 ) . O u t o f t h i s 
v a l u e s t h e r e s u l t i n g f o r c e H a n d t h e d i s t a n c e f c a n b e c o m p u t e d . T h e r a t i o 
b e t w e e n H a n d V m u s t b e s u c h t h a t t h e r e s u l t i n g f o r c e R s t a y s w i t h i n 1/3 o f 
t h e w i d t h o f t h e c a i s s o n . I n t h i s c a l c u l a t i o n t h e f o l l o w i n g v a l u e s w e r e 
u s e d : 
Y M t 6 r = 1 0 . 2 kN/m 3 

Yca i s s o n = 5.0 kN/m 3 

( T h e v a l u e o f y c a ) s s a n i s b a s e d on e x p e r i e n c e i n t h e D u t c h D e l t a W o r k s . When 
t h e d r a u g h t o f a f l o a t i n g c a i s s o n i s a p p r o x i m a t e l y h a l f t h e h e i g h t a 
"Y c a i s s o n" c a n b e e s t i m a t e d a s h a l f Y l ( l t J 
seaside 

Hsea = \yWateM = - | - 1 0 . 2 - 2 9 2 = 4289 kN/m (4.10) 
basin-side 

Hbasin = - J " 1 0 " 2 " 2 2 2 = 2 4 6 8 k N / m 

T h e r e s u l t i n g f o r c e H i s t h e d i f f e r e n c e o f t h e t w o v a l u e s a b o v e : 1 821 kN/m. 
T h e d i s t a n c e f c a n b e c a l c u l a t e d o u t o f t h e b a l a n c e o f m o m e n t s . T h e two 
v e r t i c a l r e s u l t a n t f o r c e s V2 a n d V3 a r e e q u a l i n v a l u e ( 0 . 5 * 1 0 . 2 * b * A h ) a n d 
p l a y no i m p o r t a n t r o l e i n t h e b a l a n c e o f moments b e c a u s e t h e y a r e c l o s e t o 
e a c h o t h e r . B e c a u s e V2 a n d V3 d e p e n d o n t h e ( u n k n o w n ) c a i s s o n - w i d t h t h e y 
a r e n e g l e c t e d f o r t h i s f i r s t c a l c u l a t i o n . T h e n f i s c a l c u l a t e d a s f o l l o w s 
( E q . 4 . 1 1 ) : 

I -hb-Hb 

H 
12 ,8 m (4.11) 
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Figure 4.30 Available window for the sinking procedure 

The appl icat ion of even higher caissons may be technical ly possible but the 
problems you can expect with transport do increase and the construction 
w i l l be more d i f f i c u l t . On the other hand the applicat ion of lower caissons 
can be achieved by taking a wider closure-gap. However, the biggest t i d a l 
channels are already included in the gap of 10 km. Using a closure-gap of 
22 km. can r e s t r i c t the s i l l - h e i g h t t i l l 12 m. below B.M. The caisson-
height s t i l l is 23.5 m. but then 120 % more caissons are necessary. 

Out of t h i s resul ts a f i n a l conclusion can not be drawn yet . A f u r t h e r 
opt imisat ion, also based on t o t a l costs of the closure, should be carr ied 
out, but on forehand a maximum width of the gap to close with caissons of 
10 km. seems appropriate. 

rough determination of the other dimensions of the caisson 

When the height of the caisson is known, the other dimensions, length and 
width, can be determined. The width of the caisson must be that large that 
the caisson can stand stable on i t s foundation under governing condit ions. 
These occur when the gates in the caisson are closed and the head-differen­
ce over the caisson is extreme. Here the fo l lowing values have been chosen: 

* sealevel 11 m. above B.M. : h s = 29.0 m. 

* basinlevel 4 m. above B.M. : hb = 22.0 m. 
(approximately M.S.L., which is rather safe because the porosi ty of 
the s i l l w i l l decrease the head-difference) 

The hydrostatic loads on the caisson are shown in Figure 4 .31. On the l e f t 
side the v e r t i c a l components of the water-pressure are shown. The areas 
with the crosses balance each other, so only the remaining part of the 
v e r t i c a l water-pressure with the resultant forces v2 and v3 returns in the 
drawing on the r i g h t . 
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Tidal power station 

The t i d a l power s ta t ion needs i t s own t i d a l basin. In the Gulf of Khambat a 
basin with an area of 510 [km2] has been chosen. I t is situated on the 
western side of the Gulf and encloses Bhavnagar port and a part of the Mai 
Bank. The basin dams are 49.5 [km] long and constructed by means of 
hydraulic s a n d - f i l l . On the slopes a protection of concrete blocks has been 
applied. 

In order to produce e l e c t r i c i t y , turbines with a diameter of 8 [m] w i l l 
be applied. Based on a price of e l e c t r i c i t y of 0.75 [Rp/kWh] the optimum 
number of turbines is found to be 145 ( f o r the chosen basin). The length of 
the caissons in which the turbines are placed, is 2300 [m]. The number of 
turbines is rather sensitive to the price of a kWh. The intake-works have 
an optimised width of 2800 [m] combined with a s i l l - l e v e l of 20 [m] below 
B.M.. The construction and placement of separated caissons containing 
ei ther turbines or intake works brings the t o t a l width of the t i d a l power 
structures on 5100. 

Costs 

For a l l parts of the Gulf of Khambat development scheme a rough cost 
estimation have been made. For the f i n a l dam, including the closure-
operation, ship-lock and spillway the estimated costs amounts to 2,714 
crores Rp (= 27.14 *109 Rp). The t i d a l power s ta t ion is much more expensi­
ve. The costs of the basin dams and the necessary structures are estimated 
at 10,900 crores Rp. The construction costs of the t o t a l design become 
approximately 13,600 crores Rp which corresponds with 5.04 * 109 US$. 

The annual cost and p r o f i t can now be calculated f o r the t o t a l p ro jec t . 

cost : operation turbine uni t and intake s t ructure: 
0.01 * (US$ 3190 mln + US$ 640 mln) = US$ 38.0 mln 
service costs basin dam and closure dam: 
0.005 * (US$ 210 mln + US$ 1000 mln) = US$ 6.1 mln 
interest : 0.04 * US$ 5040 mln = US$ 201.6 mln 
depreciation turbines and generator : = US$ 15.0 mln 
depreciation powerhouse, intake s t ructure , basin 
dam and closure dam: = US$ 7.2 mln 

t o t a l = US$ 267.9 mln 

p r o f i t : annual production in kWh * price per kWh 
9670 * 106 * 0.028 US$ = US$ 271.0 mln 

resul t : US$ 271.0 mln - US$ 267.9 mln = US$ 3.1 mln = Rp 8.4 crores 

A remark should be made concerning the resul t of the t o t a l p ro jec t . The 
p r o f i t of the project is wider than the production of energy alone. 
Addit ional benefi ts are a v a i l a b i l i t y of dr inking and i r r i g a t i o n water, a 
short connection between the Saurastra peninsula and Bombay and the 
p o s s i b i l i t y of land reclamation. Costs not taken into account concern 
compensation f o r loss of income and damage to the environment (which is 
almost impossible to give a value t o ) . 
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6.2 Conclusions 

Several conclusions can be drawn from th i s study. However, many uncertain­
t i es are s t i l l present. 

The closure of the Gulf of Khambat is considered technical ly f e a s i ­
ble. The proposed closure-method l i m i t s the stone-mass to a grading 
of 10 - 15 tons. I f rock th i s heavy can not be found the elements can 
be made of concrete. 

The closure operation asks f o r enormous amounts of rock. This is 
transported to the dumping-site by r a i l . The time-scheme of the 
closure and the log i s t i c s of the operation w i l l be very important. 
This holds f o r the sinking operation of the t i d a l power caissons too. 

A subject of a t tent ion is the underseepage that occurs under the 
caissons of the t i d a l power s ta t ion . No solut ion is found ye t . 

The access ib i l i t y of the ports of Bhavnagar becomes l i t t l e less. The 
Dahej lighterage port w i l l be closed. As a replacement a new j e t t y 
connected to the Khambat dam w i l l be constructed. This w i l l improve 
the cargo-handling f a c i l i t i e s in th i s area. 

The p r o f i t a b i l i t y of the t i d a l power s ta t ion is very sensitive to the 
price of a kWh. No r e l i ab l e estimate of the f e a s i b i l i t y of the 
s tat ion can be made in th i s stage although a preliminary calculat ion 
expects the project to be jus t feas ib le . 

6.3 Recommendations 

Based on the resul ts of t h i s study the r ea l i za t ion of the Gulf of Khambat 
is considered to be technical f eas ib le . However, in order to make a f i n a l 
design many aspects must be v e r i f i e d of studied more in d e t a i l . Also the 
environmental impact and the consequences f o r the local inhabitants must be 
taken into account. The fo l lowing recommendations are made: 

The impact of the closure and the change of a f resh into a sa l t water 
regime in the f resh water basin must be studied. The absence of the 
t ide and the f resh water w i l l cause a change in f l o r a and fauna. 

The e f fec t s f o r the local economy and inhabitants must be inves­
t iga ted . The p r o f i t s gained in bigger crops should be weighed against 
the losses in e.g. f i s h e r i e s . 

The necessity of the access ib i l i t y of both Bhavnagar and Dahej port 
must be studied. In an over -a l l transport study also the p r o f i t s of 
the new railway and road connection must be taken into account. 

The impact of the closure dam on the coastal morphology must be 
studied jus t as the sediment transport of the r i v e r s . 

The process and speed of the desal inizat ion must be estimated. Then 
i t w i l l become clear how long i t w i l l take before the water can be 
used f o r i r r i g a t i o n purposes. 
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In order to make the technical design more re l i ab le the fo l lowing measure­
ments and studies w i l l have to be carried out. 

The t i d a l model was based on data gathered from t ide tables. Improve­
ment of the model w i l l be possible when t ide measurements are carried 
out on several locations on the sea-ward boundary of the model. 
Measurements on locations in the Gulf of Khambat i t s e l f w i l l allow 
more accurate ca l ib ra t ion of the model. 

An extensive survey of the bottom-levels in the Gulf of Khambat opens 
the way to appl icat ion of a, more detai led, two-dimensional t i d a l 
model. 

Based on the survey of the bottom-levels a more accurate estimation 
of the required quant i t ies of construction materials can be made. 

In order to design the spillway and estimate the yearly available 
quantity of i r r i g a t i o n water the discharges of the Narmada, and the 
other r ivers that debouch in the fresh water basin, must be measured. 
Especially the hydrographs of the Narmada w i l l have changed due to 
the construction of the Narmada dams. 

A point of interest are the waves that can be expected on both sides 
of the dam. The HISWA-computer model contradicts with a simple f e t ch -
ca lcu la t ion . A more advanced computer model ( i f available) can be 
used. Also the appl icat ion of scale model study can be considered. 

Scale model study is ce r t a in ly recommended when the closure operation 
is considered. A scale model of the estuary must be b u i l t . Then both 
the t i d a l f low and the closure elements must be modelled accurately 
applying the s imi l i tude c r i t e r i a . 

Geological and geo-technical investigations must be carried out along 
the dam alignment in order to estimate the settlement of the dam. 
Also on the possible quarry sites th i s w i l l be necessary. Then the 
maximum stone dimensions and the production of a certain quarry can 
be determined. 

A detailed construction scheme of the closure operation, including 
the sinking of the caissons, must be made. Especially the l o g i s t i c 
process and the workab i l i t y of above a l l the monsoon-periods must be 
worked out. 

The costs of the powerhouse and intake caissons have been estimated 
on basis of a simple equation. To be able to conduct a more r e l i ab l e 
economic evaluation the exact design of the powerhouse and intake 
caisson must be determined. With the precise design a price based on 
the structure i t s e l f can be made. 

The DUFLOW model can be extended with a new option f o r the Duflow-
structure pump. I f the pump can be regulated by d i f ference in water 
level over the structure the basis character is t ics of each turbine 
can be simulated more r e l i a b l e . I f DUFLOW can be extended with a 
turbine as a new structure of which diameter, maximum discharge and 
e f f i c i e n c y can be given, the simulation of a t i d a l power s ta t ion 
would give even more accurate f igu res . 
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Annex I 

Annex I Borings in the Gulf of Khambat 

Bottom information was taken from two d i f f e r e n t studies. The f i r s t study 
gave only information about the upper layers of the s o i l . The second study 
consisted of several borings near the proposed dam s i te (proposed in the 
reconnaissance study). Two boring have been made to a depth of 30 metres 
below mean sea l e v e l . The borelogs are shown in Figures I . l and 1.2. 
The location of the borings is shown in Figure 1.3. 
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Figure I . l Result of boring 1 
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F i g u r e 1.2 R e s u l t o f b o r i n g 2 

These two borings were used as basis to describe the sub s o i l f o r the dam. 
Three bore-logs were drawn f o r d i f f e r e n t sections of the dam. One f o r the 
(deep) section in the middle of the Gulf of Khambat, one f o r the shallower 
parts of the dam locat ion and one f o r the sections above Bench Mark (during 
ebb these sections run d r y ) . The precise location and extend of these 
sections can be seen in Figure 1.3. The bore-logs f o r the three sections 
are shown in f igures 1.4,1.5 and 1.6. The reason f o r drawing the new 
borings is in the l imi t ed v a l i d i t y of the borings (only near the coasts of 
the G u l f ) . 
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The presence of sand with small gravel makes i t possible to use th i s sand 
f o r the f i n a l p r o f i l e of the closure dam, and the basin dams. On top of 
these dams a layer of clay is planed on which concrete blocks are placed. 
The th ick layers of clay near the coasts should provide enough clay of 
s u f f i c i e n t qua l i ty to do so. The characteris t ics of the sand and clay is 
given in the f igures with the borings. 

Figure 1.3 Location of the original borings and the sections in whitch the 
new borings are valid 
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;igure 1.4 Borelog valid for area I 
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Annex II Calculation Wave Prediction for Gulf of Khambat 

In chapter two the wind speed predict ion f o r the Khambat region is given. 
The f igures were: 

50 % chance of exceedance: 17 m/s. 
10 % chance of exceedance: 24 m/s. 
2 % chance of exceedance: 31 m/s. 
1 % chance of exceedance: 35 m/s. 

Extreme wave heights to be exceeded on the average with a chance of 10 %, 
2 %, or 1 % only are expected to be always associated with the extreme wind 
speeds of t rop ica l cyclones. I t must be stated beforehand that the estima­
t i o n of p robab i l i t i e s of extreme wave heights associated with t rop ica l 
cyclones is s t i l l a more speculative matter than the estimation of the 
p robab i l i t i e s of extreme wind speeds, because r e l i ab l e observations of high 
waves in t rop ica l cyclones are very d i f f i c u l t thus rare . 

To translate the given extreme wind speeds in extreme wave heights, two 
calculations have been made. For the f i r s t ca lculat ion equations given in 
the Shore Protection Manual (pp 3-77, 3 - 8 8 ) ( l i t [15]) are used. These 
equations can be applied f o r wave predict ion in deep water as a resul t of 
cyclones. The second calcula t ion is made with the computer program HISWA 
(Hlndcast Shallow water WAves). 

The calculation with the equations of the Shore Protection Manual 

The equations in th i s annex are numbered, but not in the same way as in the 
Shore Protection Manual (SPM). A l i s t of the equations is given at the end 
of t h i s annex, with the corresponding SPM equations numbers. 

The equations f o r the wave height and the wave period are: 

« c . 5 . Q 3 e ^ t l »
 0-29"V' 1 { U A ) 

In the equations f o r the wave height predict ion ( I I . 1 ) and the wave period 
predict ion ( I I . 2 ) variables are used such as R, the size of the eye of the 
cyclone, Ap, the d i f ference in a i r pressure between the central pressure of 
the cyclone and the normal pressure ( p j of 760 mil l imetres of mercury, VF , 
the forward speed of the cyclone, and UR , a combination of the maximum 
wind speed and the forward speed of the cyclone (0.865*Um ) ( +0.5*V F). These 
variables are not given with the wind speed. To be able to use the equati­
ons, the variables were determined from the wind speed predict ion equation 
in the SPM ( I I . 3 ) . In t h i s equation the number of unknowns is more then 
e x p l i c i t l y can be determined. To get results average ( r e a l i s t i c ) values 
were taken f o r R, the size of the eye of the cyclone, and VF , the speed of 
the cyclone. 
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These assumed values are 80 kilometres f o r the eye of the cyclone and 15 
meters per second f o r the speed of the cyclone. 

Umax = 0.447 [14.5 ( P n - pa) 2 - R (0.31f)] 

F is a Cor io l i s parameter and stands f o r the var ia t ion of the wind speed as 
resu l t of the change in l a t i t ude . F is 2 o s in (0 ) , in th i s case <f> (the 
l a t i tude) is 20° ,thus f is 0.179. For Umax = 35 m/s the equation becomes: 

35 = 0.447 [14.5 {pn - pa) 2 - 80 (0.31*0.179)] 
_i 

(pn - pn) 2 = 5.74 
pQ = 727 millimetres of mercury 

For is 31 m/s and 24 m/s p0 becomes 734 mil l imetres respectively 744 
mil l imetres of mercury. 

With these data the equation ( I I . 1 ) can be solved. For the maximum wind 
speed of 35 m/s the wave height becomes: 

r 0.29 a 7 B HA = 5 . 03 e 4 7 0 0 [ 1 + — 

SO (760-727) 
HO = 5.03 e 4 7 0 0 [ l + Q.29-1-15 

s/^.865-UmaK + 0.5-15; 
Ha = 15 . 0 m. 

The value of the wave height f o r the wind speed of 31 m/s and 24 m/s is 
13.6 m respectively 12 m. 

Since the waves in the Gulf of Khambat are not generated in nor t r a v e l l i n g 
through deep water, the calculated waves are too high. 

Equations f o r wave predict ion as resu l t of t rop ica l cyclones in shallow 
water have not been developed. To get a more r e a l i s t i c value f o r the wave 
height, and the wave period in the Gulf, the wave heights, and the wave 
periods calculated from the deep water equations are converted to the 
shallow water conditions (depth is 25 meters average). 

The conversion takes place as fo l l ows : 
1 With the calculated wave height f o r the deep water s i tua t ion and the 

wind speed an equivalent fe tch can be determined (the fe tch combined with 
the wind speed gives the calculated wave heights) . 

2 With th i s equivalent fe tch and wi th the given wind speed a wave 
predict ion can be made f o r shallow water. The wave predict ion consists of 
a predict ion f o r the wave height and f o r the wave period. 
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The equivalent fe tch can be found in f i g u r e I I . 1 . 

I I /U I | »n ' J O I M J M U I S - P U I M 

Figure II . 1 Nomogram of deep-water significant wave prediction curves as 
functions of windspeed, fetch length and wind duration 
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The equivalent fe tch f o r the given s i tua t ion i s : 

change of windspeed wave height in equivalent 
exceedance deep water fe tch 

10 % 24 m/s 12.0 m 700 km 
2 % 31 m/s 13.6 m 700 km 
1 % 35 m/s 15.0 m 700 km 

The wave height f o r the shallow water conditions can now be calculated with 
the fo l lowing Bretschneider wave predict ion equations ( I I . 4 ) and ( I I . 5 ) , in 
these equations U stands f o r the wind speed: 

0.00565 ( - ^ ) 1 / 2 

= 0.283 tanh[ 0.530 (-§^)3/4] tanh [ — ] 
u 2 u 2 tanh[ 0.530 ( - ^ ) 3 / 4 ] 

U2 

( I I . 4 ) 

0.0379 ( - 2 f ) 1 / 3 

4 ^ = 7.54 tanh[ 0.833 (-2^) 3/ 8] tanh [ f 

u U2 r n o i l / ST d

 ( 

( I I . 5 ) 

tanh[ 0.833 ( - ^ [ ) 3 / 8 ] L72 

F i l l i n g in g=10 m/s2, U=35 m/s, d=25 m. and F=700,000 m. ( I I . 4 ) becomes: 

0.00565 ( 7,000,000)! 
= 0.2 83 tanh[ 0.530 (-?JÏ°)3/4] tanh [ — 

3 5 2 3 5 2 tanh[ 0.530 (^50)3/4 
35 2 ' 

0.00816# = 0.283 tanh [ 0.161 ] tanh [ ° ; 4 2 8 ] 
tanh [ 0.161 ] 

H = 5.48 m. 

And ( I I . 5 ) : 

0 0 3 7 9 ( 7,000,000 ) 1 / 3 

•^f =7.54 tanh[ 0.833 ( l ^ O ) 3 ' 8 ] tanh [ 3 ^ ] 
3 5 3 5 2 tanh[ 0.833 (-250 ) 3 / 8 ] 

35 2 

0.286T = 7.54 tanh [ 0.459 ] tanh [ ° - 6 7 8 ] 
tanh [ 0 .459 ] 

r = 10.4 s. 
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The same can be done f o r the other windspeeds of 31 m/s and 24 m/s. The 
resul ts are: 

31 m/s --> H = 5.12 m, T = 10.0 s 
24 m/s --> H = 4.46 m, T = 9.5 s 

These values f o r the maximum wave height are given with much reserve. 
Especially the wave heights near the dam s i te can vary because of l i m i t i n g 
factors as: 

Individual Waves 

So f a r a l l considerations and conclusions re fer to the s ign i f i can t wave 
heights. I t is well-known that some individual waves are much higher than 
the s i g n i f i c a n t wave height and that the probable highest individual waves 
increases with the duration considered. In order to estimate the probable 
highest individual waves associated with the extreme s ign i f i can t wave 
heights as given ea r l i e r in t h i s chapter by applying the raleigh d i s t r i b u ­
t i o n the fo l lowing should be done. 

1 Determine the duration of the maximum wind speed. The duration of th i s 
wind speed is the size of eye of the cyclone divided by the speed of the 
t r a v e l l i n g cyclone. In the former calculations the size of the eye of 
the cyclone is assumed as 80 kilometres, and the t r a v e l l i n g speed of the 
cyclone as 15 metres per second. The duration of the storm then becomes 
5400 seconds. 

2 Divide th i s duration time by the most probable wave period to get the 
t o t a l number of waves N. 

3 The m u l t i p l i c a t i o n fac to r f o r the s ign i f i can t wave height to get the 
maximum wave height can be determined from equation I I . 6 (n = 1 f o r the 
highest wave n = 2 f o r the second highest wave e t c . ) . 

In case of the windspeed of 35 m/s the s i gn i f i c an t period is 10.5 seconds. 
The matching value of N is 5400/10.5 = 514. For windspeeds of 31 and 24 m/s 
the value of N is 540 respectively 568. 

F i l l i n g equation I I . 6 in with these values gives : 

1imited fetches, 
shallowness, 
turbulent currents. 

Hn = 0.7 07 Ht 

( I I . 6 ) 

For 35 m/s : Hn = 0 .707-5 .48 do g 514 1 9.68 m. 

For 31 m/s : Hn = 0.7 07-5.12 (log 540 1 8.56 m. 
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HN = 0 .7 07-4 .44 J (log-^- 8-) = 7.49 m. For 24 m/s : = 0.707-4.44 ̂  

The corresponding Shore Protection Manual numbering f o r the used equations 
is in the edi t ion of 1984: 

( I I . 1 ) = (3-59) page 3-83 
( I I . 1 ) = (3-60) page 3-84 
(11.3) = (3-63) page 3-84 
(11.4) = (3-39) page 3-55 
(11.5) = (3-40) page 3-55 
(11.6) = (3-67) page 3-87 

The calculation with the HISWA computer model 

The HISWA computer model is a model made by N. Booij and L. H. Holthuijsen 
of the D e l f t Universi ty of Technology, Department of C i v i l Engineering. The 
model is very useful f o r the determination of the kind of waves present in 
the Gulf of Khambat. The Gulf of Khambat is characterised by many sand 
banks stretching out from the northern part of the Gulf to more than 100 
kilometres southern of Bhavnagar (and the location of the proposed dam-
s i t e ) . To determine the wave height in the region where the dam is proposed 
ordinary equations such as made ea r l i e r in th i s annex cannot s a t i s fy 
completely, since they work with an average depth of the water. Waves on 
the other hand are very much determined by the shoals present in the region 
where they t rave l through. In HISWA these shoals can be introduced in the 
bottom gr id of the model. An extra reason f o r taking the computer model is 
that i t takes account of r e f r a c t i o n and d i f f r a c t i o n (see computer model 
manual l i t [ 2 5 ] ) , also very important f o r the local wave cl imate. 

In the HISWA model two d i f f e r e n t runs have been made. The f i r s t one was f o r 
a large area, 135 kilometres by 135 kilometres. The second run was a nested 
run, f o r a smaller area of 70 kilometres by 70 kilometres. A part of the 
f i r s t model was recalculated with a f i n e r g r i d . In th i s way waves can be 
fol lowed from a f a r distance (where only a few sand banks ex i s t ) and the 
waves calculated near the proposed dam s i te are more accurate since they 
are calculated in a f i n e r g r i d . In f igures I I . 2 and I I . 3 the iso lines of 
the bottom f o r the two models are shown. 
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KHAMBAT 
INPUT ISO LINE'S OF BOTTOM 

5000 m 
A 1.OOxlQi m 

Figure II.2 Input in HISWA: iso lines of the bottom for the large compu­
ter model 

The wind speed used f o r the calculations in HISWA are the same as used f o r 
the equations in the previous paragraph. The maximum wind ve loc i ty is 
31 m/s from southern direct ions with a chance of exceedance of 1 %. In the 
HISWA model th i s wind has been taken with the wind d i rec t ion varying 
between - 30 and + 30 degrees from the south. The maximum wave hight 
occurs when the wind d i rec t ion is - 25 degrees (measured counterclockwise 
from the south). 

The fe tch in the HISWA model can not be much longer than 135 kilometres 
since the model is not larger than 135 by 135 kilometres. Waves generated 
in th i s small area can never be maximum waves possible in the region. 
Therefore an incoming wave f i e l d is inserted in the model. The d i rec t ion of 
t h i s wave f i e l d has been taken in the same d i rec t ion as the wind. 
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INPUT ISO LIMES OF BOTTOM 

F i g u r e I I . 3 I n p u t i n H I S W A : i s o l i n e s o f t h e b o t t o m f o r t h e s m a l l c o m p u ­
t e r m o d e l 

The wave height of the incoming wave f i e l d has been varied between 5 and 10 
metres. 10 metres, the upper l i m i t , has been taken since the waves have 
t rave l led through water with a dept of less than 30 metres over a distance 
of more than 200 kilometres to get in th i s part of the Gulf of Khambat. 5 
metres, the lower l i m i t has been taken since these waves require, with a 
dept of 25 metres, only 300 kilometres of fe tch to be generated (with a 
wind speed of 31 m/s). The di f ference in wave height near the probable dam 
location f o r the d i f f e r e n t incoming wave f i e l d s was negl ig ib le (maximum 
between 3.3 metres and 3.8 metres). This maximum wave height of 3.8 metres 
(also taking place i f the incoming wave f i e l d has a s i g n i f i c a n t wave height 
of 6 metres), applies only f o r a small part of the dam locat ion. The iso 
lines of the wave hight f o r the t o t a l region of the Gulf of Khambat are 
shown in .Figure I I . 4 . The wave height near Bhavnagar is considerable lower 
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K H A M B A T 9 9 
OUTPUT ISO LIMES OF WAVE HEIGHT 

I — I 2000 
A 5.00X10-1 

m 
m 

Figure II.4 Output in HISWA: iso lines of the wave height for a wind 
speed of 31 m/s. 

due to the sheltering e f f e c t of Piram Island. Maximum wave heights are 
reduced to 2.0 metres and lower. Near Al ia Bet the wave height is also 
considerable lower than 3.8 metres due to the shallowness of th i s region. 

The wave heights mentioned before and shown in Figure I I . 4 occur only i f 
the water level set at 8 metres above B.M. ( f o r B.M. see section 3 .4) . This 
is the maximum water level during a mean t i d e . I f the water level is set at 
0 metres , (the minimum water level during a mean t ide ) the maximum wave 
height is reduced to 2.7 metres. The water level of 8 metres is chosen 
since th i s water level can be maintained f o r more than 2 hours i f a wind 
set up takes place of 2.0 metres. Higher water levels ( resu l t ing in 
s l i g h t l y higher waves) have not be taken into account since the chance of 
high water levels (such as during a spring t ide ) occurring at the same time 
as the maximum wind speed is very small. 
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OUTPUT ISO LINES OF WAVE HEIGHT 
Figure II.5 Output in HISWA: iso lines of the wave height for a wind 

speed of 24 m/s. 

With the H I S W A computer model the wave heights in the enclosed basin have 
also been' calculated. The basin level has been set at the maximum water 
level of B.M. + 10 metres. The waves have been calculated f o r wind speeds 
of 31 metres per second and 24 metres per second. The waves as resu l t of a 
wind speed of 31 metres per second have a s i g n i f i c a n t wave hight of 3 
metres and a s i g n i f i c a n t wave period of 5.5 seconds. A wind speed of 24 
metres per second gives waves with a s i g n i f i c a n t wave height of 2.3 metres 
and a wave period of 5.0 seconds. The wind d i rec t ion has been chosen from 
the east and from the west. The given values are the maximum waves in the 
middle of the basin, there where the basin dams are planned. The waves as 
resu l t of a wind from the north (breaking on the north side of the closure 
dam) are assumed to be the same. 
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OUTPUT ISO LINES OF WAVE HEIGHT 
Figure II.6 Output in HISWA: iso lines of the wave height for a wind 

speed of 17 m/s. 
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Annex TIT 

Annex III The availability and properties of rock 

On b o t h t h e e a s t a n d w e s t - s i d e o f t h e G u l f o f K h a m b a t l a r g e a r e a s o f s o 
c a l l e d D e c c a n T r a p c a n be f o u n d . D e c c a n T r a p c o n s i s t s m a i n l y o f b a s a l t w i t h 
d i f f e r e n t d e n s i t y . B a s a l t i s an i g n e o u s r o c k . T h i s m e a n s t h a t i t i s f o r m e d 
b y t h e c r y s t a l l i s a t i o n a n d s o l i d i f i c a t i o n o f a m o l t e n s i l i c a t e magma. T h i s 
p r o c e s s g i v e s s t r o n g r o c k w i t h i n t e r l o c k i n g c r y s t a l s . B a s a l t i s g r e e n i s h -
g r e y t o b l a c k i n c o l o u r a n d c o m m o n l y u s e d a s a b u i l d i n g s t o n e . T h e m a s s i v e 
v a r i e t y i s g ood a s a r o c k . 

A t t h e w e s t s i d e o f t h e g u l f , i n t h e A m r e l i a n d B h a v n a g a r d i s t r i c t 
( F i g u r e I I I . l ) , t h e r a n g e i n d e n s i t y o f t h e b a s a l t i s 2.6 t i l l 2 . 9 * 1 0 3 

[ k g / m 3 ] ( T a b l e I I I . l ) . 

location rock type density percentage compressive strength 
[*103 kg/m 3] water-absorption [N/mm ] 

Aare l i d i s t r i c t 
Darbargadh Basalt 2.62 2.92 34.0 
Quarry Dhari Basalt 2.78 0.41 104.9 
Kotadapitha Basalt 2.68 0.27 128.2 
Rajula Rhyolite 2.42 0.23 82.0 

havnagar d i s t r i c t 
Bhavnagar Basalt 2.70 0.40 157.7 
Botad Basalt 2.81 0.55 101.1 
Chamardi Gronophyre 2.57 0.57 106.4 
Gariyadhar Basalt 2.91 1.33 64.4 
Shihor Rhyolite 5.61 2.50 92.2 

T a b l e I I I . l P h y s i c a l p r o p e r t i e s o f q u a r r y - s t o n e 
No d e n s i t y - d a t a a r e a v a i l a b l e o f t h e b a s a l t f o u n d i n t h e B h a r u c h d i s t r i c t , 
a t t h e e a s t - s i d e o f t h e G u l f o f K h a m b a t . T h e g e o l o g i c a l map ( F i g u r e I I I . 2 ) 
h o w e v e r s h o w s a l a r g e a r e a o f D e c c a n T r a p a n d many e x i s t i n g q u a r r i e s . T h e 
r a n g e o f b a s a l t - w e i g h t s t h a t c a n be f o u n d h e r e i s a s s u m e d t o be t h e same a s 
i n A m r e l i a n d B h a v n a g a r d i s t r i c t . 

A c c o r d i n g t o a n unknown s o u r c e , i n B h a v n a g a r d i s t r i c t , n e a r S h i h o r , 
R h y o l i t e ( a l s o a n i g n e o u s r o c k ) w i t h a d e n s i t y o f a p p r o x i m a t e l y 5.6 * 10 3 

[ k g / m 3 ] c a n be f o u n d ( T a b l e I I I . l ) . U n f o r t u n a t e l y t h i s h i g h v a l u e o f 
d e n s i t y i s n o t l i k e l y . F o r a q u a r r y i n A m r e l i d i s t r i c t a v a l u e o f 2 . 4 2 * 
10 3 [ k g / m 3 ] i s m e n t i o n e d w h i c h i s more r e a l i s t i c c o m p a r e d t o t h e v a l u e s 
g i v e n i n t h e M a n u a l on t h e u s e o f r o c k [ l i t . ( 1 8 ) ] . S e e T a b l e 1 1 1 . 2 . 

Rock group Rock aass ünconfined coapressive Water Porosity {%) 
naae density ( t / a 3 ) strength (HPa = N/aa 2) absorption { \ ) 

Igneous 
Rhyolite 2.3 - 2.8 100 - 260 0.2 - 5.0 0.4 - 6.0 
Basalt* 2.5 - 3.1 160 - 280 0.1 - 1.0 0.1 - 1.0 

Sediaentary 
Limestone 2.3 - 2.7 30 - 120 0.2 - 5.0 0.2 - 20.0 

* Dense basalt excluding vesicular basalt 

T a b l e 111.2 G e n e r a l i s e d e n g i n e e r i n g c h a r a c t e r i s t i c s o f u n - w e a t h e r e d c o m m o n 
r o c k s 
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Figure I I I . l Geological map of Amreli and Bhavnagar district 
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The porosity and the value f o r the absorption of water are a measure f o r 
the weathering of rock. When the absorption stay below 5 % the r i sk of 
weathering is minor. 

Root group 
name 

Typical grain size 
range (mm) 

Visible 
voids 

Typical texture Typical rock mass 
appearance 

Typical basic 
fragment shape 

Typical geological 
distribution 

Igneous 

Rhyolite Grains not visible 
to unaided eye 

Ixically variable 
micro-fractures common 

Irregular Cubic/ 
prismatic 

Localized 
areas 

Rasalt Grains not visible 
to unaided eye 

Common, 
large and 
small 

Isotropic uniform Irregular/blocky 
columnar 

Cubic/prismatic 
elongate 

Extensive 
sheets 

Sedimentary 

Limestone Common, 
targe and 
small 

Narrow grain size 
ranges or cemented 
fragments 

Rlccky/flaggy Extensive 
areas 

Table IÏÏ.3 Geological properties of the available rock types [ l i t . (18)] 

A t h i r d rock type present in 
ne is a sedimentary rock 
H t h i f i c a t i o n ot miner a i Q 

the mentioned d i s t r i c t s is l im 
(formed by the sedimentation 

v< "3 ï r\ c \ 
I U. I M J / 

stone. Limesto-
and subsequent 

The 
points: 

" h c\ "i c Q between the three kinds of rock is b; on the •Pn 1 1 n u - i n n 
I W 1 I UVY MCj 

The a v a i l a b i l i t y is good f o r basalt and, to a cert ; 
ime: 

small 

D K wn1 ï t n i \ l f j \j i i Lc 
T o h l ö T T T i u U i c i j l i •3 ) - ) 

only found loca l ly and 
Blocks of rhyc 

extent, 
/ely 

n o n n v i 1 1 w 

a 1 c n u I j u 

smal 1 
I U L-l U 

On the i r way from the quarry to the i r d e f i n i t e posi t ion the 
be loaded during d i f f e r e n t block-handling phases (Figure 

wi 

h ï n h 

b l i 

*eakage resistance l i m i t s the 
c k s during handling. Basalt has a 
estone and, on the average, rhyo" 

hi 
i t e . 

reduction 
h v o p 1/ • 

•5 Ï A 
armour 

:e than 

These features lead to the choice of using basalt f o r construction purposes 
in the Gulf of Khambat. I t is supposed that two kinds of rock 

A large amount of basalt with a density of 2700 [kg/m 3] 

A more 
use at pi 

l imi ted amount 
aces were the 

of basalt with a density of 2900 [kg/m 3] f o r 
loads on the stones w i l l be higher. 
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BUst 

Disruptive 
forces 

STRUCTURAL 
PERFORMANCE 

(a Fund ion 
of median 

block weight 
block angUanty 
block integrity) 

BLOCK-HAN DUNG PHASE 

Quarry 
stockpile 

Site On-
stockpile I structure )»SIT 

H 

Days 

ENGINEERING TIME • 

Figure III .3 Weight reduction of stones during handling 

Stability of rock 

The s t a b i l i t y of rock under f low attack depends on the product of t he i r 
nominal diameter Dn and t he i r r e l a t i ve density A. 

A = Pston* " j W r D n = {volume^)1/3 = ( ^ 2 i ) i / 3 
9 water ^ s 

D„ represents in th i s way the l inear dimension of a cube of which the mass 
is exceeded by 50 % of the t o t a l number of stones. 

When the density of the rock increases the e f f e c t is twofold : 

For a stone with equal mass the necessary diameter can become smal­
l e r ; 

The diameter Dn becoming smaller results in smaller loads which 
decreases the necessary stone-mass. 

When the value of AD„ is known the stone-mass depends strongly on the 
density of the rock avai lable . This is i l l u s t r a t e d in Figure I I I . 4 f o r the 
two available kinds of basalt and the un l ike ly heavy r h y o l i t e . 
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Stone-masses 
Influence of density arid A Dn 

18 

15 

14 

13 

17 
11 

10 

9 

c 

1 

0 0.5 1 1.5 2 2.5 

ADn [m] 
5600kg/m"3 t 2900kg/m*3 2700kg/m-3 

F i g u r e I I I .4 T h e i n f l u e n c e o f t h e s p e c i f i c g r a v i t y o n t h e n e c e s s a r y s t o n e m a s s 

G r a d i n g s 

In the quarry the rock w i l l be selected. D i f f e ren t gradings w i l l be 
distinguished. I t is assumed that by means of sieving ( t i l l 300 [ k g ] ) , 
weighing and visual select ion, the gradings of Table I I I . 4 can be d i s t i n -
n I i T c K o r l 
y U I J I I C U • 

Based on a uniform diameter (D) d i s t r i b u t i o n an imaginary M5 

determined in the way as shown below: 
1 > U I I L / C 

grading: 60 - 300 [kg] 
assume the stones are cubical-shaped (a sphere gives the same 

resul t f o r the value of M50) 
the density is 2700 kg/m3 (the M50 is i n d i f f e r e n t f o r the 
value of the density) 

60 [kg] D = ( 60/2700) 1 7 3 = 0.281 [m] 
D a v e r a q e = 0.381 m. 

300 [kg] D = (300/2700) 1 7 3 = 0.481 [m] 

Now the imaginary M50 becomes: 

M50 = 0.381 3 * 2700 = 149 [kg] 

A less d i f f i c u l t approach is taking the average of the grading l i m i t s : 

M50 = (60 + 300) / 2 = 180 [kg] 
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According to information in the Manual on the use of rock [ l i t . ( 1 8 ) ] , the 
second, simple, approach is better (Table I I I . 4 ) . This values are approxi­
mately in the middle of the expected range. The values determined based on 
a uniform diameter d i s t r i b u t i o n seems to small. Thus the average of the 
class l i m i t s is taken as a measure f o r the M s o. 

grading approached H 5 0 Average of limits Expected range H, 
[ l i t . (18)] 

10 - 60 kg 28 kg 35 kg 26 - 46 kg 
60 - 300 kg 149 kg 180 kg 150 - 220 kg 
300 - 1 000 kg 582 kg 650 kg 595 - 760 kg 

1 000 - 3 000 kg 1 821 kg 2 000 kg 1 800 - 2 200 kg 
3 000 - 6 000 kg 4 328 kg 4 500 kg 4 200 - 4 800 kg 
6 000 - 10 000 kg 7 830 leg 8 000 kg 7 50O -8 500 kg 
10 000 - 15 000 kg 12 332 kg 12 500 kg -
15 000 - 20 000 kg 17 380 kg 17 500 kg -
20 000 - 25 000 kg 22 407 kg 22 500 kg -

T a b l e I I I . 4 E s t i m a t e d v a l u e s o f t h e M 

For the two available kinds of rock the l i m i t s of the ADn-value can be 
determined f o r each grading. D„ represents the l inear dimension of a cube 
of the material considered of which the individual mass is exceeded by 50 % 
of the t o t a l number of stones. Thus when the stone mass computed out of the 
AD„ exceeds the M50 of a certain grading a heavier grading must be used. The 
way of determination is shown in Figure I I I . 5 , I I I . 6 and I I I . 7 and the 
resul ts are summarized in Table I I I . 5 . 

E 
® 

Stone-masses 

OS 

0.0 

2700 kg/m'3 

2900ltg/m-3 

300 lOOOho 

AD [m] 
5600 ko/m*3 290Okg/nV3 o 2700 kg/m*3 

F i g u r e I I I . 5 D e t e r m i n a t i o n o f c l a s s l i m i t s o f r o c k l i g h t e r t h a n l O O O k g 
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Stone-masses 

2700 kg/m-3 3000-9000X0 

2900 ko/(Tf3 

AD |m] 
o 5d00kg/m*3 i 2900 kg/m"3 o 2700 kg/m'3 

Figure III .6 Determination of class limits of rock 1000 - 6000 kg 

S 

Stone-masses 

2700 ka/m-3 

2800 kg/m'3 

0 g js a a a : El 

0 0.5 

• 5800 kfl/m"3 

30-SStona : 

2 0 - 2 & * x » ; / 

1 0 - 1 6 * 1 1 * : , * 

. - ^ 

1.6 t 2.6 

AD [m] 
2900 kg/m'3 2700 kfl/m'3 

Figure III .7 Determination of class limits of rock 6 - 3 5 tons 
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grading H 5 0 average Dfi ADR l i m i t s 

w , w 
2700 kg/m J 2900 kg/m J 

10 - 60 kg 35 kg 0.23 0.0 - 0.4 0.0 - 0.4 
60 - 300 kg 180 kg 0.41 0.4 - 0.6 0.4 - 0.7 

300 - 1 000 kg 650 kg 0.62 0.6 - 1.0 0.7 - 1.1 
1 000 - 3 000 kg 2 000 kg 0.90 1.0 - 1.4 1,1 - 1.6 
3 000 - 6 000 kg 4 500 kg 1.18 1.4 - 1.9 1.6 - 2.1 
6 000 - 10 000 kg 8 000 kg 1.42 1.9 - 2.3 2.1 - 2.5 

10 000 - 15 000 kg 12 500 kg 1.67 2.3 - 2.7 2.5 - 2.9 
15 000 - 20 000 kg 17 500 kg 1.84 2.7 - 3.0 2.9 - 3.3 
20 000 - 25 000 kg 22 500 kg 2.00 3.0 - 3.3 3.3 - 3.6 

T a b l e I I I . 5 A D „ l i m i t s f o r d i f f e r e n t g r a d i n g s 

E x t r e m e s t o n e - m a s s e s 

Here i t is assumed that the largest necessary stones can be produced by a 
quarry in one of the d i s t r i c t s close to the Gulf of Khambat. Further 
examination on the s i te of possible quarries, new or exis t ing ones, is 
necessary to determine the maximum available stone-mass and diameter. This 
is determined by the ex is t ing cracks in the rock and the way in which the 
rock is layered. When the largest required stones are not available they 
can be made of concrete, using heavy basalt as an aggregate. 
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Annex IV Rock-fill structures 

IV. 1 Stability of stones on a sill 

The s t a b i l i t y of r o c k - f i l l dams has been investigated by D e l f t Hydraulics 
Laboratory in the Netherlands. Many data gained in experiments have been 
plot ted in the graph below (Figure IV.1) [ l i t . . ( 1 ) ] . 

h 

2 0 

16 

16 

14 

12 

u n i - n BAOAO C R E S T E D SILL 

M ni>m SHARP C R E S T E D S I L L 

U 731-11 ROUND C R E S T E D 0*M 
M 17«i-Q UULTI C R E S T E D DAU 

U1741-TI B R O A D ' N A R R O W C R E S T E D DAU 

• B R O G 0 O N AND G R A C E . O V E R F L O W EMBANKMENT N O N - A C C E S S T Y P t ' 6 ' 1 6 

• 3 « O 0 D O N AH0 GflACE . O V E R F L O W EMBANKMENT ACCESS TvPE<e>' 

a DHL 

• D « L 

• D « L 

* 0ML 

A On 

FT 

i t £ J 
-20 -IS - 1 6 -14 -12 -10 - 1 , - 1 - i • ! 0 2 * 8 S 10 12 M I» 18 20 

_ Ü _ 
1 0 A 

Figure I V . 1 Critical overtopping height against hB/AD„ 

A P stone Pwater ( I V . 1 ) 
wa ter 

M 
D„ = (volume50%)^ = (-**) V* ( I V . 2 ) 

Dn in th is way represents the l inear dimension of a cube of the material 
considered of which the individual weight is exceeded by 50 % of the t o t a l 
number of stones. 

The graph can be schematized as a combination of two branches: 

l e f t branch 

Lef t of the point - - l 

the graph can be approached by a l ine were the value of 

The stone-parameter AD is then equal to H„ 

H 

AD 
«_ = 1 

( I V . 3 ) 
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r i g h t branch 

Right of the point 
A£> = -1 

the graph can be approached by a l ine that crosses the v e r t i c a l axis at a 
value of 2 and has a gradient of 1. This leads to the fo l lowing equations: 

AD, AD 
ADn = ^-il* ( IV.4) 

In order to determine the AD-value necessary during the closure of the Gulf 
of Khambat these equations (Eq. IV.3 and IV.4) have been used. 

IV. 2 The influence of the head effect on the stone-diameter 

Horizontal cons t r ic t ion of the dam causes contracted f low through the 
closure-gap bordered by vortex-streets (Figure I V . 2 ) . This vortex streets 
attack the bottom protection or the upper layer of the s i l l on which the 
cons t r ic t ion takes place. This e f f e c t is not taken into account using 
Figure IV. 1 to determine the AD„-value^ 

In order to reckon with the ef­
fec t of the vortex street the ap­
p l i c a t i on of a fac tor on the velo­
c i t i e s in the closure-gap seems 
most appropriate. Then (Eq I V . 5 ) : 

V = v + IV ( IV.5) 

The way of determination of the ADn-
value used so f a r is not d i r e c t l y 
based on ve loc i t i e s but on head-
di f ferences . Rewriting the resul ts 
is necessary. The equation f o r the 
ve loc i ty in the closure-gap is (Eq. 
IV.6 see also section 4 .2 .1 ) : 

6 vortex street 

m damage area 

flow direction 

Figure IV.2 Head effect 

Vgap= uV2-flr-(#-A) ( I V . 6 ) 

with 0.8 <= fi <= 1.0 

which can be w r i t t e n as: 

1 

together with Eq. IV.4 th i s becomes: 

v w = V^-sr^n <=> A ^ = 
1 v. gap 

2-u 2 2-gr 
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Including turbulent f low: 

AD = ( l + O 2 ( i v . 7 ) 
2-\i2 2-g 

Equation IV.7 shows resemblance to the Izbash-equation (Eq I V . 8 ) : 

2 2 

^ 5 0 k f y 2-g " 1 . 2 4 Jc B*p 2-g 

Izbash defines a D5 0, which is the diameter of a sphere. The r a t i o between 
the diameter of a sphere and a cube of the same volume is 1.24. 

The stabil i ty-parameter b varies between 0.7 and 1.4 depending on the 
degree of turbulence and the bottom-roughness. 

b = 0.7 f o r a broad-crested s i l l or bottom-protection loaded by modera­
te turbulent f low 

b = 1.4 f o r a sharp-crested s i l l or bottom-protection loaded by strong 
turbulent f low, e.g. an hydraulic jump. 

The c o e f f i c i e n t k a is a correction f o r the decrease in s t a b i l i t y of the 
stones when they are placed on a slope perpendicular to the f l o w - d i r e c t i o n . 
I t depends on (Eq. I V . 9 ) : 

-the angle of internal f r i c t i o n 0, f o r rock 0 = 40° 

-the angle of the slope a, in case of a r o c k - f i l l dam 
1 : U , a = 33.7° 

ka = coso- . ( t a n a ) 2
 = ( I V . 9 ) \j tan<t> 

The c o e f f i c i e n t k„ is a correction when the d i rec t ion of f low does not 
correspond with the horizontal plane: here k„ = 1. 

example 

As an example to i l l u s t r a t e the comparison of the d i f f e r e n t ca lcula t ion-
methods we take the fo l lowing case: 

a horizontal cons t r ic t ion on a s i l l with a level of 20 [m] 
below B.M., the width of the closure-gap is 100 [m] 
the contraction c o e f f i c i e n t n = 0.85 
the maximum ve loc i ty during a t i d a l cycle at average spring­
t ide is 8.20 [m/s] 
the maximum head dif ference then amounts to 4.74 [m] 
at f i r s t no turbulence or slope e f fec t s are taken into account 
so \ = 0 and ka = 1. 
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The value of ADn, using equation IV.4 becomes 4.74/2 = 2.37 [m] Equation 
IV.7 leads to the same resu l t : 

AD = < 1 + 0 ) 2 8 - 2 ° 2 =2.37 
2- 0.852 2-9.8 

(These values have to be the same i f DUFLOW and the derivat ion of Eq. IV.7 
are both correct) 

When we assume that the Izbash-equation (Eq IV.8) gives the same resu l t , 
the value of b can be determined: 

- ± b _ - ± ^ i ) 2

 < = > b = 1 . 2 4 I ,0.86 1.24 ica-JCp 2-n2 2 • 0.852 

This value of b represents a broad-crested s i l l with moderate turbulence. 
The s i l l at 20 [m] below B.M. indeed has to be rather wide so the resul t is 
acceptable. The value of b is i n d i f f e r e n t f o r the ve loc i ty in the closure 
gap. 

The s t a b i l i t y of the stones on the dam-head slope is described by 
equation IV.8 , using k a = 0.505. This almost doubles the ADn-value: AD„ = 
4.47 [m], which means that the stones have to be eight times (2 3) as heavy. 

The stone-weights determined th i s way are supposed to be safe f o r a 
permanent construct ion. During stages of a closure operation i n s t a b i l i t y of 
some stones w i l l resul t in a decreasing slope-angle of the dam-heads. Only 
few stones w i l l move to a place outside the p r o f i l e of the closure dam. The 
nett loss w i l l be l i m i t e d . The occurring loss w i l l "only" retard the 
closure operation. 

More c r i t i c a l are the stones on the top of the s i l l (Figure I V . 2 ) . The s i l l 
consists of layers of stones with d i f f e r e n t weights. The heaviest upper 
layer w i l l have a l imi ted thickness of three or four times D„. When dump-
barges are used l o c a l l y the thickness can be even less. When (only few) 
stones of the upper layer move and disappear the r i s k of the second layer 
being attacked by the f low increases. The s t a b i l i t y of t h i s layer is less, 
so severe damage can be expected. 

When a strong turbulent f low is expected the value of b in Eq. IV.8 
becomes 1.4. When the contraction in the closure-gap is maximum the value 
of fi = 0.8. The S-value can be estimated now: 

( 1 ^ ) 2 . - ^ - A - m 2 -Q.8 2 1.4 = 1 < 4 5 < = > $ = 0 2 

1.24 kakp 1.24 1 

Applying th i s Rvalue on the resul ts of the example the value of ADn 

becomes: 
ADn = (1+0.2) 2 * 2.37 = 1.44 * 2.37 = 3.41 [m] 

This s t i l l resul ts in stones with a weight of 1.443 = 3 times the weight 
fo l lowing from eq. IV .4 . 
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TV. 3 The permeability of the dam 

A r o c k - f i l l dam is pervious to water. The discharge through the dam w i l l 
decrease the head-difference over the dam in the f i n a l stages of the 
closure-operation. Thus the necessary stone-weight can be reduced. An 
estimation of the discharge can be made using equation IV.10 [ l i t . ( 17 ) ] . 

3 C L 
( I V . 1 0 ) 

in which: 

q = discharge through the dam per running meter [(m 3/s)/m] 
g = acceleration of gravi ty = 9.8 [m/s 2] 
Dn = nominal stone-diameter [m] 
e = porosity of the dam =0 .40 [-] 
C = f(Re) f o r turbulent f low C = 0.3 [ - ] 
H = upstream water depth [m] 
h = downstream water depth [m] 
L = representative length of the f low path [m] 

L is determined as shown in Equation IV.11 using the parameters of Figure 
IV.3 

L = 2 ad + b a (H+h) ( I V . I I ) 

F i g u r e I V . 3 

Here, f o r the whole closure dam the 
fo l lowing values have been taken: 

b 
a 
d 

H,h 

1.5 [m] 
(stones in range 6 - 10 ton) 

24 [m] 
1.5 [ - ] 

depends on the 
section, top on 
[m] above B.M. 
depend on both the bottom-le­
vel of the section and the 
t i d a l amplitude 

depth of the 
a level of 12 

The permeability of the dam can be taken into account in the DUFLOW-model 
using culver ts . The dimensions and discharge-coeff icient of the culverts 
have been cal ibrated using the resul ts of Eq. IV.10. The s i tua t ion of 
average spr ing-t ide combined with a f in i shed closure-dam has been taken as 
a s t a r t ing point to determine the dimensions. In that case the extreme 
waterlevels in f r o n t of the sea side of the (impervious) dam w i l l be: 

low t i d e : 0.58 [m] - B.M. high t i d e : 8.68 [m] + B.M. 

The maximum discharge through the dam occurs when both the head-difference 
and the flow-area are maximum. The maximum head-difference is taken as half 
the t i d a l d i f fe rence , hence 4.63 [m] Thus: 

up-stream water- level : 8.68 [m] + B.M. 
down-stream water- level : 8.68 - 4.63 = 4.05 [m] + B.M. 
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In the DUFLOW-network the Gulf of Khambat is subdivided in f i v e sections 
along the alignment of the closure-dam. The section south-east of Al i a Bet 
is neglected here because of i t s small depth. In the four remaining 
sections (23, 24, 25 and 26 in Figure IV.4) a s i gn i f i can t f low through the 
dam is supposed to take place. 

The discharge q is computed f o r each of t h i s sections using Eq. IV.10 and 
I V . 1 1 . . The resul ts are shown in Table IV.1 

section ' bottom-level H h L q 
[ m - B . H . ] [m] [m] [ • ] [n 3/s/ra] 

23 25 33.68 29.05 78.27 7.65 
24 20 28.68 24.05 73.27 6.65 
25 45 53.68 49.05 98.27 11.17 
26 35 43.68 39.05 88.27 9.50 

Table I V . 1 Determination of the discharge through the closure-dam 

This resul ts may be regarded as a rough estimation of the discharge through 
the closure-dam. Some remarks on the accuracy are made below: 

The porosi ty of the dam is taken as 0.4. This is not an accurate 
value but jus t an estimation. Because of properties of the rock and 
the construction method the porosity can approximately vary between 
the values 0.37 and 0.43. 

The value of D„ is taken as 1.5 [m] here. Stones with a diameter of 
1.5 [m] w i l l be used during stages of the closure were the loads are 
already severe. When e.g. stones with a Dn of 0.5 [m] are used the 
discharge w i l l be (Eq. IV.10) /1.5 / /0.5 = 1.7 times smaller. 

The porosi ty of the dam, e , can change in course of time. For 
instance growth of marine l i f e in the pores can reduce the porosi ty 
as well as washing in of f i n e s . 
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The culverts in the DUFLOW-model have been cal ibrated using the computed 
values of Table I V . 1 . For highest astronomical t ide the results of Eq. 
IV. 10 and the DUFLOW-calculation have been compared (see Appendix A section 
A5.3). The discharges did not d i f f e r more than 1.5 percent. 

As an example the influence of the dam-porosity on the value of ADn is 
shown in Figure IV.5 f o r a horizontal closure with highest astronomical 
t ide used as a boundary condit ion. 

stone-parameter 
horizontal closure, sill at B.M. - ?0 m 

4 e 

width of closure-gap (km) 
HAT - HAT Ind. porosity 

F i g u r e I V . 5 I n f l u e n c e o f t h e d a m - p o r o s i t y o n t h e s t o n e p a r a m e t e r A D „ 

The dif ference in the necessary stone-mass is considerable. Assuming a 
density of 2900 [kg/m 3] and A = 1.84 the maximum masses Mma)( become: 

HAT 

ADn = 3.5 [m] Dn = 1.90 [m] Mmax = 20.0 * 103 [kg] 

HAT including dam-porosity 

ADn = 2.9 [m] Dn = 1.58 [m] Mw, = 11.4 * 103 [kg] 
The dif ference in the results is large. However, f o r safety reasons and 
keeping in mind that the major i ty of stones w i l l be smaller than assumed, 
i t is advised to take only half the reduction of AD„ into account. Mmax in 
th i s case is s t i l l 15.2 * 103 [ k g ] . 
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A nnex V Design and costs of the basin dams 

The basin dams are planned in the closed part of the Gulf of Khambat 
protecting them from waves and water levels outside the closure dam. In the 
closed part of the Gulf the water levels and waves are very d i f f e r e n t from 
the unprotected part of the Gulf. 

Water level 

The water level in the t i d a l basin varies between BM + 4 metres and 
BM + 9 metres, and th i s var ia t ion takes place two times every 24 hours and 
50 minutes. The water level in the fresh water basin varies between BM + 2 
metres and BM + 10 metres, both extremes occurring very seldom. The water 
in the fresh water basin can r i se 4 metres in a very short time i f the 
Narmada has an extreme discharge. The water level only drops r e l a t i ve 
rap id ly i f the overflows are used in case of a basin level threatening to 
exceed 
BM + 10 metres. This w i l l only happen when the level in the basin is 
already high (more than BM + 8 metres) and a high water wave in the Narmada 
is on the way to the Gulf of Khambat. In normal conditions the water level 
in the fresh water basin is very s tabi le between BM + 4 metres and BM + 8 
metres. 

Waves 

The waves in the two basins are always l imi ted by the possible fetches of 
the wind. The fe tch over water with a depth of more than 10 metres are 
never longer than 20 km. The wind speed in the closed part of the Gulf are 
also l i m i t e d . Wind speeds of 35 metres per second blowing from other 
direct ions than the South can never be expected due to the sheltering 
e f f e c t of the main land. A wind speed of 31 metres per second blowing from 
east north and west can be expected with a change of 1 % of exceedance. The 
wind speed with a change of 2 % of exceedance is set at 24 metres per 
second. 

These more comfortable conditions f o r the basin dam and north side of the 
closure dam, make i t possible to design a less high, less defended, and 
less costing basin dam compared to the closure dam. 

Since there is no current of any signif icance during the construction of 
the basin dam (the closure dam has already been bu i ld ) the dam can easi ly 
be made with sand. In the Gulf of Khambat thick layers of sand can be found 
beginning at the bottom of the Gulf. These layers contain sand with a grain 
size suitable f o r dam construct ion. Suction dredges with pipe lines can be 
used to transport the sand of place of extract ion to bui ld ing place. 

Slope of the dam 

Dumping the sand on the bui ld ing place the sand w i l l have a slope of 
1 : 15 i f i t is dumped under water. I f the sand is dumped above water level 
a slope of 1 : 1.5 can be realised (an angle of 34 degrees with the 
ho r i zon ta l ) . The f a i n t slope of the sand under water costs enormous 
quant i t ies of sand. I f the water level in the closed part of the Gulf is 
lowered as much as possible the quantity of sand needed f o r the cons t ruc t i ­
on can be kept as low as possible. The water level in the basin can be 
lowered by opening the intake structure i f the water level is low at the 
south side of the dam. The intake structure are closed i f the water level 
in the unclosed part of the Gulf rises again. By constantly l e t t i n g water 
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out during ebb the water level in the basins should be able to drop to BM + 
2.5 metres. The minimum water levels as resul t of ebb vary between BM - 0.5 
metres and BM + 2 metres. An extra advantage of the low basin level is the 
reduction in the quantity of sa l t water present in the fresh water basin to 
be. 

Height of the basin dam 

The height of the dam of the dam is determined by two fac to rs ; the water 
level and the wave height. In the design of the dam a maximum overflow of 
the dam is accepted of 10 l i t r e s of water per second per meter dam. This 
quanti ty of water is the discharge as resul t of wave run over. 
The equations to calculate the height of the dam f o r th i s discharge are 
given below in equations V . l , V.2 and V.3: 

_ q T 1 / 3 v ' c o t g U ) 1.6 * 10" 3 * 2% 

0.1 * 1.15 Hx/3 g <-
TW, . ( V - l ) 1/3 

15 

l o g ( Y) = -0 . 214 X2 - 0 . 7 87 X + 0 . 10 3 (V.2) 

X J [ ( H 1 / 3 / l . 6 ) g ( r i / 3 / l . l 5 ) 2 / 2 T r T ( v . 3 ) 
cotg(a) 

in which : 
q = average discharge over dam in 1/s per metre1 

H 1 / 3 = s i g n i f i c a n t wave height in metres 
T 1 / 3 = s i g n i f i c a n t wave period in seconds 
tg (a) = the slope of the dam 
g = acceleration of gravi ty 
z = height of the dam above mean water level in metres 

The unknown factors in the equations are the wave height, the wave period 
and the slope. The average discharge a f t e r a l l has been set at ten l i t r e s 
per second per metre. This discharge may seem very high, but has to be seen 
in the l i g h t of the occurrence of once in the 100 years. I f the height of 
the dam is calculated with the waves generated by the wind speed of 31 
metres per second ( s i g n i f i c a n t wave height is 3.0 metres, s i g n i f i c a n t wave 
period is 5.5 seconds) and a slope of 1 : 3, z is 4.8 metres. I f a slope of 
1 : 6 is used z is 2.4 metres. The width of the dam and the quanti ty of 
sand required f o r the dam does not change much by t h i s change in slope. For 
a windspeed of 24 metres per second ( s i g n i f i c a n t wave height is 2.3 metres, 
s i g n i f i c a n t wave period is 5.0 seconds) and a slope of 1 : 3, z is 3.6 
metres. Again i f the slope is set at 1 : 6, z halves to 1.8 metres. 
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Quantity of sand 

I f the wind speed of 31 metres per second is taken the value of height of 
the dam becomes BM + 10 metres + z = BM + 15 metres. With the slope of the 
dam known (1 : 15 from bottom to BM + 3 metres and 1 : 3 above BM + 3) the 
quanti t ies of sand required f o r the four basin dams can be calculated. The 
resul t is given in Table V . l . 

Alignment Length (km) Surface (km2) Quantity of 
sand (106 m3) 

1 30.0 256 115 

2 34.5 363 116 

3 43.5 473 111 

4 49.5 510 114 
Table V. 1 Characteristics for the four tidal basin d [ams 

From the table i t fol lows surpr is ingly that the quantity of sand required 
f o r the alignments does not vary much. For alignment four less sand is 
required than f o r alignment one, but the basin surface area is more than 
double. The reason f o r t h i s unexpected resul t l i es in the Makra bank. The 
alignments of basins 3 and 4 fo l low th i s bank with depths of less than 5 
metres below BM f o r more than half of t he i r length, while the alignments 
f o r the basin dams of basins 1 and 2 have to cross depths of more than 15 
metres below BM. 

The chance of a maximum water level combined with the maximum wind speed 
and accompanying waves is however very s l im. Therefore the waves as resu l t 
of a wind speed of 24 metres w i l l be taken in combination with the maximum 
basin l eve l . I f a wind speed of 31 metres per second can be expected and 
the water level in the basin is higher than BM + 9 metres water can be l e t 
out through the spi l lway. The reduction in sand required f o r the dam by 
construction more than equals the costs of loss of water in such a case. 
The reduced quanti ty of sand i s : 

basin 1 
basin 2 
basin 3 
basin 4 

115 106 m3 - 4 106 m3 = 111 106 m3 

116 106 m3 - 5 106 m3 = 111 106 m3 

111 106 m3 - 5 106 m3 = 106 106 m3 

114 106 m3 - 6 106 m3 = 108 106 m3 

The revetment of the dam however does have to be calculated with the 
maximal calculated wave height of 3.0 metres. 

Reduction of seepage 

The d i f fe rence in water level between the two basins (the t i d a l basin and 
the f resh water basin) can be as much as 6 metres in case of a f u l l f resh 
water basin and a low t i d a l basin. This d i f ference would resul t in a 
considerable seepage through the dam i f no precautions were taken. There 
are two pr inc ip les of defence possible against t h i s seepage: a impermeable 
core ( f o r instance made of clay) or a impermeable revetment ( f o r instance a 
geotext i le with blocks on i t or a layer of clay with blocks). Both p r i n c i ­
ples have been looked at and the costs of both solutions have been calcula­
ted. 

V-3 



Gulf of Khambat 

An impermeable revetment has the advantage that i t can be placed a f t e r the 
sand has been dumped. A core made of clay has to be made during the dumping 
of sand. A second advantage an impermeable revetment is that i t has a 
higher e f f i c i e n c y than an impermeable core. I f the revetment is made 
impermeable from BM + 3, where the dam has a slope of 1 : 3, to the crest 
of the dam the length through the dam f o r the seepage water is more than 70 
metres. I f the core is made impermeable from BM + 3 to the crest hight the 
seepage length is only reduced to 45 metres. I f he core is t r i e d to be 
made impermeable to a depth lower than BM + 3 a d i f f i c u l t y in constructing 
arises. The clay w i l l have to placed below the water level in the basin, 
t h i s implies dumping the clay on the sand dam while i t is s t i l l below the 
water surface. 

An a l ternat ive f o r the clay core is a core made of bentonite mixed with 
cement. This core can be made when the sand p r o f i l e has been f i n i shed . A 
gu l ly is made in the dam, during excavation the bentonite is pumped in the 
gu l ly to prevent i t from collapsing. Bentonite is a l i q u i d substance of 
clay par t ic les with water, the substance has a volemic weight of 11 kN/m3. 
This volemic weight makes i t possible to make s tabi le gu l l i e s with slopes 
of 90 degrees. The depth of these gul l ies can increase to 40 metres and 
more. The cement is added to the bentonite to make the l i q u i d impermeable 
a f t e r hydration. The most important disadvantage of th i s a l te rnat ive are 
the costs. One cubic metre of bentonite/cement placed in the dam w i l l cost 
US$ 75 (Rp 2000) making th i s a l ternat ive much more expensive than the clay 
a l t e rna t ive . 

Since the quanti t ies of clay required f o r reduction of the seepage length 
do not vary much f o r the two al ternat ives the impermeable revetment is 
chosen f o r i t s f e a s i b i l i t y . 

Slope protection 

The slope protection must be stable under the design conditions and must 
prevent fo r loss of base mater ia l . In the protection a layer of clay must 
be integrated to reduce the seepage length. The thickness of th i s layer of 
clay is par t ly determined by the way of construction. The minimum thickness 
is 0.80 metres. In the design the thickness w i l l be set at 1.0 metres 
leaving some reserve f o r construction deviations. The concrete blocks can 
not be placed d i r e c t l y on the layer of clay, since th i s layer may not be 
exposed to da i ly occurring hydraulic wave loads. Therefore a geo t e x t i l e 
and a th in f i l t e r layer w i l l be placed between the clay and the concrete 
blocks. The t h i n f i l t e r reduces the requested dimensions of the stones of 
the upper layer. 

F i r s t a s imp l i f i ed design method [ l i t . (20)] w i l l be applied. When pitched 
stones on a granular f i l t e r are used a subdivision can be made between: 
good, moderate and poor designs. Here we s t r ive f o r a good design which 
implies the fo l lowing demands (see also the f low-char t of Figure V . l ) : 

The f i l t e r layer is t h i n : b/D < 0.5, where b and D are the thicknes­
ses of respectively the f i l t e r layer and the stones. 

The f i l t e r material is f i n e : D f l 5 < 10 [mm], where D n s is the pa r t i c l e 
size of the f i l t e r that is not exceeded by 15 % (by weight) of the 
pa r t i c l e s . 
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The outer layer is open, the 
value of fi ( r e l a t ive opening 
surface) must be bigger than 
3%, and the openings are not 
f i l l e d . For deta i ls about the 
holes see the f low chart. 

The design can s ta r t under the as­
sumption that a good construction 
w i l l be possible. The s i m p l i f i e d 
design method establishes a r e l a t i ­
on between the breaker parameter £m 

and the parameter HS/AD. 
F i r s t the design-wave must be 

known in order to compute £m. For 
the check on the wave run-up H, / 3 = 
2.3 [m] has been used, having a 
recurrence in terval of 50 years. 
For the loads on the revetment ho­
wever, the wave with a chance of 
occurrence of 1/100 per year is 
chosen: 

H I / 3 = 3.0 [m] 
T = 5.5 [ s ] 

outer layer on granular filter? 

Yes ' N O 

b/D > 0.5 

Yes No 

ty15< 10 [mml| 

Yes 
No 

holes and clefts 
Yes fined? 

Yes No 

holes? 

Y e s ! 
i 

No 

e t c < 0.3 [m] and Q > 7 % ? I j 0 < 3% 
| No Yesj 

etc > 0.3 [m] and q > 15 % ? Yes No 

Yes+ j . 
pitched stone | 

type 3a 

Figure V . l Part of the flow chart for 
the construction type 

The mechanism of the u p l i f t i n g of a block is ruled by the wave attack and 
s p e c i f i c a l l y by the way the wave breaks. This process is described by the 
breaker parameter (Eq. V.4) . 

tan a ( V . 4 ) 

F i r s t the wave-length L0 must be computed. For th i s r e l a t i v e l y short wave 
the deep-water equation can be used: 

L0 = 1.56 T = 47 [m] 

in becomes: 

1/3 
V3 . 0/47 1.32 

Now the required value of HS/AD can be read in the graph of Figure V.2. In 
th i s case: 

HS/AD = 4.6 
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Slones on a granular filter, favourable construction (type 3a) (check Ihe result with the 
analytical method). 

rigure V.2 Design graph for a good construction of stones on a granular filter 

The value of A is determined using a spec i f ic gravi ty of concrete of 2500 
[kg/m 3 ] . Then A becomes (2500 - 102O)/1020 = 1.45. A f i r s t estimate of the 
necessary thickness of the blocks i s : 

D = H s

; = - =0.45 [m] 
4.6 A 4.6 -1.45 

In a f u r t h e r stage th i s value must be checked with the ana ly t ica l method 
[ l i t . ( 2 0 ) ] . 

The layer thickness found f o r the stones implies that the f i l t e r thickness 
is maximum 0.22 [m]. In the design a layer of 0.20 [m] th ick is proposed. 
Stones without holes are chosen here, which implies that the r e l a t i v e open 
surface Q must be larger than 3 %. Cle f t s of 10 [mm] between the blocks 
s a t i s f y t h i s requirement when blocks are applied with dimensions of 0.60 * 
0.60 * 0.45 [m 3 ] . A view of the design is presented in Figure V.3. 

As already mentioned the basin-level can be lowered t i l l a level of BM + 
2.5 m. f o r construction purposes. Below th i s level the supposed cons t ruc t i ­
on can not be applied. This asks f o r a toe-construction. An example of a 
possible toe-construction is shown in Figure V.4. At the t i d a l basin side 
of the basin dam the minimum water level is BM + 4 metres. The layer of 
rock w i l l have a minimum length of 10 metres ending at BM + 2.3. At the 
fresh water basin side of the basin dam the minimum water level is 
BM + 2 m. With a water level of BM + 2 metres the waves generated in the 
Gulf of Khambat w i l l have less depth avai lable , the design wave height of 3 
metres w i l l never be reached near the dam. But to reduce the danger of sand 
f lowing away with incoming waves at low water-levels , the layer of rock 
w i l l be carr ied through over a distance of 30 metres ending at BM + 1 m. 

A f i g u r e of the cross section of the dam is presented in Figure V.5. 
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rock penetrated with 
concrete 

Figure V.4 Example of toe-construction 
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Costs of the basin dam 

For the basin dam f i v e d i f f e r e n t materials are used, the price of these 
materials is given in Table V.2. 

material price per uni t (Rp) uni t 

sand 34 [m3] 

clay 62 [m3] 

concrete blocks 110 piece 

geo t e x t i l e 80 [m2] 

layer of broken 
stones or gravel 

100 [m3] 

rock 150 [m3] 
basin dams 

The prices of sand and clay have been taken from the Reconnaissance study 
( l i t [ 5 ] ) with a rate of i n f l a t i o n of 7.5 % annual. The prices of broken 
stones and of rock have also been taken from the reconnaissance study. The 
price of rock has been taken as example pr ice , a reduction has been made 
since these stones have smaller diameters and are easier placeable. The 
price of a concrete block have been calculated with an average price f o r 
one cubic metre concrete of Rp 1080 (US$ 25). The price of the geo t e x t i l e 
has been set with the prices known from recent projects . 

The costs of the basin dams f o r basins 1 and 2 w i l l not be calculated since 
these basins w i l l not be fu r the r evaluated f o r economical f e a s i b i l i t y . The 
costs made f o r the sand is a simple mu l t i p l i ca t i on of quantity of sand 
(given in Table V . l ) and price of the sand (given in Table V .2 ) . The costs 
made f o r the other materials are costs depending only on the length of the 
basin dam. The quant i t ies of material used f o r one metre of basin dam is 
given in the paragraph below. 

In one metre of basin dam the length of the revetment including the crest 
is 76 metres (6 metres of crest and 35 metres of slope on both sides). 
Clay: 76 mz times 1.0 metres is 76 m3. 
Broken stone or gravel: 76 m2 times 0.2 metre is 15.2 m3. 
Geo t e x t i l e : 76 m2 plus 2 times 5 m2 extension is 86 m2. 
Concrete blocks: 76 m2 divided by (0.6 m)2 is 211 blocks. 
Rock: (10 metres ( t i d a l basin side) + 30 metres ( f resh 

water basin side)) times 1.0 metre thickness is 
40 m3. 
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The costs of clay and broken stone may be reduced with the price of sand 
since these materials take the place of sand already accounted f o r . 
The price of one metre of basin dam becomes: 

Clay: 76 * (62-34) = 2130 Rp 
Broken stones: 15.2 * (100-34) = 1000 Rp 
Geo t e x t i l e : 86 * 80 = 6880 Rp 
Concrete blocks:211 * 110 = 23210 Rp 
Rock: 40 * 150 = 6000 Rp 

Total price per metre1 = 39220 Rp (US$ 1450) 

The price of the basin dam according alignment 3 is : 
43,500 m * 39220 Rp/m + 106 * 106 m3 * 34 Rp/m3 = 
Rp 170 crores + Rp 360 crores = Rp 530 crores (US$ 200 mln). 

The price of the basin dam according alignment 4 is : 
49,500 m * 39220 Rp/m + 108 * 106 m3 * 34 Rp/m3 = 
Rp 195 crores + Rp 365 crores = Rp 560 crores (US$ 210 mln). 
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Annex VI Turbine characteristics 

The turbine is the most essential part of the t i d a l power s t a t ion . I t 
translates the energy of the water in the basin to e l ec t r i c energy. For a 
turbine many character is t ics have to be known to determine what the output 
of the turbine w i l l be when i t is placed. To obtain these character is t ics 
calculat ions and tests are made in the research centra of the manufactu­
rers . These tests and calculations are so important f o r the market value of 
a turbine that these f igures are kept secret f o r as long as is possible. 
Only when a concrete plan f o r a structure with turbines is presented by a 
known company or i n s t i t u t e , the turbine character is t ics are given wi th the 
r e s t r i c t i o n of secrecy to outsiders. 

Therefore the character is t ics of a turbine used by S. Delfgaauw f o r a t i d a l 
power scheme in the Wyre Estuary (England) are used as basis model f o r a 
turbine in the Gulf of Khambat.The character is t ics of th i s basis turbine 
are presented in f i gu re V I . 1 . The exact e f f i c i e n c y curves of th i s turbine 
are not known. In the turbine diagram an e f f i c i e n c y is presented of 85 % 
average. In the Wyre project the turbine was also used as pump when the 
basin was f i l l e d . In the project in the Gulf of Khambat the turbines are 
not used as pumps, therefore a higher e f f i c i e n c y of the turbines is 
suggested: 90 % average. The p o s s i b i l i t y of using detailed e f f i c i e n c y 
curves in the Duflow model is very l imi ted 

3OC.00 

Turbininq Characteristics 

Discharge ( m - 3 / s ) Power Output (MW) 
U.0C 

Discharge 
Power 

M2.00 
275.00H 

h 10.00 

250.00H 

r -400 

h-2.00 

150.00 •.00 

2 4 
Heed (m) 

5 6 7 

Figure V I . 1 Characteristics of the basis turbine 
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This basis turbine has a diameter of 6.0 metres, and a design head of 5.5 
metres. With these dimensions a maximum discharge can be processed of 
250 m3/s, resu l t ing in a maximum net power output of 12,5 MW. The r o t a t i o ­
nal speed of the turbine is 58.9 rpm. In the Gulf of Khambat the working 
conditions of the turbines d i f f e r much from the conditions in the Wyre. In 
the Gulf of Khambat the number of turbines is much higher than in the Wyre, 
therefore the diameter of the turbines can be enlarged to the maximum 
possible diameter. In the present technology the maximum diameter f o r 
turbine with a horizontal axis is 8 metres. This diameter is chosen f o r 
th i s project in order to reduce the number of turbines. Disadvantages of 
such large diametered turbines is the s e n s i t i v i t y of the structure f o r 
v ib r a t i on , ( th i s s e n s i t i v i t y determines the maximum attainable diameter), 
and the depth of the t o t a l s t ructure. When a larger diameter is used f o r 
the turbine , the foundation of the power-house has to go down the d i f f e r e n ­
ce in diameter. One half times the difference because the axis of the 
turbine has to be located on the same hight , and a second half times the 
di f ference because the powerhouse structure below the turbine equals half 
the size of the turbine diameter. Since the subsoil of the Gulf of Khambat 
consists mostly of sand a deeper foundation of the power house does not 
form a major constraint . I t would become a problem i f the subsoil would 
consist of rock. 

With t h i s new diameter f o r the turbine a new set of character is t ics f o r the 
turbine can be calculated with the help of the two expressions given below 
in equations V I . 1 and V I . 2 . These equations give the connection between 
s imi lar turbines f o r d i f f e r e n t diameters (D), d i f f e r e n t heads (H), d i f f e ­
rent ro ta t ion speeds (n) and d i f f e r e n t maximum discharges (Q). 

Q 

n D 
= constant ( V I . 1 ) 

n* D< 
H 

constant (VI .2) 

I f the value f o r the diameter of the basis turbine is changed, the values 
of the ro ta t iona l speed and the maximum discharge w i l l change too. Using 
equation VI.2 the ro ta t iona l speed becomes: 

(58.9) 2 (6.0) 2 n2 ( 8 . 0 ) 2 

5.5 5.5 
n2 = (58.9) 2 ( 6 - 0 ) 2 

(8.0) 2 

n = 44.2 rpm 
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And the discharge can be calculated with equation V I . 1 : 

250 = Q 
(58,9) (6.0) 3 (44.2) (8.0) 3 

Q = < 4 4' 2> ' U » 3 250 (58.9) (6 , 0 ) 3 

Q = 445 m3/S 

I f the design head over the turbine also changes and is set as a var iable , 
a new equation can be made. The equations VI .1 and VI.2 f i r s t are rewri t ten 
as: 

-S = constant A Jull 
n H = constant 

Then the two equations can be combined to 

Cv = Q 
n 

5.5 m n 5 .5 fl? 

in which Q 5 5 m = 445 rn3/s 

and n 
n 5.5 m N 

0 „ = 445 H 

5.5 m 

m3 / s 

(VI .3 ) 

or Qx = 190 v
r17X m3/s 

The gross power of a turbine is a product of the discharge, the head and 
the spec i f ic gravi ty of the water f lowing through the turbine . 

^turbine = P * 9 * H * Q ( H ) 

p = 102 0 kg/m3 

g = 9.8 m/s2 

Q(H) = 190 JH m3/s 

P t u r b i n e = 1.9 * 10 s v ^ 1 W = 0.19 v ^ 1 M 
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Both equations f o r power of and discharge through the turbine can be set 
out in a graph, th i s is done so in Figures VI .1 and VI.2 

discharge (m*3/s) 

Figure VI.2 Maximum discharge as variable of the design head 
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;igure VI . 3 Gross output of the turbine as variable of the design head 
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Annex VII Aspects of the design of the powerhouse caisson 

The dimensions of the powerhouse caisson are very much determined by the 
dimensions needed f o r the turbines placed in i t . The turbine used has a 
diameter of 8 metres. This turbine requires an d r a f t tube with a length of 
7.5 times the diameter size which amounts to a length of 60 metres. Three 
times the diameter is needed f o r the entrance tube. Four and a half times 
the diameter of the turbine is needed f o r the ex i t tube. 

The prescribed entrance has a width of 14 metres, and a hight of 18 
metres resul t ing in an entrance area of 252 m2. The prescribed ex i t has a 
width of 14 metres, and a hight of 15 metres resu l t ing in an entrance area 
of 210 m2' In the design of the powerhouse caisson these dimensions have 
been s l i g h t l y changed in able to get more turbines in one caisson. The 
entrance has been given a width of 13 metres and a height of 19 metres, the 
entrance area almost remaining the prescribed 252 m2. The ex i t has been 
given a width of 13 metres and a height of 16 metres, the ex i t area 
remaining the prescribed 210 m2. With th is reduction in width the width of 
the caisson can be decreased o f f e r i n g place to the same number of turbines. 

The axis level of the turbine is set at BM - 12 metres to avoid cavita­
t i o n . This level can only be calculated i f a l l dimensions and a l l characte­
r i s t i c s of the turbine and the powerhouse are known. In th i s case an 
estimation has been made from information given in the report of S. 
Delfgaauw ( l i t [ 2 3 ] ) . With th i s axis level the place and size of the 
entrance and ex i t area are known and a f i r s t sketch can be made of the 
f r o n t and back of the caisson. These sketches are given in Figure V I I . 1 and 
Figure V I I . 2 . 

bm + 15 m 

T 
| 

J 
E 

13 m. 

i i i i l i l 

bm - 2.5 m 

bm - 1 2 m 

bm - 21.5 m 

bm - 25 m 

' i g u r e V I I . 1 V i e w o f t h e e n t r a n c e s i d e o f t h e p o w e r h o u s e c a i s s o n 
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E 
CO 

13m. 

bm +15 m 

bm - 4 m 

bm - 1 2 m 
—t 

bm - 20 m 

bm - 25 m 

F i g u r e V I I . 2 V i e w o f t h e e x i t s i d e o f t h e p o w e r h o u s e c a i s s o n 

The dimensions of the d r a f t tube are given in two cross sections of the 
power house caisson, Figures V I I . 3 and V I I . 4 . 

60 metres 
4 metres 

3 metres 

F i g u r e V I I . 3 H o r i z o n t a l c r o s s s e c t i o n o f t h e p o w e r h o u s e c a i s s o n 
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The ve r t i c a l cross section A-A is given in Figure V I I . 4 . 

BM + 15 m 

gates 

BM - 25 m 

Figure VII .4 Vertical cross section A-A of the power house caisson 

The roof of the power house caissons has a width of 60 metres. This width 
has to be used f o r the entrance to the generator and turbines, and f o r the 
double track railway and the road. In section 4.6 of the main report the 
dimensions f o r these railway and road are estimated with a width of 25 
metres. This leaves 35 metres f o r the entrance to the generator and 
turbines, and a crane used f o r placing the generator and turbines. A 
possible d iv i s ion of the available space is given in Figure V I I . 5 . 

basin side 

generator axis turbine axis 

- ' l x .-'N 

r i 
entrance p 

h 
mk 

crane 
m 

\ fl 
J L 

double track 
railway 

road 

sea side 

heigth 10 metres BM + 15 metres 

Figure VII .5 Division roof of power house caisson 
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For the r a i l s of the crane and the r a i l s of the railway a special construc­
t ion has to be made in the caisson since the pressure of the axles of the 
t r a i n and the crane can be considerable. In Figures V I I . 3 and V I I . 4 assump­
tions have been made f o r the gates and the thickness of the wall at the 
bottom of the caisson and the walls between the d r a f t tubes. In the next 
paragraphs these assumptions w i l l be roughly checked. 

The load on the walls has i t s extremes f o r the d i f f e r e n t parts of the 
structure f o r d i f f e r e n t load combinations. The possible extreme loads are: 

1 a high or a low water level at the sea side of the turbine caisson 
2 a high or a low water level at the basin side of the turbine caisson 
3 a d r a f t tube set dry f o r maintenance 
4 the transport and placing of the caisson 
5 the load on the roof of the caisson (as resul t of t ra ins or the crane) 

The minimum water level at the sea side of the caisson is BM - 2 metres, 
the minimum water level at the basin side of the caisson is BM + 2 metres. 
The maximum water level at the sea side of the caisson is BM + 12 metres, 
the maximum water level at the basin side of the caisson is also BM + 12 
metres. 

The combinations of high and low water at both sides of the turbine 
caisson are highly correlated. A maximum water level at the sea side of the 
caisson is always correlated to a high basin water l eve l . A reduction in 
the basin water level to BM + 11 metres (see design of the basin dams) w i l l 
not be accepted f o r the design of the power house caisson. A water level 
reduction to BM + 11 metres only is realised i f a high basin level is 
expected in combination with extreme wind speeds. 
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Design of gates 

The maximum load on the gates occurs i f the d r a f t tube is set dry f o r 
maintenance on the turbine , and the water levels at ei ther side of the 
caisson reach the i r maximum. The load on the gates is t ransferred to the 
walls between the d r a f t tube. This is the shortest route to the two 
possible set of lines of support. The f i r s t possible set of support-1ines 
are the horizontal l ines at the bottom and the top of the d r a f t tube. The 
distance between these two lines is 19 metres. The second possible and 
chosen set of support-1 ines are the support lines at both sides of the 
d r a f t tube. The distance between these to lines is only 14 metres. A scheme 
of the gate structure is given in Figure V I I . 6 . 

</5 

£ 

^ ^ ^ H top of entrance gate BM - 2.5 m 

water pressure over a 
distance of 13 metres 

distance between points 
of support 14 metres 

iLiiNi Ii. 

n r 

iii* 

stiff eners 

main beams 

bottom of entrance gate BM - 21.5 m 

Figure VII .6 Scheme of gate and its points of support 

The place of the d r a f t tube gate in the d r a f t tube can be changed only 
s l i g h t l y in case of the entrance gate. In case of the ex i t gate more 
var ie ty is possible. The gate can be placed at the end of the d r a f t tube. 
The distance between the support lines remains the ea r l i e r mentioned 14 
metres. The ex i t gate however can also be placed nearer to the turbine 
reducing the height as well as the span of the gate. The resul t is a 
smaller and much less heavy gate. 

Disadvantages of the location nearer to the turbine are a more disturbed 
f low pattern of the water leaving the turbine, and the necessity of using 
temporary gates closing of the rest of the d r a f t tube during transport . The 
resul t of the disturbance in the f low pattern of the water is a less 
e f f i c i e n t turbine. Extra advantages of the location nearer to the turbine 
are a higher horizontal pressure on the bottom, and a l igh te r structure 
around the part of the d r a f t tube which w i l l not be set dry. Around the 
d r a f t tube a heavy comb structure in needed to take the load of the water 
in the neighbouring d r a f t tubes. There where the d r a f t tube is s t i l l f i l l e d 
with water a l i gh te r structure can be taken. The horizontal pressure of the 
water in the not closed part of the d r a f t tube reduces the necessary 
f r i c t i o n c o e f f i c i e n t to t ransfer eventual horizontal forces to the bottom. 
The s t a b i l i t y of the caisson becomes better as resul t of a location of the 
ex i t gate nearer to the turb ine . 
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A more detai led study should give answers to what location of the gate is 
preferable. In th is annex the location of the gate is set at 10 metres 
distance of the turbine . The height of the gate becomes 12 metres instead 
of 17 metres at the end of the d r a f t tube. The span of the gate becomes 11 
metres instead of 14 metres. This reduction in span leads to a reduction in 
moment of 38 %. 

The maximum load on the gate occurs when the gate is closed and the 
d r a f t tube behind i t is set dry. The water level outside has a maximum of 
BM + 12 metres. For the design of the gate a lower water level could be 
accepted since the chance of th i s water level is very small. A regulation 
should then be made to not set dry the d r a f t tube in case of an expected 
extreme water l eve l . In th i s Annex the extreme water level is taken to rule 
out the chance on mistakes or to have a reserve to a possible water level 
r i s e . 

I f the water level rises to BM + 12 metres (the water level during an 
average spring is BM + 8.7 metres) the water pressure at the lowest point 
of the entrance door is 33.5 metres. I f the span of the door is 14 metres 
(a entrance width of 13 metres and 0.5 metres distance to the point of 
support) the moment in the middle of the span i s : 

M = 1/8 q I 2 

1 = 14 metres 

q = 32.75 m * 9.8 m/s2 * 1020kg/m2 

q = 3 27 . 5 kN/m2 

M= 1/8 * 327.5 kN/m2 * (lêm)2 

M = 8023 kNm 

The maximum moment in the door changes with the height. At the top of the 
entrance gate the maximum moment is 3553 kNm/m1. The course of the load and 
the maximum moment and the maximum shear force on the entrance gate is 
given in Figure V I I . 7 . 

The maximum moment in the much smaller ex i t gate is l imi ted to 4436 kNm at 
the bottom of the gate, and 2823 kNm at the top of the gate. To withstand 
that kind of moment the closure door has to be made from s tee l . The maximum 
stress steel can have is dependable of the qua l i ty of the s tee l . I f a 
qua l i ty Fe 510 is taken, the maximum stress is 360 N/mm2. 
The W of the entrance gate must have a value of 1.5 * 8023 * 106 Nmm d i v i ­
ded by 360 N/mm2 is 3.34 * 107 mm3 per metre at the lowest point of the 
door. The W required f o r the doors can not be provided by normal p r o f i l e s . 
The maximal w of standard p r o f i l e s is 1.43 * 107. These p r o f i l e s would have 
to l i e almost side to side to s a t i s f y . A p r o f i l e w i l l have to be made by 
welding plates of s tee l . 

I f the p r o f i l e is given a width of 1.5 metres the moment in the lowest 
p r o f i l e would become 1.5 * 1.5 * 8023 kNm = 18.1 * 103 kNm ( inc lus ive 
safety fac tor of 1.5). The required W f o r the p r o f i l e is 5.0 * 107 mm3. The 
p r o f i l e given in Figure V I I . 8 has a W of 5.20 * 107 mm3. The upper part of 
the p r o f i l e is a plate with a thickness of 35 mm. The tension in the lower 
plate (40 mm) is 18,051 * 10s Nmm / 5.21 * 107 mm3 = +347 N/mm2. The tension 
in the upper pla te , the plate holding back the water, is 18,051 * 106 Nmm / 
7.99 * 10' mm3 = -226 N/mm2. 
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M max = 8023 kNm 

Figure VII .7 Course of moment and shear force 

The shear force gives a shear stress in the z -d i rec t ion . The force only 
gives a shear stress in the v e r t i c a l plate of the beam. The surface of t h i s 
plate is 1500 * 40 mm2. The shear stress is maximal near the points of 
support and has a size of 1.5 * 2293 * 103 N/ 60,000 mm2 = 57 N/mm. The 
p r o f i l e has enough surface to res i s t t h i s shear force . Even the combination 
of the maximum shear stress and the maximum stress caused by the moment in 
the beam (not taking place in the same part of the beam) could be absorbed 
by the beam given in Figure V I I . 8 . The maximum combined stress i s : 

°e,max = 347 N/mm2 

*s,max = 57 N/mm2 

°cma* = \/ae,ma*2 + 2 * ° s,max 2 = ^(347 N/mm2)2 + 2 * (57 N/mm2)2 

CTc,max = 3 56 N/mm2 < a m a x = 36 0 N/mm2 
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1500 mm 

S 
E © o i n 

4_ 

E 
E 

m 
CM 

35 mm 

40 mm 

A - 133,500 mmA2 
z = 902 mm 
W under - 5.21 10 A 7mm A 3 
W above = 7.99 10A7 mmA3 
lzz = 4.7 10 A10mm A4 

40 mm 
600 mm 

F i g u r e V I I . 8 M a i n b e a m w i t h c h a r a c t e r i s t i c s 

To r es i s t the water pressure on the plates between the beams extra strength 
and s t i f f n e s s is required. Perpendicular to the main beam p ro f i l e s as drawn 
on the next page are added. 

200 mm A 

35 mm --> 
B 100 mm 

<--

35 mm 
c 

35 mm 

100 mm 

These s t i f f e n e r s are placed at 0.75 metres from each other reducing the 
span of the plate holding back the water. The necessary dimensions of the 
s t i f f e n e r s is dependable of the depth on which they are placed. At the 
lowest point of the door the length of the s t i f f e n e r s is 1.5 metres and the 
load 0.75 metres times the load of average 30 metres water pressure. 

q = 1.5 * 0.75 m * 1020 kg/m3 * 9,8 m/s2 * 30 m 
q = 337 kN/m 

The maximum moment in these s t i f f e n e r s i s : 
M = 1/8 * q * I 2 

M = 0.125 * 337 * 1.52 

M = 95 kNm 

I f the thickness of the s t i f f e n e r is 35 mm (the same as the plate on which 
i t is attached) and the hight of the s t i f f e n e r is 100 mm, the W of the 
s t i f f e n e r is 417 * 103 mm3, r esu l t ing in a tension in the outer plates of 
227 N/mm2. 
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At the top of the gate the load on the door is only 50 % of the load at the 
bottom of the gate. The main beams can be placed at the double distance 
compared to the bottom of the gate. The resul t ing moment on the s t i f f ene r s 
increases to : 

q = 1.5 * 0.75 m * 1020 kg/m3 * 9,8 m/s2 * 15 m 
q = 169 kN/m 

M = 1/8 * q * V 
M = 0.125 * 169 * 3.02 

M = 190 kNm 

The s t i f f ene r s with a height of 100 mm do not comply with the moment of 190 
kNm. I f a height of 110 mm is chosen the value of W increases to 5.5 105 

mm3. The tension in the outer plate C r ise to 318 N/mm2. The tension in the 
gate plate A is maximal in the middle of the span and is 212 N/mm2. The 
shear force in the s t i f f ene r s causes no problems. 

To use only one sort of s t i f f ene r s f o r one gate the s t i f f ene r s with a 
height of 110 mm w i l l be used f o r the top as well as the bottom of the 
gate. The difference in use of steel is to l i t t l e to make a changing size 
of the s t i f f e n e r s . The structure scheme of the entrance gate is given in 
Figure V I I . 9 
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F i g u r e V I I . 9 S t r u c t u r e s c h e m e o f t h e e n t r a n c e g a t e w i t h m a i n b e a m s a n d 
s t i f f e n e r s 

To secure a water t ight closure special precautions have to be made at the 
sides of the gates, as well f o r the entrance gate as f o r the ex i t gate. 
These special precautions consist of an extra beam at the sides of the 
gate, making sure that the sides, the bottom and the top of the gates w i l l 
not bend to much. I f the bending is to much a water t ight closure is not 
possible, with the beams small cracks however w i l l s t i l l ex i s t . 
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These cracks have to be closed with slabs at the side and the bottom of the 
gate. The slab at the top of the gate has to be attached to the d r a f t tube. 
The posi t ion of the slabs on the gate is given in Figure VI I . 10 . 

The maximum moment in the much smaller ex i t gate is l imi ted to 5220 kNm 
(compared to 8023 kNm f o r the entrance gate). The main beam can therefore 
be less high and less heavy. The dimensions of th i s beam: 

top plate holding back the water: 1500 mm * 35 mm 
v e r t i c a l plate : 35 mm * 1130 mm 
bottom plate : 600 mm * 35 mm 
t o t a l height of the door : 1200 mm 

t o t a l surface : 113,050 mm2 

z = 761 mm 
Wtop = 5.95 * 107 mm3 

Wbot = 3.43 * 107 mm3 

I = 2.62 * 1010 mm4 

The s t i f f e n e r s and the side beams can also be l igh te r (less load and less 
he ight ) . The resul t is a gate with a weight of 100,000 kg compared to 
200,000 kg f o r the entrance gate. The costs of the ex i t gate is estimated 
at US$ 400,000 (US$ 4.00 per kg) , the costs of the entrance gate is 
estimated at US$ 800,000. 

Figure V I I . 10 Precautions to make the gate watertight 
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D e s i g n o f t h e v e r t i c a l c a i s s o n w a l l s b e t w e e n t h e d r a f t t u b e s . 

13 m. 

The d r a f t tubes in the power­
house caisson are surrounded 
by a comb-structure as showed 
in Figure V I I . 1 1 . In the next 
pages a l imi ted out l ine design 
of the ver t ica l s and bottom of 
t h i s comb structure shall be 
made. The design shall be ba­
sed on the load on the s t ru­
cture . In a more detai led ca l ­
culat ion the consequances of 
the cracks and the sa l t water 
in t rucion in the cocrete must 
be handled. The qua l i ty of the 
concrete is B35, the qua l i ty 
of the reinforcement steel is 
FeB 500. 

combs the exact 
the d r a f t tube are realised 

of the caisson is b u i l d , 
the t o t a l caisson is 

been given a 
V I I . 3 . In the 

super Structure 

draft tube i | draft tube L4 draft tube^; 

4e 

3 m. 

foundation 

Figure V I I . 11 Comb structure 
house caisson 

of power 

Inside the 
dimensions of 
superstructure 
foundation of 
d r a f t tubes have 
sketch of Figure 
walls w i l l be 
Figure VI1.12 

Above the comb-structure the 
Below the comb-structure the 

real ised. The ver t ica l s between the 
thickness of 3 metres in the preliminary 
next pages the exact dimensions of these 

determined. The load scheme of the ver t ica l s is given in 

F vert 2 

vertical wall 

F hor 1 
F hor 2 

q water 

Fvert 1 
Figure V I I . 12 Load scheme of vertical wall 
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The maximum load on the walls occurs when one of the d r a f t tubes is set 
dry. In that case at one side of the wall the f u l l water pressure can be 
present while at the other side no water pressure is present at a l l . Other 
forces on the wall in the same load case are a ve r t i ca l force Fv of the 
superstructure and a horizontal force Fh between the two gates" holding 
back the water. 

To determine the value of Fv the weight of the super structure must be 
known. Then the u p l i f t i n g force of the water in the neighbouring d r a f t tube 
(water pressure on the roof of the d r a f t tube) should be subtracted from 
th i s value. The dif ference between FV>J and Fv 2 l ies in the weight of the 
wall i t s e l f . The importance of th i s weight is dependable of the value of 
F v 2 , i f th i s force is much larger than the force as resul t of the weight of 
the wall the contr ibut ion of th i s wall can be neglected. 

The super structure has a hight of BM + 15 metres - BM - 2.5 metres = 17.5 
metres. Between BM - 2.5 metres and BM - 0.5 metres the concrete comb 
structure closing o f f the d r a f t tube at the top-side is planned. Of th i s 
two metres only 1 metre consists of concrete. The space inside the concrete 
r ibs w i l l not be f i l l e d in th i s design. However the p o s s i b i l i t y of f i l l i n g 
this^ area exis t s . The weight of th i s structure can be estimated at 25 
kN/m2. At the roof of the caisson an other structure is needed to support 
the road, railway and crane. For the roof of the caisson therefore a 
s imi lar structure is assumed with the same weight of 25 kN/m2. Between the 
structures a space remains of 13.5 metres. I f th i s space is divided over 3 
f l o o r s , two extra f l oo r s with an estimated thickness of 0.5 metres are 
needed. The weight of these f l o o r s is again 25 kN/m2. A l l the f l o o r s as 
well as the roof of the caissons have supports on walls placed r i g h t above 
the ver t i ca l s of the comb-structure. The weight of these walls is estimated 
at 170 kN/m1 (a thickness of 0.5 metres and a height of 13.5 metres). The 
outside walls holding back the water w i l l not be taken into account since 
the force of these walls w i l l be carried by only a small part of the 
ve r t i ca l s of the comb-structure (probably even only outside the closed 
part of the d r a f t tube). The last fac tor increasing the value of Fv is the 
weight of the equipment placed on the f l o o r s . The weight of th i s equipment 
is set at 40 kN/m2. The t o t a l value of Fss becomes: 
Fss = 16 metres * (25 kN + 25 kN + 25 kN + 40 kN) + 170 kN = 1900 kN 

The u p l i f t i n g force of the water in the neighbouring d r a f t tube i s : 
F u p H f t = 6.5 metres * (BM + 12 m. - BM - 2.5 m.) * 9.8 m/s2 * 1020 kg/m3 

= 945 kN 
= F. F„ t = 1900 kN - 945 kN = 955 kN 

For the ver t i ca l s a structure as shown below is taken. 

d r a f t tube 

3000 mm 

d r a f t tube 
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I f the v e r t i c a l consists of two r ibs A with a thickness of 0.4 metres the 
and beams B with a thickness of 0.5 metres the value of FViI becomes: 

FViJ = FVj2 + 19 metres * 25 kN/m3 * (2 * 0.4 metres * 1.00 metres + 1/2 * 0.5 
metres * 2.2 metres)) 
Fv>1 = 955 kN + 641 kN = 1596 kN 

The t o t a l load on the ve r t i c a l and i t s results f o r moment , shear force and 
normal force is given in Figure V11.13. 

945 kN 

q = 145 kN/m 

900 kN 

780 kN 

q = 335 kN/m j t 7 8 0 k N 

945 kN 2541 kN M 

B M - 1 3 . 6 m 

1979 kN 

10,105 kN 

955 kN 

2581 kN l596kN 
D N 

Figure V I I . 13 Load on the vertical and its results 

The maximum moment in the ve r t i c a l is at BM - 12.6 metres: 10,105 kNm/m. 
The shear force at th i s point is evidently 0. The normal force at th i s 
point i s : N = 955 kN + 10.1/19 * (1596 kN - 955 kN) = 1296 kN/m 

To determine the optimum cross section of the v e r t i c a l , four elements 
should be checked: 
1 the moment in the r ibs A between B 
2 the shear force in the r ibs A close to B 
3 the moment in the beams B at BM - 12.6 m 
4 the shear force in the beams B at the point of support at BM - 21.5 m 

VII-13 



Gulf of Khambat 

The moment in r ibs A: 

I f the distance between the beams B is set at 2 metres the maximum moment 
in the r ibs A i s : 
Ma = 1/16 * q * V 
in which 1 = 2 metres 

and q = (BM - 20.5 m - BM + 12 m) * 9.8 m/s2 * 1020 kg/m3 

q = 325 kN/m2 

Ma = 1/16 * 325 kN * (2 m)2 

Ma = 81 kNm 

Mc,a = Y * Ma = 1.7 * 80 kNm = 138 kNm 

The qua l i ty of the concrete is B 35, the steel used fo r reinforcement is 
FeB 500. 

/ 50 mm 
a max 

7K 

D - 400 mnri 

Nc - 1/2 * a * h * b 

1/3 h 

Nsy - As * a sy 

50 mm 

Figure VII . 14 Determination of rib 

a Nc + Ns = 0 
- 1/2 b h o c l = As o s 

b ( - O / h = ( e j / ( d - h ) 

c ec l * Ec = ac l 

es * Es = 0, 

a + b + c with ud = (AJ/ (b * d) and n = E s/Ec determines h as: 

h = d {-nod + t/ ((nw d) 2 + 2ntdd)} 
z = d - 1/3 h 

n = 205,000/32.000 = 6 . 4 
d = 400 mm - 50 mm = 350 mm 
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i f o)d = 0.5 % (A, = 1750 iranVm) then: 

h = 78 mm 
z = 324 mm 
o s = 138 * 106 Nmm/(1750 mm2 * 324 mm) = 243 N/mm2 

c l = - 138 * 10° Nmm/(l/2 * 1000 mm * 78 mm * 324 mm) = - 10.9 N/mm2 

(< 0.8 * 0.85 * 35 N/mm2 = 23.8 N/mm2) 

i f ad = 0.4 % (As = 1400 mm2/m) then: 

h = 71 mm 
z = 326 mm 
o s = 138 * 106 Nmm/(1400 mm2 * 326 mm) = 302 N/mm2 

o c l = - 138 * 106 Nmm/(l/2 * 1000 mm * 71 mm * 326 mm) = - 11.9 N/mm2 

(< 0.8 * 0.85 * 35 N/mm2 = 23.8 N/mm2) 

The horizontal force Fh in the ve r t i a l s has a posi t ive influece f o r the 
moment in the r i b s . Since the moment in these r ibs is very small and can 
easi ly be taken by a minimal reinforcement the force w i l l be l e f t aside 

The shear force in the r ibs A: 

The maximum shear force in the r ibs takes place at BM - 20.5 m. The load on 
the r ibs below BM - 20.5 m. is pa r t l y d i s t r ibu ted to the horizontals at the 
bottom of the d r a f t tube. The maximum shear force in the r ibs depends on 
the dimensions of beam B. I f a width of th i s beam of 500 mm is taken, the 
distance over which the load is working on the r ibs is 1500 mm. The maximum 
shear force than becomes: 

F s h 6 a r = 0.75 m * 325 kN/m2 * 1.000 m = 244 kN 

The safety fac tor included the shear force is 414 kN. 

A part of t h i s shear force can be t ransferred by the concrete. The rest 
w i l l have to be transferred by s t i r r u p reinforcement. 

concrete: Vcu = r, * b * d 
r, = 0.5 * 0.7 * f c t 0 = 0.35 * 2.4 N/mm2 = 0.84 N/mm2 

Vcu = 0.84 N/mm2 * 1000 mm * 360 mm = 302 kN 

steel : F = F s h e a r - Vcu = 112 kN/m1 

A„/t = 112,000 N/m/(335 mm * 400 N/mm2) 
A„/t = 0.835 mm3/m 
i f t = 100 mm then Ass is 83.5 mm2/m 

With a diameter of the s t i r rups of 8 mm, two s t i r rups have to be placed 
every meter. The cross section of the r ibs is shown in Figure VII .15 
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1500 mm 200 mm 
I—r diameter 16 mm 

500 mm 500 mm 

F i g u r e V I I . 1 5 C r o s s s e c t i o n o f r i b s A 

The moment in the beams B: 

The moment in the beams B is 2.0 m * 1.7 * 10,105 kNm/m = 34,360 kNm at 
BM -12.6 metres. The cross section of the r ibs between two beams can be 
added in the compressive zone of the beam at the place of the maximum 
moment. The cross section of the beam is as shown in Figure V I I . 1 6 . 

The moment in the beam can be reduced s l i g h t l y as resul t of the normal 
force Fv. A part of t h i s force (the u p l i f t i n g force of the water in the 
neighbouring d r a f t tube) has a small e x c e t r i c i t y , t h i s excen t r ic i ty shall 
not be taken into account in the design. The e f f e c t of th i s excen t r i c i ty is 
a small reduction (3 %) of the moment. This force results in a normal 
tension of: 

oc = Fv / Ac 

F, = 1.7 * 2 m * 1296 kN/m 
= 4407 kN 

Ac = 3000 mm * 500 mm + 
2 * 400 mm * 1500 mm 

= 1,200,000 mm 

oc = 4407 103 N/1.2 106 mm2 

= 3.7 N/mm2 

The beam has a value of W of 1/6 * w * h2 

W = 7.5 108 mm3 
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The moment the beam can 
withstand without tens i le 
stress i s : 

M = W * a 
= 7.5 108 mm3 * 3.7 N/mm2 

= 2.8 109 Nmm = 2800 kNm 

The moment in the beam is 
reduced to 34,360 - 2,800 
= 31,560 kNm 

A f i r s t estimation gives 
a value f o r z of 3000 
mm - 0.4 * 400 mm - cove­
r ing of reinforcement (60 
mm) = 2780 mm. 

The compression zone is 
l imi ted to the top 400 
mm. 

The stress in th i s zone 
is M/(z * A) + 2 * 3.7 
N/mm2 = 14.2 + 7.4 = 21.6 Figure V I I . 16 Cross section with ribs added 
N/mm2 (< 23.8 N/mm2) 

The amount of steel required f o r the reinforcement is M/(z * o j = 
31,560 * 106/2780 * 500 = 22,700 mm2. 

19 bars of steel with a diameter of 40 mm have a t o t a l surface of 23,120 
mm2. To place th i s amount of steel the reinforcement has to be placed in 
three rows, considerably reducing the value of z. 

The e f f e c t of the necessity of placing the reinforcement in three rows is a 
reduction of z from 2780 mm to 2580 mm. With th i s new value of z the 
tension in the concrete increases to 22.7 N/mm2. The quantity of re inforce­
ment steel becomes 24,470 mm2 (20 bars). 

In Figure VII .17 the cross section of the beam B is given with the calcula­
ted reinforcement. 

The shear force in beam B: 

The maximum shear force in the beams takes place at BM - 21.5 m. 
F s h 6 a r = 2581 kN/m * 2 m = 5162 kN 

The safety fac tor included the shear force is 8775 kN. 

A part of th i s shear force can be t ransferred by the concrete. The rest 
w i l l have to be t ransferred by s t i r rup reinforcement. An a l te rna t ive f o r 
t h i s s t i r r u p reinforcement is bending the reinforcement placed f o r the 
moment. This reinforcement is not needed at the part of the beam where the 
shear force is maximal. In th i s annex the s t i r rup re inforcent shal l be 
calculated without using the option of bending the moment-reinforcement. 

concrete: Vcu = r 3 * b * d 
f , = 0.5 * 0.7 * f c t 0 = 0.35 * 2.4 N/mm2 * 0.84 N/mm2 

Vcu = 0.84 N/mm2 * 5Ö0 mm * 3000 mm = 1260 kN 
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steel : F = F s h 8 a r -. Vcu = 7525 kN 
hj% = 7525,000 N/(2580 mm * 500 N/mm2) 
A s s / t = 5.8 mm3 

i f t = 100 mm then Ass is 580 mm2 

The s t i r rups w i l l have a diameter of 20 mm. The surface of a s t i r r u p <f> 20 
mm is 2 * 314 mm2 = 628 mm2. 

The concrete tension as resul t of the shear force also has to be checked. 
The scheme f o r t r ans fe r r ing the shear force is given in Figure V I I . 1 8 . The 
surface of the concrete diagonals between the ve r t i c a l s t i r rups i s : 

A = 1/2 * b * z * n = 912,000 mm2 

Nc = 8775 kN * il = 12,410 kN f o r the f i r s t diagonal and 
Nc = 7525 kN * /2 = 10,642 kN f o r a l l the other diagonals. 

= Nc/Ac = 12.41 * 106 N/ 912,000 mm2 = 13.6 N/mm2. 
oc,s should be lower than 0.65 * f c 0 = 0.65 * 28 N/mm2 = 18.2 N/mm2. 
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nl h I * l l g n o f

+

t h e / e r t l c a l of the comb structure only a basis is made 
on which fu r ther optimalisat ion is required. Optimalisation is possible f o r 
the r ibs A and beam B. Poss ib i l i t i e s f o r optimisation are: ^ 0 S S 1 D i e 

-pre-stressing of beam B to reduce the necessary reinforcement the 
pre-stressing has to be centric since the moment in the beam can 
work in two directions 

-reduction of the span of the r ibs from 1.5 metres to 1.1 metres with 
as resul t that no s t i r rups are needed 

-enlarging the thickness of the r ibs with again as result that no 
s t i r rups are needed 

-changing the dimension of the r ibs and the beam to get a minimum 
usage of concrete 

A combination of a l l these points probably would give the best r e su l t . 

N as result of V cu 

71 r 

F shear stirrup reinforcement 

pressure in concrete 
F shear 

F i g u r e V I I . 1 8 S c h e m e f o r t r a n s f e r o f s h e a r f o r c e 
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D e s i g n o f t h e b o t t o m o f t h e p o w e r h o u s e c a i s s o n . 

superstructure 
- turbine and generator 
- verticals 
- draft tube 
- water in the draft tubes 
- gates 
- bottom of the caisson 

Superstructurp 

The super structure has a hight of BM + 15 metres - BM - 2 5 metres - 17 «5 
metres. Between BM - 2.5 metres and BM - 0.5 metres the concrete comb 
structure closing off the draft tube at the top-side is planned Of ï h i s 
two metres only 1 metre consists of concrete. The weight of this s t r u c t ^ 

n l ^ T ^ a t 2

+

5 k u N / m • A t t h e r o o f o f t h e caisson an other structure is needed to support the road, railway and crane. For the roof of the 
S / r f 0 n

B - V , e r e f ° t

r L e \ s i m i l a r structure is assumed with the same weight of 25 
kN/m Between the structures a space remains of 13.5 metres I f this a 
JhicknVess dn 0fVn% 3 f ] ° ° r S ' t W °

 BX}rf f 1 ° ° r s w i t h a n estimated" P " 
kN/m'' All thp f i ^ n e e d e d . The weight of these floors is again 25 
ïïiïc'ni I - f i ? ° r u a s w e l 1 a s t h e r o o f o f the caissons have supports on tdll P ^ed

 n 9 h t

+

a b o v e t h e verticals of the comb-structure The weight of 
these walls is estimated at 170 kN/m1 = 170 kN/m'/ie m = 10 6 kN /m2 (a 
thickness of 0.5 metres and a height of 13.5 metres) The walls / t thp 
basin side and the sea side of the caissons both ave a height of 17 5 
metres The weight of these walls is estimated at 20 kN/nr/m1 T h c o n t r bu 

2 1 2%r 5

t S e 2%rki5J : 0 / t

f i

h o e n 1 9 * 1 * of the su^erstructureVr square metr ' s 
L r n t i ' l e 4.1 k N / m / 6 0 m e t r e s = 1 2 k N / m • A n other factor increasinq the 
f o9 \ h e weiaUhPt en Sf t rtUhC t U r e " ^ ^ ° f t h e e ^ i P m e n t Placed o? noors . ine weight of this equipment is set at 40 kN/m. 

The weight of the super structure is therefore-

==2138NkN/nJ 2 5 k N / m 2 + 2 5 k N / m 2 + 1 0 , 6 k N / m 2 ' + 1 2 k N / m 2 + 4 0 k N / m 2 

Turbine and generator 

The estimated weight of turbine and generator is 1,500,000 kq = 15 000 kN 
Ï ^ n n n 6 ^ ^ 6 W e i 9 h t p e r S q u a r e m e t r e o f caisson is: 9 ' Wt5g = 15,000 kN/(60 metres * 16 metres) = 15.6 kN/m2 

Verticals 

l h l dnn^nfnf1* S 3 c^oss section per two metres of 3000 mm * 500 mm + 
67 5 kN/m' The w P i n T t ; f 2 ; 7 h ° 0 ' 0 0 ; - m m - T h S W 6 i g h t 0 f t h i s c r o s s ac t ion is 
w» ie m i Ï ! % ? M 9 / i ?f,}he v e r t l c a l s per square metre is: 
W = 19 m * 67.5 kN/m1 / (2 metres * 16 metres) = 40 kN/m2 
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Draf t tubs 

The d r a f t tube is constructed in the comb structure described before with 
the design of the v e r t i c a l s . The d r a f t tube is pa r t l y a concrete structure 
?n ^ i V V S t t e l

 s t r u c t u r e - N e a r the turbine axis the d r a f t tube is LSe 
in steel to get a very smooth surface increasing the e f f i c i ency of the 
turbine Near the entrance gate and the ex i t gate th d r a f t ' tube is 

? t n S e d a t ' ï o o T E ï 6 ? c ° s t S ' T h e ^ h t ° f the d r a f t tube 
f o r S Ï c + l i 1 +

 k l i l°J the concrete part of the d r a f t tube and 3000 kN 
f o r the steel part of the d r a f t tube (length 20 metres, s ta r t 10 before and 

" s s r v s s . s r t u r b i n e a x i s ) - T h e t o t a i w e i g h t i s 8 0 0 0 k N # 
Wdt = 8000 kN/(60 metres * 16 metres) = 8 kN/m2 

Water in d r a f t tubes 

w a h L r ^ ^ f o o ï k N a t 6 r ^ ^ t U b e i $ 8 ' 2 0 0 0 T h e w e i 9 h t of t h i s 
Ww = 82,000 kN/(60 metres * 16 metres) = 86 kN/m2 

Gates 

The weight of the gates is 2,000 kN f o r the entrance gate and 1,000 kN f o r 
the ex i t gate ' ' 

Wd = 3000 kN/(60 metres * 16 metres) = 3 kN/m2 

Bottom of caisson 

The dimensions of the bottom of the caisson are estimated as shown below: 

d r a f t tube 

500 mm 

3500 mm 

500 mm 
< > 

D 

500 mm 

foundation 

? ! b r ° } } m
 h a s a c r o s s s e c t i o n per two metres of 3500 mm * 500 mm + 

q i \ iPm/1?" * 1 5 0 0 "™ =3,250,000 mm2. The weight of t h i s cross section is 
81.3 kN/m . The weight of bottom per square metre i s : 
W = 8 1 . 3 kN/m1 / 2 metres =40 .6 kN/m1 

The maximum weight of the caisson per square metre i s : 

wM* = wss + w t s g + wv + wdt + WH + Wg + Wb 

= 138 + 15.6 + 4 0 + 8 + 8 6 + 3 + 40.6 = 330 kN/m2 

VII-21 



Gulf of Khambat 

A f i r s t conclusion of this valup for w u + •+ • . 
ze the uplifting force of' th I t J r ,,nX 1 ! . t h a t . l t insufficient to equali-
higher than BM I 8 metres Tf nnl t h e « i s s o n i f the water level is 
caisson wou Id even float ' at BM + 7 mot^ draft tube is set dry the 
kN/m2 should be added A f i r ? ? L l e s : fxtra weight of at least 70 
other option 1 to enlarge the thick ess ^ ^ ' V ^ ° f , t h e c a i s s o n ' A n 

500 mm, to avoid s t i rrup?r^nLrc^T\S! ^ r i b

+

S A ° f t h e verticals to 
ribs in the bottom s K t u 7 e [eHarqement toISo lV°l 11" be.made f o r t h e 

the weight of the structurewith 6 k 5 nth m l m B ° t h a c t i o n s i n c ^ a s e 
of the width of the beams R ï d n K n n ° t h e r « ° p t l 0 n s a r e a n enlargement 

-ensive 'use (more f ^ s ^ V S r e ^ n U t a d f Z T s u p ^ t r u c T 

the d M M , ? ^ ^ . 1 " " t h a t «>. estimated weight for 

t h i r " » j S t , r s . - c i f i i , M r j j f d ^ r : n ° „ t d t h o e

f

 w

9

a t i r

t ; s 3 r k N / m ; - w , t h 

port. I f placinq of the c s i«nn tVtJl „ i j • metres during trans-
water levePl ove? the si 11 is BM I TjtrM ""SI" 9,? S " «PT1»? tide the 
The keel clearance is 2 metre* ? . J ? l " , ? : 2? " l e t r e s l s 3 3 metres, 
caisson can be place on the i , F ï f " 1 e \ , n t ° t h e d r a f t t u b e s t h e 

12 metres is reached the" caisso " o u ' t 1 ^ n V n T h e ™ V f l ' J ï ï , 1 ° f S " h+ 

pressure of 310 kN/rf + 86 kN/nr - 37 metre * 1 k N / / - 1 6 kN/rf 9 

hei T Z \ t°eard I ' L ^ d M e "°f W extreme 
in combination w i t a r e l a t i v e high l a t e r ' l e v T V/lTT f t e r l e v e l 

S ? ; e r a s S t a m 1 r i j S m e ; l l e d P n * •» X t ide ' h e t r U e l ï e ï 

V I I . 19. load-scheme on the caisson is as shown in Figure 

BM + 15 metres 

BM + O 
BM + 7.5 m 

BM - 25 metres) 

sill 

caisson with extreme difference in water level 
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The force of the water level at the sea side of the caisson is: 

Fs6a = mS&M9 * ( H ) 2 = ° - 5 * 1 0 2 0 k 9 / m 3 * 9 -8 m/s2 * (25 m)2 

S ^ P w " « t « s t . h 1 S r 6 S U l t i n g ^ 3 C t S ° n t h e c a i s s o n 1» ^ a height of 

The force of the water level at the basin side of the caisson is: 

Fbas = m i & M 9 * ( H ) Z = ° - 5 * 1 0 2 0 ^ * 9 - 8 */s 2 * (32.5 m y 

W - ' l f t S g , ™ * r 6 S U l t i n 9 f 0 - e a c t s «I the caisson is at a height of 

t l 6 c 7 i s s o ^ W*. The resulting moment on 
is transferred to the sill by means nf f ^ V ™ t h ? C ^ S S ° n ° f 2 1 5 6 k N / m 

f r i c t i o n coefficient should b e V l e a s t O ^ ^ 1 ' * 1 0 " - I n t h l s l o a d c a s e t h e 

TF = 2156 kN/mVeO metres = 36 kN/m2 

f - 108.5 kN/m' / 36 kN/m* . 0.3 

realised" ^ " S e d f 0 r t h e S i l 1 * f r ^ " c o e f f i c i e n t of 0.5 can be 

^ . ^ 1 t t a t h \ t a d ^ ^ V , L " t ^ C , a n 9 f d

t S r 0 U n d p r e s s u r e u " d - f e 
kN/m' - (av. BMI + ! » « . » l 6

u

V / e t h , e 9 r o u n d r e s s u « is 396 
The « „ f

l the po„ +erhous"e ca s s 'on ' i s ' l / e ' . 0 -Z* . , C n 

so™ - ss v i r . H r ™ a r e s u i " t ™ e

m

n t , ( 6

H

o ; ' w : 
caisson is show,MnFigure V I I . 2 6 . 9 f ° r C e S ^ m ° m e n t 

on the 

? h e t \ o t L m a o V T h m J 0 a d t h e b ° t t 0 m 0 f t h e c a i s s o n « n be determined 

bTe° checked 8 ^ ° P t ™ C r ° S S S * C t i ° n ° f t h e b °«om, four elements should 
1 the moment in the ribs E between D 
2 the shear force in the ribs E close to D 
3 the moment in the beams D 
4 the shear force in the beams D 
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3125 kN 
BM -16,7m 

5281 kN/m 
BM 14.2 m 

N w a t e r 

37.5 kN/rW 

M 
38 kN/mA2 

rjnnnninnninnnnmnnm===-

108.5 kN/mA2 

38 kN/mA2 

184 kN/mA2 33 kN/mA2 

Figure VII.20 Forces and resulting ground 
rence in water levels 

pressure as result of extreme diffe-

The mompnt In r ihs F• 

H b s f i s T 6 b 6 t W e e n b 6 a m S ° i S 2 m e t ^ > ^ "laximum moment in the 
M8 = 1/16 * q * l 2 

in which 1 = 2 metres 
and q = 434 kN/m2 

M = 1/16 * 434 kN/m2 * (2 m)2 

Me = 108.5 kNm 

Mc,e = y * Ma = 1.7 * 108.5 kNm = 184 kNm 

FTeB 5 q0U0 a. l i t y ° f t h S C ° n C r e t e i S B 3 5 ' t h e s t e e l « e d f o r reinforcement is 

a Nc + Ns = 0 
- 1/2 b h o c l = As os 

D ( - e ci ) / h = ( e j / ( d - h ) 
c ^ * Ec = ocl 

e * E = o. 
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a + b + c with « / = (AJ / (b * d) and n = Es/Ec determines h as: 

h = d {-no, + / ( ( n M d ) z + 2na)d)} 
z = d - 1/3 h 

n = 205,000/32.000 = 6 . 4 
d = 500 mm - 50 mm = 450 mm 

i f ud = 0.5 % (A, = 2250 mm2/m) then: 

h = 100 mm 
z = 417 mm 
as = 184 * 106 Nmm/(2250 mm2 * 417 mm) = 196 N/mm2 

ocl = - 184 * 10 Nmm/(l/2 * 1000 mm * 100 mm * 417 mm) = - 8.8 N/mm2 

i f od = 0.4 % (As = 1800 mm2/m) then: 

h = 91 mm 
z = 420 mm 
os = 184 * 106 Nmm/(1800 mm2 * 420 mm) = 243 N/mm2 

Oci = - 184 * 10 Nmm/(l/2 * 1000 mm * 91 mm * 420 mm) = - 9.6 N/mm2 

The shear force in the r ihs F• 

The maximum shear force in the r ibs takes place in the r ibs E C I O S P tn thp 

b b : a a : S D D ' l f T h a wTdïhTf S t h h e a : h

f 0 r C % i n

7 n n t h e r [ b S depends h eon nt bheEdimen:i n V 
B

a m i ' H

l f . d W l d , t h o f t h l f b e m o f 700 mm is taken, the distance over which 
becomes: 9 ° " t h e r 1 b s H U ° ° m ' T h e m a x ™ s h e a r ^ than 

F s n e a r = 0.65 m * 434 kN/m2 * 1.000 m = 282 kN 

The safety fac tor included the shear force is 480 kN. 

A part of t h i s shear force can be t ransferred by the concrete The r P < t 
w i l l have to be transferred by s t i r rup reinforcement C o n c r e t e ' T n e r e s t 

concrete: Vcu = T1 * b * d 

ï 1 = n 5

Q . * M 0 / 7 . V ? ^ ° - 3 5 * 2.4 N/mm2 = 0.84 N/mm2 

Vcu = 0.84 N/mm * 1000 mm * 460 mm = 386 kN 

steel : F = F s h e a r - Vcu = 94 kN/m1 

A s s / t = 112,000 N/m/(429 mm * 500 N/mm2) 
A S 5 / t = 0.52 mmVm 
i f t = 100 mm then Ass is 52 mm2/m 

I f s t i r rups with a diameter of 8 mm are used only one s t i r runs has to HP 
placed every meter. To have a more evenly placed r e in fo rcemen t 

is shown in 
tn?cke„ " g of the r i b s t l V S t h e S t i " " U P r e i " f < " - « m e n t is a local 
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1300mm 

I 700 mm 700 mm 
Figure VII.21 Cross section of ribs E 

The moment j n the heams D: 

The moment in the beams B is 1/? * Q * i 2

 T h o n „ Q o + • , . 
the equation since th is fac tor u , m L , ' 7 q u e s t l o n mark is placed in 
caisson is made I f the ends of f t T U n l 6 S S 3 c a 1 c u l a t i o n of the t o t a l 
moment would be 1/8 o 1'. f t h l . " I 0 ! 3 " 1 ! " ? r o t a t e the maximum 
the maximum moment wduld be 1/16 a % For th ""!? n 0 t r o t a t e a t a 1 1 

w i l l be taken. 7 q 1 ' F o r t h l s d e s i 9 n a fac tor of 1/10 
The cross section of the r ibs be­
tween two beams can be added in the 
compressive zone of the beam at the 
place of the maximum moment. The 
cross section of the beam is as 
shown in Figure V I I . 2 2 . 

The moment in the beam can be redu­
ced s l i g h t l y . a s r e su l t of the nor-
c i t ï C f i , , ' T h i s f orce is the re-
su i t of the water pressure on the 
v e r t i c a l s . 
The maximum value of th i s force is 
? ƒ / / . ' t n e m i n i m u m value is 4900 
kN ( i n case of a low water) . 

700 mm 

500 mm 

A-3,100,000 mm2 

Figure VII.22 Cross section beam D 
with ribs added 

VII-26 



Annex VU 

The most unfavourable load case ( S P P Flouro U T T * O \ T ) , 

oc = N / Ac 

Ac = 3500 mm * 700 mm + 
2 * 500 mm * 1300 mm 

= 3,750,000 mm (W - 94 kN/m1) 

oc = 4900 103 N/3.75 106 mm2 

= 1.3 N/mm2 

The beam has a value of W of 1/6 * w * h2 - l / f i * * h2 

W - 1/6 • 2000 . 3500- - 1/6 » ?300 ""'2500' " " " 
W = 2.73 10 mm 

The moment the beam can withstand without tensi le stress i s : 

M = W * o = 2.73 109 mm3 * 1.3 N/mm2 = 3.5 109 Nmm = 3500 kNm 

vertical vertical 

cross A-A 

draft tube 700 m m u g 

- — A 

I silt 

3.5 m 

•N m -1-

16m 

— A 

Figure VII.23 Load scheme on beam D 

ïpiï% the ^ f e t / f a ' c t ' o 2 - 9 ? V t ^ s T c o L ' M , • 
the bean, can be reduced to 33,684 - 3,500 - 3o!l80 kNm l " 0 " ' e " t l n 
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f n f h

m V e S U l t i n g in * ï ^ rtM 0kTl - a7350 n

 k

6

N

C C e n ^ i C i t y ° f 

for which reinforcement is needed is 30,180 - 7350 ="22 830 kNm' m ° m e n t 

A f i r s t estimation gives a value for z of 3500 mm 0 4 * son 
of reinforcement (100 mm) = 3200 mm m m " c o v e r i n g 
The compression zone is l imited to the top 500 mm. 

9.7 N/mm2 
The s tress in th i s zone is M/fz * A l + ? * i 1 u / z 

^ n i o » 5 ^ « i * y 
The e f f e c t of the nec°«:citv nf nb r in r , + k„ • r 
reduction of z fro™, 3200 J , t„ P Ï S 9 t h e ^ ^ e m e n t in two rows is a 
tension in the c ncrete^ L r e a s e s to q 7 ^ / ^ ^ TK t h i S n 6 W V a l u e o f z the 
ment s tee l (FeB 500) ^ X i ^ J ' l ^ T ^ q Ü a n t i t * o f r e in force -

^ëd^in'forc'emen't^ 6 C r ° S S S 6 C t l ' 0 n ° f t h e b e a m D i s 9 ™ with the c a l c u l a -

diameter 40 mm 700 mm 

Figure VII.24 " Cross section of beam D 
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The shear force in beam D: , 

F s n e a r = q * (16 m/2) * w 
q = 434 kN/m - Wbeam = 434 - 94/2 = 387 kN/m2 

Fsimr = 387 kN/m' * 8 m * 2 m = 6 1 9 2 k N 

The safety fac tor included the shear force is 10,530 kN. 

A part of th i s shear force can be transferred by the concrete. The rest 
w i l l have to be t ransferred by s t i r rup reinforcement. 

r, * b * d 
0.5 * 0.7 * f c t 0 = 0.35 * 2.4 N/mm2 = 0.84 N/mm2 

0.84 N/mm2 * 700 mm * 3500 mm = 2060 kN 

steel : F = F s h e a r - Vcu = 8470 kN 
A M / t = 8470,000 N/(3160 mm * 500 N/mm2) 
A s s / t =5.4 mm3 

i f t = 100 mm then Ass is 540 mm2 

The s t i r rups w i l l have to get a diameter of 20 mm. The surface of a s t i r r u p 
0 20 mm is 2 * 314 mm2 = 628 mm2. 

The concrete tension as resul t of the shear force also has to be checked. 
The surface of the concrete diagonals between the ve r t i c a l s t i r rups i s : 

A = l / 2 * b * z * / 2 = 1,564,000 mm2 

Nc = 10,530 kN * il = 14,890 kN f o r the f i r s t diagonal and 
Nc = 8,470 kN * n = 11,980 kN f o r a l l the other diagonals. 

o c s = Nc/Ac = 14.89 * 106 N/ 1,564,000 mm2 = 9.5 N/mm2. 
oC i S should be lower than 0.65 * f c 0 = 0.65 * 28 N/mm2 = 18.2 N/mm2. 

With t h i s design of the v e r t i c a l of the comb structure only a basis is made 
on which fu r the r opt imalisat ion is required. Optimalisation is possible f o r 
the r ibs A and beam B. Pos s ib i l i t i e s f o r optimisation are: 

-pre-stressing of beam B to reduce the necessary reinforcement, the 
pre-stressing does not have to be centr ic since the moment in the 
beam can only work in one d i rec t ion 

-reduction of the span of the r ibs from 1.3 metres to 1.0 metres with 
as resul t that no s t i r rups are needed 

-enlarging the thickness of the r ibs with again as resul t that no 
s t i r rups are needed 

-changing the dimension of the r ibs and the beam to get a minimum 
usage of concrete 

concrete: Vcu = 
Ti = 
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A very schematic cross section of the power house caisson is given in 
Figure VI I . 25 . , 

In t h i s Figure the l e t t e r s A to L stand f o r : 

A: equipment to l i f t and lower the door 
B: generator 
C: turbine 
D: transformation room and transport l ines 
E: top of d r a f t tube structure 
F: bottom of d r a f t tube structure and of caisson 
G: entrance d r a f t tube 
H: ex i t d r a f t tube 
I : support s tructure f o r crane 
J: support f o r railway 
K: roof caisson (also road) 
L: entrance caisson f o r people 

The length of the power house caisson is variable with the number of 
turbine units placed in one caisson. I f 8 turbine units are placed in one 
caisson the length of the power house caisson is 130 metres. This length 
has been taken f o r the caisson f o r s t a b i l i t y reasons and f o r f e a s i b i l i t y 
reasons. The length of a caisson should be two or more times the width of 
the caisson to reassure a s tabi le transport . The s t a b i l i t y of the caisson 
in the width has not been checked since the weight of the turbines and 
generator are not known. The f e a s i b i l i t y of the caisson forces us to keep 
the length of the caisson l i m i t e d . A long caisson is more amenable to 
resonance as resu l t of waves. 
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